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Editorial on the Research Topic 

Bio-based solutions for sustainable development of agriculture


The modern agricultural sector is facing major challenges related to the increase of global population and food security that threatens many regions of the world. Considering that we expect an increase by 20% of global population until 2050, the agricultural industry has to cope with the increasing demands for food. However, despite the rapid evolution of cropping techniques and farming systems that have substantially improved crop performance over the years, the ongoing climate crisis, the ever-expanding anthropogenic activities and the irrational use of natural resources has put new obstacles since plants have to grow under unfavourable conditions, which severely affect the yield and quality of the marketable product.

Therefore, modern science has to provide new pillars to support the farming sector and identify alternative and sustainable agronomic practices and shift from agrochemicals to bio-based solutions to confront the current and emerging challenges (Ferreira et al., 2019a; Ferreira et al., 2019b; Petropoulos, 2020; Soares, 2022). In this context, Liu et al. evaluated the use of green manuring as an alternative practice to chemical control of goosegrass (Eleusine indica L.) in paddy fields. For this purpose, the authors tested a very common species for green manuring, namely milk vetch (Astragalus sinicus L.), in a series of experiments including the use of aqueous extracts, decomposed liquid material containing milk vetch powder and, finally, pot experiments where milk vetch powder was added in the growing medium. The obtained results showed great potential for incorporating green manure of milk vetch in soil as a sustainable weed control practice. The biocontrol of phytopathogens was examined by Minchev et al. who designed two synthetic microbial communities (SynComs), composed of bacteria (including, Bacillus spp. and Pseudomonas spp.) and fungi (Trichoderma spp. and Rhizophagus irregularis) with complementary biocontrol modes of action. The efficacy of the consortia to control shoot (Botrytis cinerea) and root (Fusarium oxysporum) pathogens was compared. The results showed that microbial consortia (SynComs) are more versatile (widest protection) than individual microbial inoculants, as they allow the efficient and simultaneous control of both pathogens, under different application methods. In the same line, Soudani et al. studied the tolerance of tomato induced by essential oil produced by Artemisia absinthium (AEO), against phytopathogens. A protective effect on tomato seedlings, grown under hydroponics conditions after previous treatment of the seeds with AEO, against Fusarium oxysporum sp. oxysporum radicis lycopersici (Fol) was observed together with: the decrease of various plant disease effects (e.g. fresh weight loss, chlorosis and tissue necrosis); the increase of plant defenses (reactive oxygen species production); callose deposition on seeds surface, and metabolomics and transcriptomics induction modifications that all together resulted in a long term tolerance against the tested fungus. On the other hand, Tran et al. evaluated the efficacy of rhizobacterial strains of Streptomyces against Fusarium verticillioides, the causal agent of the disease in maize crop known as Fusarium ear rot. The authors showed that Streptomyces spp. presented two modes of action against F. verticillioides. A direct antagonism, observed in vitro and in vivo studies, which is characterized by the inhibition of fungal growth and the repression of the production of the mycotoxin fumonisin, as well as the transient modification of expression profiles of the genes AUX1, ARF1, and ARF2 (associated with biosynthesis pathway of auxin), and AN1 (a gibberellic acid-related gene). In addition, a slight induction of the expression of genes associated with salicylic and jasmonic acid biosynthesis and pathogenesis-related proteins was recorded. Moreover, Streptomyces spp. also promoted plant growth even when infected with the fungus. Entomopathogenic fungi (EPF), besides their classical action as insect killers, can also perform other functions, such as colonizing various host plants (endophytic fungi), antagonizing phytopathogens and promoting plant growth (biofertilizers), which opens a new opportunity for its use in a sustainable agriculture. Bamisile et al. reviewed the mechanisms involved in plant growth promotion and defence against diseases by endophytic EPF and presented the current knowledge, challenges and limitations associated with the use of these fungi as an alternative to classical agrochemicals of synthetic origin.

In the study of Wang et al., the biostimulatory activity of zaxinone mimics was tested in three vegetable crops, namely tomato, pepper and squash grown under saline conditions. The obtained results showed that the specific compound increased plant growth and yield parameters (fruit size and total fruit weight) when applied at low concentrations (3 μM), while crop performance was higher for zaxinone mimics compared to humic acid, which is commonly used as biostimulant. De Paula et al. evaluated the effect of endophytic and rhizospheric plant growth promoting bacteria (PGPB) on a forage crop, namely Paspalum atratum, under in vivo and in vitro conditions. The in vitro tests allowed the isolation of 116 strains of bacteria, while 43 of them showed positive results in regards to nitrogen fixation, phosphate solubilisation and indole acetic acid biosynthesis. Further in vivo studies with 8 selected strains indicated 3 strains that significantly improved plant growth of P. atratum. The effect of plant growth promoting bacteria, as well as arbuscular mycorrhiza fungi (AMF) was also tested on soybean plants by Ngosong et al. aiming to evaluate its effects under nutrients restriction. The authors suggested that inoculation with PGPB and/or AMF significantly increased root nodulation and acid phosphatase activities, while they also increased the number of effective root nodules resulting in higher crop yield and grain content in macronutrients (carbohydrates, proteins) and minerals (Fe and Zn). However, they also noted that these effects were more profound when PGPB and AMF were integrated with mineral fertilizers. Another strategy, developed by Yadav et al. was based on the inoculation of four plant growth-promoting rhizobacteria, isolated from the rhizosphere of chickpea, to solubilize zinc from the rhizosphere of wheat. As a consequence, a concomitant improvement of wheat growth was observed together with an increase of zinc content in the grains and an over-expression of several TaZIP transport genes in the roots. Enriching the Fe content of plants is an important aspect both for the purpose of increasing crop productivity and for overcoming iron deficiency (the main form of micronutrients malnutrition) and, thus, improving human health. Lurthy et al. reviewed the impact of rhizosphere microbiota (highlighting the influence of plant-microorganism interaction) on increasing the iron content (biofortification) of comestible plant parts. The authors proposed a more holistic approach, based on the characteristics of plants and microorganisms, in order a better assimilation of Fe by plants can be achieved. The efficacy of a fertilizer resultant from a nitrified liquid anaerobic digestate supplemented with mineral nutrients (P, S and/or B) was evaluated by Weimers et al. for the production of leafy vegetables grown on peat-based growing media and compared to standard mineral fertilizers. Results demonstrated that plants fertilized with the non-supplemented mineral digestate evidenced S and B deficiency and early P deficiency, whereas plants fertilized with the supplemented mineral digestate resulted in sufficient plant tissue contents for all elements (except for S) and similar marketable yields comparatively to those fertilized with standard mineral fertilizer. A two-year field experiment study was performed by Yang et al. where the effect of various combinations of organic fertilizers (OF; corresponding to 30%, 50% and 70% of the total nitrogen applied) were assessed for improving the wheat yields with simultaneous minimization of nitrogen leaching and compared with the controlled-release urea (CU) effect. Whereas CU fertilization resulted in a rapid release of nitrogen in the first two months, a slow release of nitrogen combined with a significant residual effect was observed for the OF fertilizers combinations. Moreover, superior grain yield and nitrogen uptake was observed using two fertilizer combinations (30%OF+70%CU and 50%OF+50%CU) comparatively to the urea treatment.

Chen et al. evaluated the physiological and mechanistic functions of arginine on the growth of apple (Malus hupehensis) under nitrogen deficiency aiming to increase the tolerance of plants to nitrogen deficiency and, thus, to reduce the use of nitrogenous fertilizers. Under low nitrogen stress, external arginine supplementation, besides providing nitrogen to plants, also promoted the absorption and use of phosphorus, nitrogen and potassium, increasing the overall plant photosynthetic capacity and the antioxidant capacity of the plants. Modifications in the synthesis and metabolism of amino acids (namely, glutamate and ornithine) were also observed and they were reflected in the urea and Krebs cycles. Singh et al. examined the potential of water-stress alleviating effects obtained from biochar incorporation into the soil on maize crop. The authors tested two biochar materials (hardwood and softwood) and three irrigation levels [100%, 70% and 40% of evapotranspiration (ETc)] and suggested that hardwood affected soil properties (bulk density and soil porosity), while moderate water stress (70% ETc) recorded similar values to the control treatment (100% ETc) for the evaluated growth parameters and crop performance. On the other hand, Li et al. evaluated the importance of the PGPB rhizobacteria Rahnella aquatilis JZ-GX1 in promoting salt tolerance of the plant Robinia pseudoacacia. It was shown that plant seedlings, under salt stress (100 mM NaCl), exposed (through the roots) to bacterium presented an increase in fresh weight and root development compared to untreated ones. The exposure of plant seedlings to volatile organic compounds, produced by the bacterium, led to a reduction in oxidative stress indicators and an increase in enzymatic antioxidant defences and proline (an osmoprotectant) content in plant leaves. The authors proposed that 2,3-butanediol can be one of the relevant signalling compounds in the enhancement of salt tolerance in plants. In their work, Ahmad et al. started by revising the impact caused by heat stress on plants at various plant levels (cellular, organellar and plant as a whole) during different stages of plant growth as well as their natural tolerance mechanisms to combat it. Subsequently, the role of PGPB on the mediation of thermotolerance in plants was highlighted, emphasizing their role on the regulation of various enzymes, phytohormones and metabolites that contribute to induce heat tolerance in plants.

In summary, this Research Topic comprises a collection of 16 articles that offer new and updated knowledge about biofertilizers, biocontrol and improved resilience to environmental stressors. The information presented can be useful in the future development of bio-based products that are expected to be used, as an alternative to current agrochemicals, in modern and more sustainable agriculture.
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In the past few decades, the control of pests and diseases of cultivated plants using natural and biological measures has drawn increasing attention in the quest to reduce the level of dependence on chemical products for agricultural production. The use of living organisms, predators, parasitoids, and microorganisms, such as viruses, bacteria, and fungi, has proven to be a viable and sustainable pest management technique. Among the aforementioned, fungi, most importantly the insect-pathogenic species, have been in use for more than 150years. These include the most popular strains belonging to the genera Beauveria, Metarhizium, Isaria, Hirsutella, and Lecanicillium. Their application is usually through an inundative approach, which inherently involves exposure of the fungal spores to unfavorable humidity, temperature, and solar radiation conditions. These abiotic factors reduce the persistence and efficacy of these insect-pathogenic fungi. Despite these limitations, over 170 strains have been formulated as mycopesticides and are available for commercial use. In the last few decades, numerous studies have suggested that these species of entomopathogenic fungi (EPF) offer far more benefits and have broader ecological functions than hitherto presumed. For instance, aside from their roles as insect killers, it has been well established that they also colonize various host plants and, hence, provide other benefits including plant pathogen antagonism and plant growth promotion and serve as sources of novel bioactive compounds and secondary metabolites, etc. In this light, the potential of EPF as alternatives or perhaps as supplements to chemical pesticides in plant protection is discussed in this review. The paper highlights the numerous benefits associated with endophytic fungal entomopathogen and host plant associations, the mechanisms involved in mediating plant defense against pests and pathogens, and the general limitations to the use of EPF in plant protection. A deeper understanding of these plant host-fungus-insect relationships could help unveil the hidden potentials of fungal endophytes, which would consequently increase the level of acceptance and adoption by users as an integral part of pest management programs and as a suitable alternative to chemical inputs toward sustainable crop production.

Keywords: biological control, plant-fungi interactions, integrated pest management, mutualism, plant nutrients, mycopesticides


INTRODUCTION

Insect pests, plant pathogens, and unfavorable growing conditions induce biotic and abiotic stresses in crop plants. These factors are responsible for huge plant productivity losses (up to 26% crop losses, valued at over $470 billion worldwide; Culliney, 2014). To ensure optimum productivity of cultivated plants, agriculturists depend heavily on chemical insecticides and inorganic fertilizers to combat these problems (Skinner et al., 2014). The overdependence on synthetic fertilizers for improving the growth of plants is another constraint faced by agriculturists. This is because the overreliance on these chemicals poses several side effects to users, non-target organisms, and the environment (Skinner et al., 2014; Fadiji and Babalola, 2020b).

As the population of the world is expected to increase to approximately 9.1 billion by 2050 (Liu et al., 2017a), efforts are in place to ensure sustainable agricultural production. However, excessive usage and overdependence on synthetic pesticides and fertilizers, climatic changes, poor land management, and mass urbanization are some of the factors affecting these efforts (Smith et al., 2016). The potential application of entomopathogenic fungi (EPF) as biocontrol agents against herbivores represents an environmentally sustainable alternative insect pest management approach (West and Gwinn, 1993). EPF are known for their ability to infect insects leading to disease in proper conditions, where they directly colonize the insect body by penetrating its cuticles. To date, more than 700 species from approximately 90 different genera have been established as insect-pathogenic fungi (Khachatourians and Qazi, 2008). These include the most popular strains belonging to the genera Beauveria, Metarhizium, Isaria, Hirsutella, and Lecanicillium (Inglis et al., 2001; Khachatourians and Qazi, 2008). Among them, Beauveria bassiana (Balsamo-Crivelli) Vuillemin, Isaria fumosorosea Wize, Metarhizium anisopliae (Metschnikoff) Sorokin, and Lecanicillium lecanii (Zimmerman) Viegas are the most commonly studied fungal species (Li et al., 2011; Chen et al., 2015). These entomopathogenic fungal strains are commonly studied for their potential use as biological control agents in mitigating crop losses due to insect pests (Hunter, 2005). Beauveria bassiana and M. anisopliae are the most widely distributed species and are commonly found on and have been isolated from infected insects in both temperate and tropical regions throughout the world (Zimmermann, 2007a). Several of the EPF species, for example, I. fumosorosea and I. farinosa, can infect multiple hosts without showing any of the numerous harmful effects associated with chemical pesticides and, therefore, are considered safe and environmentally friendly (Gao et al., 2017). These EPF, aside from naturally regulating insect populations by causing epizooties, have also been established to play additional multitrophic roles. They have the ability to colonize different host plants and exist in the form of fungal endophytes (Vega et al., 2009; Qayyum et al., 2015; Bamisile et al., 2018b; Wakil et al., 2020), act as rhizosphere colonizers (Hu and St Leger, 2002), serve as plant pathogen antagonists (Ownley et al., 2004, 2010; Kim et al., 2008; Jaber and Ownley, 2018), plant growth promoters/biofertilizers (Kabaluk and Ericsson, 2007; Elena et al., 2011; Sasan and Bidochka, 2012; Liao et al., 2014; Lopez and Sword, 2015; Jaber and Enkerli, 2017), and as sources of novel bioactive compounds and multiple secondary metabolites (Tadych et al., 2009; Hu et al., 2016; Al-Ani et al., 2021). In addition, they can also play an essential role in the biotransformation of steroids and flavonoid glycosides (Dymarska et al., 2017, 2018). Several studies have reported different insect-pathogenic fungal species as natural colonizers/endophytes of many economically important crops, including maize, coffee, potato, cotton, beans, Jimson weed, tomato, and chickpea (Jones, 1994; Arnold and Lewis, 2005; Vega et al., 2008; Qayyum et al., 2015; Wakil et al., 2020). Similarly, the potential for establishing these EPF strains as endophytes in different plant species using various artificial inoculation methods has also been previously discussed (Bamisile et al., 2018a; Sinno et al., 2020).

These numerous attributes of endophytic EPF ensure that, in addition to their conventional application as insect killers, they can also be adopted as beneficial plant growth-promoting microorganisms, and they have shown great potential thus far as biofertilizers. These endophytic fungal species are believed to serve as alternatives to systemic fertilizers, as well as an efficient and eco-friendly approach toward food security (Glick, 2014). In organic farming systems, the level of utilization of fungal endophytes as a means of improving yields and protecting plants from damage is increasing (Shrivastava et al., 2010). Various species of endophytic fungi have been underlined for their potential as indirect biocontrol agents in large-scale agricultural applications (Lacey and Neven, 2006). The use of biotechnology for crop improvement through inoculation of plants with modified fungal strains would therefore reduce toxicity to humans, livestock, and the environment. The genes of fungal endophytes could be genetically transformed through the removal of detrimental genes or otherwise by the addition of new beneficial genes (Adeleke and Babalola, 2021). Endophytes could then be used as surrogate hosts to transform crops genetically. Using this method, the endophyte of ryegrass has been genetically transformed and successfully applied as a deterrent to herbivores (Murray et al., 1992). Similarly, in the quest to improve endophytic resources, efforts are being made toward the discovery of novel metabolic compounds that cannot otherwise be synthesized using chemical methods. It is therefore imperative to have a clear understanding of the biology of plants and the ecology of the fungal communities to explore the richness of beneficial fungal endophytes under different cropping systems. In addition, to make fungal entomopathogens readily available and easy to use, as they are considered as biocontrol agents with a non-resistance and non-contaminant advantage over synthetic pesticides, many insect-pathogenic fungal strains have been formulated as bioinsecticides (Fang et al., 2014) and, thus, are currently considered an alternative management method for many insect pests of economic value. Due to the aforementioned attributes and many other prospects, the level of acceptance and adoption of fungal entomopathogens/endophytes is rapidly increasing, and thus, research into their biology, ecology, and mode of action is attracting more public and scientific interest (Dong et al., 2016; Hu et al., 2016). In this light, the current review discusses the available knowledge on EPF utilization and mechanisms as biological agents for plant growth promotion and pest and disease control, thereby exploring the prospects and limitations toward potential adoption as alternatives to synthetic pesticides.



ENTOMOPATHOGENIC FUNGI AS ALTERNATIVES TO CHEMICAL PESTICIDES: A REALITY OR MYTH?

Entomopathogenic fungi have been in active use for the management of a plethora of economic pests of crop plants for approximately 200years now. Beauveria bassiana was first isolated and identified approximately 170years ago (Zimmermann, 2007b), while Beauveria brongniartii (Saccardo) Petch and M. anisopliae have also been in use for over 110 and 130years, respectively (Zimmermann, 2007a). These fungal species together with other known hypocrealean fungi, such as I. fumosorosea, M. brunneum, M. robertsii, and Hirsutella thompsonii Fisher, are commonly used against a broad range of arthropod pests (Dara, 2019b). They are mostly applied through inundative approaches (Bamisile et al., 2018b; Jaber and Araj, 2018) and have been reported to be effective against several insects of different feeding guilds including aphids, locusts, thrips (Gulzar et al., 2021), grubs (Wakil et al., 2017; Yasin et al., 2019), moths (Ali et al., 2015; Tahir et al., 2019), mites, mosquitoes, whiteflies, and tephritid fruit flies (Dong et al., 2016; Bamisile et al., 2020; Canassa et al., 2020; Usman et al., 2020). Additionally, EPF have been found to be pathogenic against phytopathogenic nematodes and other soil-borne pests (Pocasangre et al., 2000).

The management of economic pests using insect-pathogenic fungi, therefore, serves as an effective and sustainable alternative to chemical control. Despite the enormous benefits of EPF, the exposure of fungal spores to unfavorable climatic conditions in the field reduces their efficiency and level of general utilization (Dong et al., 2016). However, utilization of EPF through inoculation as fungal endophytes rather than using an inundative approach can help significantly reduce the negative effects due to abiotic stressors (Vega, 2018). For instance, it has been reported that B. bassiana can offer longer protection to the host plant when existing as an endophyte in planta. The fungus can persist in the host tissues over a long duration. This possibility has been reported in citrus (Bamisile et al., 2020), jute, Corchorus olitorius (Biswas et al., 2012), and radiata pine, Pinus radiata (Brownbridge et al., 2012), where endophytic colonization of the hosts was found to be sustained up to 2, 3, and 9 months post-fungal treatment of seedlings, respectively. Several studies also reported similar effects and properties in different plant species, including coffee, fava bean, and common bean (Posada et al., 2007; Jaber and Enkerli, 2016; Dash et al., 2018). In this regard, there are significant pieces of evidence to confirm that EPF can be successfully introduced as fungal endophytes in plants using different artificial inoculation methods (Bamisile et al., 2018a) and could consequently be used as substitutes for chemical pesticides. In addition, some previous studies have reported systemic colonization of treated plants without any symptomatic effects. This implies that treatment of a specific organ or part of the plant (leaf, stem, or root) irrespective of the artificial inoculation method used can result in endophytic colonization of the entire plant and confer systemic resistance to the host plant against herbivores (Mantzoukas et al., 2015; Jaber and Enkerli, 2016; Dash et al., 2018).

Successful endophytic colonization of plants provides multiple benefits, including plant growth promotion, protection against insect pests, induction of systemic resistance, antagonization of plant pathogenic fungi, bacteria, and nematodes, and suppression of the negative effects of abiotic stressors on host plants (Kabaluk and Ericsson, 2007; Kim et al., 2008; Vega et al., 2009; Ownley et al., 2010; Elena et al., 2011; Sasan and Bidochka, 2012; Liao et al., 2014; Vega, 2018). In addition to the aforementioned benefits of EPF/endophytes, in the past few decades, fungal endophytes have garnered more attention, as well as broader biotechnological and industrial relevance, due to their uniqueness as sources of secondary metabolites. Their ability to secrete novel biochemical compounds arguably provides an edge over chemical pesticides. Furthermore, they serve medical/pharmaceutical purposes as antimicrobial, antidiabetic, antitumor, and immune suppressing agents (Gouda et al., 2016; Yadav, 2018). This aspect is discussed further in the section “endophytic fungi as good sources of pharmaceutical products.” As a rich source of natural products, it is worth noting that in the last 20years, these organisms have been isolated from various plants for industrial and agricultural purposes (Fadiji and Babalola, 2020a).

Many studies have underlined the important roles played by endophytic fungi, and their non-pesticidal properties are of huge importance in fungal evolution and survival in plants and in soil environments in the absence of arthropod hosts (Dara, 2019b). Many studies have provided evidence that confirms that these beneficial microbes can improve the soil structure and microbiome, and nutrient and water absorption in plants, induce systemic resistance, and serve as probiotics that antagonize harmful microorganisms (Sasan and Bidochka, 2012; Jaber and Salem, 2014; Behie et al., 2015; Jaber and Alananbeh, 2018). Another interesting aspect of the use of endophytic fungi as insect pest biocontrol agents is that some of the notorious pests that have developed resistance or otherwise successfully evaded chemical pesticide treatment have been shown to be successfully controlled using these EPF/endophytes. Examples of such pests are stem borers, which have been reported to be susceptible following treatment of coffee (Posada and Vega, 2006) and sorghum plants (Tefera and Vidal, 2009) with endophytic B. bassiana.

In recent years, with the increasing interest in sustainable food production systems, biological agents, including beneficial microbes, biostimulants, and other biocontrol agents, have been adopted and are now gaining more popularity. Considering the unique attributes of endophytic fungi, most of these species are currently being explored for crop production in both small- and large-scale farming and in home and community gardens (Dara, 2019b). With reference to the aforementioned benefits and many more that are still emerging and the numerous prospects of endophytic EPF, the possibility of becoming a suitable replacement for inorganic chemicals is rapidly becoming a reality.



FORMULATION OF ENTOMOPATHOGENIC FUNGI AS MYCOPESTICIDES

Multiple genera of hypocrealean fungi that have been found effective against various species of arthropod pests are considered an integral component of integrated pest management (IPM) strategies in maintaining pest control efficacy, mitigating the risk of inorganic pesticide resistance, and offering environmentally sustainable pest suppression (Dara, 2019b). To achieve these objectives, many fungal entomopathogen-based biopesticides have been formulated over the years, as they are believed to be suitable and direct replacements of the commonly used synthetic insecticides. Although the history of mycoinsecticide and mycoacaricide development dates back to the early 1960s (de Faria and Wraight, 2007), it is of note that the frequencies of applications and timings of most of these mycoinsecticides are similar to those of conventional insecticides (Wraight et al., 2000; Shah and Pell, 2003). The most common mycopesticides are products formulated from B. bassiana, M. anisopliae, B. brongniartii, and I. fumosorosea. For instance, in the last three decades, a good number of M. anisopliae- and B. bassiana-based mycoinsecticides have been commercialized and registered in various countries (Zimmermann, 2007a,b; more detail is provided in Table 1; see also Wraight et al., 2001; de Faria and Wraight, 2007).



TABLE 1. Some of the common mycopesticides that have been formulated and registered for use as alternatives to chemical pesticides.
[image: Table1]

The spores of B. bassiana and B. brongniartii have been successfully formulated as mycopesticides in many countries, and several of these products have passed the registration requirements and are therefore currently widely used for biocontrol of pest insects in various countries (Wraight et al., 2001; de Faria and Wraight, 2007). Metarhizium anisopliae strains have also been developed and commercialized against several pests and many disease vectors (Akutse et al., 2020). Similarly, L. lecanii has been reported to naturally control aphid and scale insect populations in tropical and subtropical regions and thus has been studied and formulated for use as a mycoinsecticide. According to Shah and Pell (2003), L. lecanii was the first fungus to be developed as inundative mycoinsecticide for use in medium- to large-scale farming in glasshouses. The active ingredients from two different isolates were formulated into two products: “Vertalec” against aphids and “Mycotal” for the control of whiteflies and thrips (Shah and Pell, 2003). Both products have been registered in numerous countries in Europe and beyond, including the Netherlands, Finland, Denmark, France, Norway, Turkey, Spain, and the United Kingdom. Since their introduction in 1981, strong efficacy against a broad range of aphid species has been reported (Yeo et al., 2003). Another popular product that has been developed for use is “Mycotrol,” which is a mycoinsecticide formulated from B. bassiana (Bradley et al., 1992). The product was registered in 1999 for use against aphids, grasshoppers, thrips, whiteflies, and many other insect pests affecting trees and field crops. Similarly, another mycopesticides, “Green Muscle,” was developed in Africa to control the outbreak of the desert locust, Schistocerca gregaria Forskal (Orthoptera: Arcidridae), between 1985 and 1989. The research project was undertaken by research institutions in the United Kingdom, the Netherlands, the Republic of Benin, and Niger. The mycoinsecticide was made of dried conidia of Metarhizium anisopliae var. acridum, which is often mixed with kerosene or diesel oil before application (Bateman et al., 1998). The product was reported to cause up to 90% mortality in treated grasshoppers and locusts within 2–3weeks post-treatment, while no side effects on non-target organisms were recorded (Lomer et al., 2001). Before this period, around the early 1980s in Russia (then USSR), a B. bassiana-based mycopesticide named “Boverin” was applied over thousands of hectares for the control of the Colorado potato beetle, Leptinotarsa decemlineata Say (Coleoptera: Chrysomelidae), and the codling moth, Cydia pomonella Linnaeus (Lepidoptera: Tortricidae; Hussey and Tinsley, 1981). Several other similar products are available for use in glasshouses, as well as by organic farmers in the United States and beyond. Examples of such formulations are “BotaniGard” and “Mycotrol-O.” All of these products are considered suitable replacements for synthetic insecticides.



BENEFITS AND SAFETY CONCERNS OF BIOPESTICIDES

In recent years, the numerous benefits that could be derived from mycopesticide utilization in place of chemical insecticides have been highlighted by many authors (Wraight et al., 2001; Shah and Pell, 2003; de Faria and Wraight, 2007; Zimmermann, 2007a,b). More advanced scientific investigations on how to manage the various setbacks encountered and improve the efficiency of these microbial organisms are still emerging. However, the most common questions raised, which have been attracting the attention of several researchers and mycopesticide users, are concerns about the safety risks of biopesticides and their secondary metabolites. Zimmermann (2007a) analyzed the safety issues related to Beauveria spp. use as mycopesticides, where the author highlighted the biological properties, history, geographical distribution, host range, mode of action, and toxin-producing capabilities of the fungal species. The potential side effects on non-target organisms, such as predators, parasitoids, pollinators, arthropods, and vertebrates (birds, fish, amphibians, and reptiles), and human health were also discussed. The author suggested that, to date, no serious side effects have been ascribed to the use of the two Beauveria strains and hence concluded that both B. bassiana and B. brongniartii are relatively safe for use as mycopesticides (Zimmermann, 2007a). Other recent studies have also confirmed the low-risk status of common mycoinsecticides and therefore proposed their use as alternatives to chemical insecticides for the management of agricultural pests and disease vectors (Zimmermann, 2007a,b). The safety of these products to users and the environment has been well-assessed (Haas-Costa et al., 2010). In addition, the mycotoxins produced by them are considered very unlikely to enter the food chain (Hu et al., 2016).



ENTOMOPATHOGENIC FUNGI MEDIATING PLANT DEFENSE AGAINST INSECT PESTS

Many species of insect-pathogenic fungi have been characterized for their ability to colonize and become established as fungal endophytes in plants. Beauveria bassiana, M. anisopliae, and other hypocrealean fungi are known to colonize many plants endophytically (Vega et al., 2008). Several studies have demonstrated the colonization potential of various EPF using different artificial inoculation techniques. Endophytic fungi can be inoculated into plants using foliar application, soil drench, flower treatment, stem injection, seed soaking, etc. (Lopez and Sword, 2015; Muvea et al., 2015; Greenfield et al., 2016; Bamisile et al., 2018b; Rondot and Reineke, 2018; Ramos et al., 2020). The inoculation method may depend on the part of the plant targeted for endophytic colonization or the type of insects to be controlled, that is, root eater, stem borer, or leaf chewing insect (Bamisile et al., 2018a). However, irrespective of the inoculation method used, many of the recent studies have revealed several tritrophic interactions that exist among the inoculated plants, the endophytic EPF, and the herbivores feeding on the endophyte-challenged plants (Akello et al., 2008; Vega et al., 2008; Reddy et al., 2009; Dash et al., 2018).

Fungal endophytes generally live part or their lifecycle within the tissues of living hosts without causing any noticeable disease symptoms (Suryanarayanan, 2013; Hardoim et al., 2015). They can colonize any part of the host, including the embryo of seeds. As the seedlings germinate and develop during the early growth stages, the endophytes also increase in abundance (Shade et al., 2017). Endophytes depend on their plant hosts for nutrition and provide indirect defense against herbivores associated with the hosts (Backman and Sikora, 2008; Tadych et al., 2009). The endophytic fungi involved in this fungus-plant interaction have been described as plant-defending mutualists (Saikkonen et al., 2004), where the fungi mediate adaptive protection against insect pests of the host plant (White et al., 2002). Several recent studies have demonstrated that endophyte-challenged crop plants are less likely to be attacked by insect pests (Lopez and Sword, 2015; Muvea et al., 2015; Rondot and Reineke, 2018; Ramos et al., 2020). In addition, evidence of endophytic fungi reducing the productivity of herbivores feeding on colonized plants is readily available (Vega et al., 2009; Lopez et al., 2014; Dash et al., 2018; Dara, 2019b). Fungal endophytes are believed to serve as bodyguards for their host plants against primary herbivore pests (Vidal and Jaber, 2015; Jaber and Ownley, 2018). Under moderate to high levels of herbivore attack, plants colonized with endophytic fungi can generally outperform endophyte-free plants (Clay, 1997).



MODE OF ACTION AGAINST INSECT PESTS

When present in the form of fungal endophytes in plants, EPF induce indirect detrimental effects on pests through various non-pathogenic mechanisms, such as antibiosis, antixenosis, and induced systemic resistance (ISR; Hartley and Gange, 2009). In this case, the fungus provides indirect defense against the host pests in exchange for carbohydrate energy resources derived from the plant (Wang and Qiu, 2006). The fungal endophytes, which provide indirect defense against their hosts’ primary enemies, may have been derived from different origins, including mutualistic root endophyte associations and the evolution of EPF into plant-associated endophytes (Vega et al., 2008). This plant-fungus mutualist interaction has been found to increase the rate of water and nutrient absorption as well as providing protection from insect pests, birds, and mammals (Lekberg and Koide, 2005). The mechanisms by which endophytic fungi minimize insect herbivore damage in their host plants are numerous, including pest avoidance or deterrence (Latch et al., 1985), reduction in feeding (Knoch et al., 1993), survival (Lacey and Neven, 2006), oviposition (Clay, 1990), and growth and developmental rate (Valenzuela-Soto et al., 2010).

As new findings are emerging periodically, various scientific studies are ongoing, and many others are still to come. Several questions have been raised, and different authors have identified various research gaps in very recent publications. In this light, the mechanisms underlying the pathogenicity-related activities of endophytic fungi against insect pests might not have been fully explored (Vidal and Jaber, 2015; Vega, 2018). In general, endophytic fungi promote host protection against primary pests by stimulating the production of plant defensive compounds, which have been characterized as having numerous bioactivities and functions (Carroll, 1988). Fungal endophyte-challenged plants exhibit feeding deterrence or antibiosis against their primary insect pests due to the synthesis of secondary metabolites by endophytic fungi. Colonized plants are less favorable to herbivores and indirectly affect the fecundity, fitness, and longevity of pests (Akello and Sikora, 2012; Akutse et al., 2013; Muvea et al., 2014; Mantzoukas et al., 2015; Dash et al., 2018; Jaber and Ownley, 2018). Endophytic fungi belonging to the genera Beauveria and Metarhizium spp. are commonly known for their ability to synthesize different arrays of secondary metabolites, which have been reported to exhibit antibacterial, antifungal, and insecticidal properties. These compounds include bassianolides, bassianolone, beauvericin, and oosporein, which are synthesized by B. bassiana. Similarly, cytochalasins, destruxins, serinocyclins, etc., are key compounds derived from Metarhizium spp. (Krasnoff et al., 2007). For instance, a hexa-cyclodepsipeptidic mycotoxin known as destruxin A (DA), synthesized by M. anisopliae, has been revealed to exhibit insecticidal and immunosuppressing activities (Fan et al., 2013; Ravindran et al., 2016).

Following endophytic colonization of plants, the fungus alters the nutrient content of the host to favor the production of secondary metabolites. Alterations in the chemical composition of the host plant inhibit the rate of herbivory and oviposition by insects (Clay, 1990). The detrimental effects of endophytic fungi and their metabolites on insect pests are different from those of the fungal infections caused by herbivore exposure to conidia or blastospores. The fungus grows as mycelia inside the plant, while infective structures are not produced inside the plant tissues as opposed to the hemolymph of the infected host insect. As a result, mycosis does not generally occur due to herbivores feeding on colonized plant tissues (Qayyum et al., 2015). However, there are a few records of mycosis in insect cadavers (Powell et al., 2009; Ramakuwela et al., 2020). The most common examples are in chewing insects, where insects feeding on colonized plants can easily be exposed to EPF emerging from wounded plant tissues. Following exposure, conidiation and infection could occur epiphytically, resulting in the dead insect showing mycosis. Powell et al. (2009) opined mycosis could have resulted from the exposed insect consuming an intact and sufficient amount of hyphae. There are a few available reports of mycosis in pests that fed upon host plants endophytically colonized by B. bassiana, such as Akello et al. (2008), Vidal and Jaber (2015), Klieber and Reineke (2016), and Ramakuwela et al. (2020). The negative effects of defense chemicals induced by fungal endophytes are more evident in generalist pests than in specialist pests. This is because generalists are more susceptible to endophytic fungal-mediated specific and qualitative defenses (Smith and Read, 2010). Koricheva et al. (2009) suggested that the negative effects of fungal infection on generalist pests could indirectly benefit specialist chewing insects. A similar finding has also revealed significant detrimental effects on generalist mesophyll feeders, while in contrast, phloem feeders were found to be less susceptible to fungal defense (Gehring and Bennett, 2009).



FUNGAL ENDOPHYTE-PATHOGEN INTERACTIONS MEDIATING HOST RESISTANCE AGAINST PLANT PATHOGENS AND DISEASES

Endophytic fungi protect their host plants against pathogens by engaging similar mechanisms as those used in inducing plant resistance against herbivores (Jaber and Ownley, 2018). The secondary metabolites produced by these wide ranges of fungal endophytes have been found to exhibit antifungal and antibacterial potential, which help host plants evade damage/disease caused by phytopathogenic microorganisms (Gunatilaka, 2006).

In general, endophytic fungi mediate plant disease antagonism by inducing systemic plant resistance. The endophytes of the upper parts of grasses and some other beneficial plants have been well characterized for these activities (Jaber and Enkerli, 2016; Dash et al., 2018). Many species of endophytic EPF have been reported for their antibiotic and herbicidal properties. In addition, studies have revealed that these endophytic fungi may also influence plant pathogen associations by reducing their diversity and abundance (Tadych et al., 2009). Most importantly, for B. bassiana and L. lecanii, in addition to their well-known biological control activities against insect pests, both fungi have been revealed to possess antimicrobial and plant pathogen antagonism potential (Ownley et al., 2010; Jaber, 2018; Jaber and Ownley, 2018). For instance, the ability of B. bassiana to antagonize plant disease-causing pathogens in tomato, squash, cotton, grapevine, and many other economic crops has been reported (Ownley et al., 2004, 2008, 2010; Vega et al., 2009; Jaber and Ownley, 2018; Vega, 2018). The available reports have provided evidence of Beauveria sp. inhibiting various plant pathogens, including Fusarium oxysporum, Botrytis cinerea, Septoria sp., Gaeumannomyces graminis, Pythium sp., and Rhizoctonia solani (Renwick et al., 1991; Flori and Roberti, 1993; Veselý and Koubova, 1994; Bark et al., 1996; Lee et al., 1999). The level of infection by Zucchini yellow mosaic virus in squash was reduced following treatment of seedlings with B. bassiana (Jaber and Salem, 2014). Ownley et al. (2004) also reported a reduction in the severity of damping-off disease caused by R. solani in tomato. Aside from reports on B. bassiana and L. lecanii, other insect-pathogenic fungal strains have also been found to exhibit antagonistic properties against various arrays of phytopathogenic organisms. For example, M. anisopliae was found to minimize the spread of Dutch elm disease (DED), a vascular wilt disease caused by the ascomycete fungus, Ophiostoma ulmi Buisman (Gemma et al., 1984). Additionally, M. brunneum reduced the activities of Fusarium culmorum Smith – the causal agent of CRR in wheat (Jaber, 2018) and sweet pepper (Jaber and Alananbeh, 2018). In addition to the aforementioned reports, there are many other pieces of evidence of EPF interactions with phytopathogenic fungi (Kim et al., 2008; Sasan and Bidochka, 2012; Jaber, 2015; Jaber and Araj, 2018; Barra-Bucarei et al., 2020; Canassa et al., 2020).



MECHANISMS OF FUNGAL ENDOPHYTE-INDUCED PLANT DEFENSE AGAINST PATHOGENS

The mechanisms involved in fungal endophyte-induced plant defense against plant pathogens may not have been fully elucidated (Ganley et al., 2008); however, numerous modes of action through which this plant-endophyte mutualism helps hosts build resistance against pathogens have been proposed (Ownley et al., 2008, 2010; Gao et al., 2010; Jaber, 2018; Jaber and Ownley, 2018). The utilization of metabolites, which is the most popular and widely discussed indirect plant disease management strategy employed by the endophytic EPF in their hosts, is highlighted many times in this paper. The secretion of these unique biochemical compounds by endophytes helps to inhibit the evasion of harmful foreign microbes (Kusari et al., 2012). Some of the important metabolites, such as alkaloids, flavonoids, peptides, phenols, polyketides, quinones, steroids, and terpenoids, have been discovered from fungal endophytes and characterized in terms of their antimicrobial activities (Mousa and Raizada, 2013; Lugtenberg et al., 2016). The ability of these bioactive compounds to inhibit phytopathogens has been exclusively explored, as a good number of previous studies have identified novel metabolites from fungal endophytes that are suitable for commercial purposes (Suryanarayanan, 2013). Ongoing and future studies should focus on similar directions to explore the potential of these endophytes in phytopathogen and disease management. Fungal endophytes are unique for their ability to colonize the internal tissues of plants, an advantage they hold over many other biocontrol agents. In addition, the promotion of plant growth and initiation of systemic plant resistance are some of the other identified possible indirect mechanisms engaged by endophytic fungi. Several previous studies have established the possibility of fungal endophytes mediating systemic plant resistance and growth promotion in their hosts and hence reducing the damage caused by phytopathogenic microorganisms (Ganley et al., 2008). A systemic resistance strategy was observed in B. bassiana-treated pumpkin and cotton plants against zucchini yellow mosaic virus (Jaber and Salem, 2014) and Xanthomonas axonopodis pv. malvacearum (Ownley et al., 2008), respectively.

Generally, in response to attacks from parasites, pathogens, and other biotic and abiotic stressors, two different kinds of induced resistance patterns can be mediated by plants, namely, systemic acquired resistance (SAR) and ISR (Choudhary et al., 2007). SAR is activated upon exposure of the host to virulent or avirulent pathogens and other non-pathogenic microbes. This pathway is enhanced by the accumulation of the plant hormone, salicylic acid, and other pathogenesis-related proteins in the plant. Salicylic acid activates the SAR genes and prepares the plants for impending attack by a variety of pathogens in a quick and effective manner. The other pathway, ISR, is activated by the jasmonic acid and ethylene pathways following the activities of non-pathogenic microbes. Jasmonic acid production and pathogenesis-related protein activation are closely related to wounding in plants. Largely, the production of oxidative enzymes, such as polyphenol oxidases, peroxidases, and lipoxygenases, is involved in the latter pathway, while the production of antifungal pathogenesis-related proteins, including chitinases, 1, 3-glucanases, and thaumatins, is involved in the salicylate-induced pathway. Enzymes are directly involved in lysing foreign cells, cell wall strengthening, and cell death (Gao et al., 2010; Dara, 2019b).

Entomopathogenic fungal endophytes activate the production of plant defense proteins in their colonized host. This implies that the induced systemic responses produced by fungal endophytes are related to the enhancement of genes that are expressed in pathogenesis (Fadiji and Babalola, 2020a). Their ability to increase the production of pathogenesis-related proteins and other defense enzymes has been demonstrated by Karthiba et al. (2010) in rice and Senthilraja et al. (2013) in peanut, following dual treatment of both plants with B. bassiana and Pseudomonas fluorescens. The significant growth improvement recorded in the colonized plants was noticeable in plants resistance to the pathogen as well as an increase in the overall accumulation of peroxidase and polyphenol oxidase in the rice plants. Similar significant increases in the levels of catalase, chitinases, lipoxygenase, glucanase, phenolics, peroxidase, polyphenol oxidase, superoxide dismutase, and phenylalanine ammonia-lyase accumulated were recorded in the treated peanut seedlings. Similar findings were reported for date palm leaves following inoculation with B. bassiana and Lecanicillium dimorphum (Cordycipitaceae, Hypocreales; Gómez-Vidal et al., 2009). Furthermore, a strain of B. bassiana modified the gene expression levels across the phytoalexin, pathogenesis, salicylic acid, and jasmonic acid signaling pathways in Arabidopsis. As a result, the rate of Sclerotinia sclerotiorum (Libert) de Bary infection was significantly reduced in colonized Arabidopsis plants (Raad et al., 2019). The regulation of photosynthesis and energy metabolism-related proteins has also been reported. On the other hand, disease suppression via mycoparasitism, competition, and antibiosis have all been identified as some of the direct strategies employed by fungal endophytes against phytopathogens (Ownley et al., 2010; Jaber, 2018; Jaber and Ownley, 2018). For instance, while conducting both in vitro and in vivo observations of Lecanicillium spp. activities against Pythium ultimum, a ubiquitous soil-borne pathogen that causes damping-off and root rot infections in various plants, evidence of mycoparasitism between the two microorganisms was reported by Benhamou and Brodeur (2001). In another related study, Ownley et al. (2008) also found and reported a similar interaction between Pythium myriotylum and B. bassiana.

The ability of fungal endophytes to compete with disease-causing pathogens is another unique direct mechanism used to inhibit the colonization of their hosts by foreign microbes (Martinuz et al., 2013). Endophytic fungi are known to colonize their host, thereby hoarding the available nutrients and space and in turn limiting the activities of pathogens (Rodriguez et al., 2009). For instance, the ability of B. bassiana and M. brunneum to exhibit competition and antibiosis against F. culmorum upon subculturing both fungi in a dual plate assay with the fungal plant pathogen was revealed (Jaber and Alananbeh, 2018). Clear zones of inhibition across the interphase with the phytopathogenic fungus were observed, which provided evidence of competition for the available resources. The suppression or total removal of the endophytic fungi colonizing a plant through the application of fungicides, for instance, would allow the invasion of the plant tissues by other foreign microbes, as demonstrated in the study conducted by Mohandoss and Suryanarayanan (2009).

The mechanisms of competition utilized by fungal endophytes involve systematic colonization of parts of the host where foreign microbes could potentially colonize and, as a result, prevent further attack by the pathogen. In addition, fungal endophytes can also initiate a direct attack on pathogens or their propagules, a mechanism commonly known as mycoparasitism (Ownley et al., 2008). Endophytic fungi are known to produce lyase, which effectively aids the evasion of the pathogen and destruction of the pathogen cell walls. This potential mechanism was demonstrated by Grosch et al. (2006) using three different strains of Trichoderma sp., which were able to penetrate the hyphae of R. solani. Many species of endophytic fungi are known to exhibit predatory behaviors against plant pathogens. The activity is common under nutrient-deficient conditions, and the mechanism is generally termed microbial predation. For instance, Gao et al. (2010) indicated in their report the potential of Trichoderma sp. to produce an array of enzymes known to attack the cell walls of fungal pathogens. Similarly, B. bassiana has the capability of improving plant growth and causing a reduction in disease severity, even in the presence of plant pathogens. The mechanisms for causing a reduction in the activities of the pathogens were related to competition for space and parasitism and ISR in the B. bassiana-colonized plants (Ownley et al., 2008). Similar observations have been reported for M. anisopliae and B. bassiana in strawberry plants against B. cinerea and Rhizopus spp. (Dara, 2019a). Both fungi also offered protection for strawberry plants against Macrophomina phaseolina (Tassi) Goid, the causal organism of seedling blight (Dara et al., 2018), and treated corn plants against Fusarium graminearum Schwabe (Rivas-Franco et al., 2019).



PLANT-ENDOPHYTIC FUNGI SYMBIOSIS AND HOST GROWTH PROMOTION

The findings of the various greenhouse and field trials on fungal endophytes have revealed multiple additional roles of EPF, besides the well-publicized roles as insect killers and plants pathogen antagonists (Vega et al., 2009; Vega, 2018). In addition to the ability of fungal endophytes to induce systemic resistance against herbivores and pathogens, other benefits, such as enhancing drought resistance, inducing tolerance to heavy metals, improving plant fitness under environmental extremes, and promoting general plant growth (biofertilizers), have been mentioned (Tadych et al., 2009; Vega et al., 2009).

Many previous studies and some new publications have provided evidence of the ability of endophytic EPF to promote plant growth, either when existing naturally or when artificially introduced into host plants using various kinds of artificial inoculation techniques (Kabaluk and Ericsson, 2007; Elena et al., 2011; Sasan and Bidochka, 2012; Liao et al., 2014; Lopez and Sword, 2015; Jaber and Enkerli, 2016, 2017; Dash et al., 2018; Bamisile et al., 2020). The capacity of fungal endophytes to colonize plant tissues, establishing a strong symbiotic association with their hosts, has now been well established by various researchers (Kumar et al., 2017). This beneficial association between the two organisms results in plant growth enhancement and improvement of the host’s ability to withstand abiotic and biotic stressors (Saravanakumar and Samiyappan, 2007).

Fungal endophytes are now commonly applied for crop and yield improvement, as they are generally considered eco-friendly, affordable, and renewable sources of nutrients to plants (Kumar et al., 2017). In addition, endophytic fungi also serve as a close alternative to chemical fertilizers when acting as biofertilizers, thereby reducing the heavy dependence on these synthetic compounds (Pal et al., 2015). Many species of endophytic EPF, including M. anisopliae, M. brunneum, M. robertsii, B. bassiana, Purpureocillium lilacinum, and several others, have been acknowledged for their plant growth promotion potential (Jaber and Enkerli, 2017; Bamisile et al., 2018a,b; Jaber, 2018). The ability to improve plant nutrient uptake, root hair density, and dry weight has been reported for M. anisopliae. This is evident in the improved growth and enhancement of root hair density recorded in switch grass and common beans (Sasan and Bidochka, 2012; Behie et al., 2015) and the increase in plant dry weight (biomass) recorded in mung bean, Vigna radiata (Rekadwad et al., 2016) following artificial inoculation of the plants with a conidial suspension of the fungus. In addition, the fungus also improved the plant height, root length, root and shoot dry weight of treated tomato seedlings (Elena et al., 2011; Qayyum et al., 2015), foliar biomass, leaf collar formation, and total yield in corn plants (Kabaluk and Ericsson, 2007; Liao et al., 2014) and significantly promoted root development in peanuts (Liu et al., 2017b). Similarly, another fungal species belonging to the genus Metarhizium, M. robertsii, has also been shown to improve growth in switch grass, corn, wheat, sorghum, tomato, and common beans (Reddy et al., 2009; Elena et al., 2011; Sasan and Bidochka, 2012; Liao et al., 2014). Metarhizium brunneum has also been reported as a plant biomass and yield promoter and was also found to improve the nitrogen and phosphate contents, as well as the efficiency of water utilization in colonized plants (Dara, 2019b). This important property of endophytic fungi has also been demonstrated for B. bassiana, B. brongniartii, L. lecanii, I. fumosorosea, and several other endophytic insect-pathogenic fungal species (Lopez and Sword, 2015; Jaber and Enkerli, 2017; Dash et al., 2018; Bamisile et al., 2019).

In addition to growth and plant yield promotion, the mutual interaction between the plants and their fungal colonizers also initiates protection for the hosts against unfavorable environmental conditions, such as drought, frost, and heavy metals (Gao et al., 2010). The host defense mechanism against phytopathogenic microorganisms is also enhanced via this same interaction. The overall increase in plant growth could also mediate vigor enhancement and resistance to various kinds of biotic and abiotic stressors (Kuldau and Bacon, 2008).



MECHANISMS BY WHICH ENDOPHYTIC FUNGI ACT AS PLANT GROWTH PROMOTERS/BIOFERTILIZERS

Fungal endophytes promote plant growth and host resistance to environmental stressors using various modes of action (Yadav, 2018). The mode of action utilized by these endophytic fungi could be in the form of direct or indirect mechanisms. The ability of fungal endophytes to improve plant growth due to acquisition of nutrients or production of growth-promoting phytohormones is considered a direct mechanism (Hiruma et al., 2018). Fungal endophytes directly improve the rate of growth and development of their hosts by secreting plant growth-promoting hormones, which in turn contributes to improvement of host nutrition using bidirectional transfer of nutrients. The health status of host plants is also improved by protection against phytopathogens (Shen et al., 2019). The rate of phytohormone synthesis mediated by these fungal endophytes varies from plant to plant, with a significant level of effect on the growth, development, morphology, and structure of the hosts (Bamisile et al., 2018a). Concerning plant growth promotion, endophytic fungi are believed to utilize similar mechanisms as rhizobacteria. Several bioactive compounds have been identified to be closely linked to growth promotion in endophytically colonized plants, including auxins (Dutta et al., 2014), gibberellic acid (Khan et al., 2014), cytokinins, and ethylene (Kang et al., 2012). Indole acetic acid (IAA) and the rest of these biocompounds regulate plant physiology, including plant cell division, differentiation and extension, root and xylem development, seed and tuber germination, overall vegetative growth, metabolite biosynthesis, and formation of pigments and photosynthesis (Gao et al., 2010). The insect-pathogenic fungus, M. robertsii, has been demonstrated to promote Arabidopsis seedling growth (Liao et al., 2017), where the fungus boosted lateral root growth and root hair development using what the authors described as an auxin (IAA)-dependent mechanism. In addition, the fungus activated IAA-regulated gene expression in IAA-deficient mutants and consequently reduced the root hair defects in the mutants. Other strains belonging to Metarhizium sp. and Beauveria sp. were also found to synthetize auxins (Liao et al., 2017).

Another growth-promoting mechanism is the ability of endophytic fungi to increase the rate of nutrient transport genes in their colonized hosts. This was demonstrated in the study of Behie et al. (2012), where the insect-pathogenic fungus M. robertsii was found to transfer nitrogen from the larvae of Galleria mellonella Linnaeus to the plant. Similar findings were also reported by Behie and Bidochka (2014), where this same fungus, M. robertsii, together with other strains of B. bassiana, M. brunneum, and M. guizhouense, improved the productivity of soybean, wheat, green bean, and switch grass plants through the transfer of insect-derived nitrogen to the host plants. The overall improvement in plant growth due to plant-fungal symbiosis was evident in the ability of the plant to supply photosynthates to the fungi in exchange for the provided insect-derived nitrogen, as demonstrated by Behie et al. (2017).

Many species of plant root colonizing insect-pathogenic fungi, due to their microbial activities, can change the bioavailability of many soil nutrients, hence making them readily available for plant use. This ability involves the mineralization of elements such as nitrogen, iron, potassium, and phosphorus. The latter element, which is the second most essential nutrient (after nitrogen) for plant growth, could be converted from insoluble phosphate into soluble forms and made readily available for plant uptake, a process known as phosphate solubilization (Adhikari and Pandey, 2019; Tandon et al., 2020). Several species of EPF have now been implicated in the production of different forms of organic acids and siderophores, which are small molecular compounds that are known for their ability to make iron readily available for plants (Yadav, 2018).

To this end, several other available reports on endophytic fungus-plant interactions have indicated that plant growth promotion is generally due to the fixation of nutrients, bioactive metabolite production, and synthesis of plant growth-promoting hormones/phytohormones in colonized plants (Behie et al., 2012, 2017).



ADDITIONAL BENEFICIAL APPLICATIONS OF ENDOPHYTIC FUNGI

Fungal endophytes play significant roles in IPM programs and have been found to be able to influence plant activities in many ways. As we have discussed in the previous sections, research into endophytes is attracting more interest due to their roles in biocontrol, plant growth promotion, and their potential application in the near future as a replacement/alternative to chemical pesticides and inorganic fertilizers (Shen et al., 2019). However, aside from the aforementioned activities, there are still many more roles and attributes that have been linked to these essential endophytic microorganisms. In fact, many authors have put forward suggestions that the role of fungal endophytes in plant fitness is far from completely defined and should be fully investigated (Vidal and Jaber, 2015; Vega, 2018; Fadiji and Babalola, 2020b).



ENVIRONMENTALLY SAFE ALTERNATIVES TO CHEMICAL PESTICIDES

The safety of users, other humans, animals, plants, natural enemies, pollinators, and the general ecosystem are the major public concerns related to the application of EPF for the biological control of pests and phytopathogens. Several studies have been conducted in line with ecotoxicological assessments of various EPF (Siegel and Shadduck, 1990; Goettel and Jaronski, 1997; Vestergaard et al., 2003). Studies were conducted to examine the potential side effects resulting from the application of fungal entomopathogens. Roberts (1977) conducted the first study on the detrimental effects of M. anisopliae on fish. Following conidia application to waterbodies, the author found no significant effects on the mortality of the examined fishes. Similar observations were recorded in studies conducted to examine the negative effects of M. anisopliae on the northern leopard frog, Rana pipiens Schreber, and African clawed frog, Xenopus laevis Daudin (Peveling and Demba, 2003). Another strain of M. anisopliae var. acridum formulated into a mycoinsecticide commercially known as green muscle for desert locust control was also tested against the fringe-toed lizard, Acanthodactylus dumerili Milne-Edwards. However, no negative effect of the fungus was recorded on the treated lizards following inhalation of conidia, oral exposure, and feeding with mycosed S. gregaria locusts. In contrast, A. dumerili was found to be greatly affected by the synthetic insecticide fipronil (Peveling and Demba, 2003).

Similarly, toxicity assessments of different strains of EPF have been carried out on several bird species, where birds were reared on EPF-infected insects or directly fed with fungal spores deposited in their feeds. For instance, the ring-necked pheasants, Phasianus colchicus Linnaeus were exposed to B. bassiana conidia (Johnson et al., 2002), chickens were fed B. brongniartii-infected white grubs, and American sparrowhawks, Falco sparverius Linnaeus were equally fed spores of B. bassiana (Althouse et al., 1997). In the aforementioned studies, histopathological changes were not reported in any of the treated birds, whereas no significant differences were reported among the control and treated samples with regard to the growth, body mass, and survival of birds (Zimmermann, 2007a).

Toxicity tests on B. bassiana conducted on rats and other vertebrates also confirmed the non-toxicity of the fungus (Goettel and Jaronski, 1997). Intramuscular injection of B. bassiana into mice indicated that the fungus could only survive for 3days inside the rodents (Semalulu et al., 1992).

Another study that was conducted by Zimmermann (1992) to investigate the vertical movement of wet and dry spores of M. anisopliae also confirmed that the possibility of contamination of the groundwater by the fungus is very low. When insect-pathogenic fungi and all kinds of mycopesticides are applied for biocontrol, the water bodies and the atmosphere are arguably the clear destinations for drifting formulations. However, according to Weng et al. (2019), until now, there has been no available record of the negative effects of EPF from water and the atmosphere on human health. The reason for this is the inability of fungal spores to persist or proliferate in the atmosphere for a long duration (Shah and Pell, 2003). Milner et al. (2002) also concluded that the possibility of Metarhizium-based biopesticides posing negative effects on aquatic living organisms is relatively low. Most mycotoxins that are commonly known as environmental or food chain pollutants have now been found to be produced as a result of plant infection by fungal phytopathogens, rather than endophytic colonization of the plant by the fungal entomopathogens (Oyedele et al., 2017; Weng et al., 2019). Common examples are the mycotoxins produced by Fusarium spp., Aspergillus spp., and other fungal phytopathogens, which have been found to contaminate the environment through the crops and products they infect (Oyedele et al., 2017; Mallebrera et al., 2018).

Several recent studies have also presented reports on the ability of endophytic fungi to initiate the production of phytohormones and other bioactive compounds related to plant growth promotion, thereby improving the overall development and growth of colonized host plants. As a result, we can now anticipate a potential decline in the level of dependence on synthetic fertilizers, which are notorious for ecosystem pollution due to their residual effects and tendencies to enter the food chain. It is also noteworthy that during the development and registration of any EPF for use as a mycopesticide, the fungus is extensively examined for safety against many beneficial non-target organisms. In this light, there is an overall tendency of biological control agents to be safer for use than chemical products. There is therefore a strong need to create awareness and inform policy and regulatory authorities on the safety and advantages of using biopesticides compared to their synthetic counterparts.



COMPATIBILITY WITH OTHER BIOCONTROL AGENTS

The compatibility of several species of EPF with many other biological control agents, especially the associated natural enemies of targeted pests, such as predators (Canassa et al., 2019) and parasitoids (Akutse et al., 2014; Gathage et al., 2016; Jaber and Araj, 2018), has widely been reported. For instance, the potential management of green peach aphids, Myzus persicae Sulzer (Hemiptera: Aphididae) in sweet pepper using the parasitoids of green peach aphids, Aphidius colemani Viereck (Hymenoptera: Braconidae) in combination with B. bassiana and M. brunneum was demonstrated by Jaber and Araj (2018). Similarly, according to Akutse et al. (2014), the pea leafminer, Liriomyza huidobrensis Blanchard (Diptera: Agromyzidae) can be controlled using two parasitoid species, Diglyphus isaea Walker (Hymenoptera: Eulophidae) and Phaedrotoma scabriventris Nixon (Hymenoptera: Braconidae), in combination with different fungal isolates, including B. bassiana and H. lixii. The potential utilization of two isolates of B. bassiana and M. robertsii in combination with the predatory mite, Phytoseiulus persimilis Athias-Henrio (Acarina: Phytoseiidae) for the management of the two spotted spider mites, Tetranychus urticae Koch (Acari: Tetranychidae) on strawberry plants in the greenhouse (Canassa et al., 2019) and in the strawberry field (Canassa et al., 2020) has also been demonstrated. Similarly, studies have revealed the possibility of applying L. lecanii in combination with an aphid alarm pheromone and sublethal doses of the insecticide imidacloprid as part of an autodissemination strategy to enhance the efficacy of the fungus for aphid biocontrol (Hartfield et al., 2001). Another typical generalist insect-pathogenic fungal species that has been tested for compatibility with other biocontrol agents is Zoophthora radicans Brefeld (Zygomycetes: Entomophthorales). The fungus was applied in an autodissemination technique for the management of the diamondback moth, Plutella xylostella Linnaeus (Lepidoptera: Yponomeutidae) in combination with semiochemicals. The host-specific semiochemical attracted the insects into an inoculation device, where the moths were exposed to the conidia of Z. radicans (Pell et al., 1993). The combined use of B. bassiana, M. anisopliae and different chemical fungicides in harvested strawberry was also to be found suitable for the management of B. cinerea and Rhizopus sp. (Dara, 2019a).

Most biocontrol approaches benefit from being used together, therefore, to improve the efficacy of specific biological control approaches, it is imperative to apply them in an integrative manner in combination with other cultural or conventional measures, as the synergy would benefit both biocontrol agents and significantly suppress pest populations. In addition, classical and inoculation methods could also be applied in combination with conservative methods in the quest to increase the efficiency of both approaches (Pell et al., 2001).



ENDOPHYTIC FUNGI AS GOOD SOURCES OF PHARMACEUTICAL PRODUCTS

Endophytic fungi are not just biocontrol and plant growth-promoting agents, but they have now been established as good sources of various arrays of medicinal or pharmaceutical products. The endophytic microbes constitute an important source for drug discovery, and their plant sources are being extensively explored for new chemical compounds for therapeutic purposes (Tadych et al., 2009; Fadiji and Babalola, 2020a). Fungal endophytes act as reservoirs of novel bioactive secondary metabolites, such as alkaloids, phenolic acids, quinones, steroids, saponins, tannins, and terpenoids, that serve as potential candidates with antimicrobial, anti-insect, anticancer and many more properties (Gouda et al., 2016). A variety of products derived from bioactive secondary metabolites belonging to different endophytic fungal species has now been developed for use as antibiotic agents such as cephalosporin and penicillin (Tadych et al., 2009). These biocompounds have also been explored for their antimalarial, antiarthritis, anticancer, antidiabetic, antiviral, antituberculosis, anti-inflammatory, and immunosuppressive potentials (Tadych et al., 2009; Fadiji and Babalola, 2020a). The products are isolated and utilized in their raw forms or otherwise formulated to produce different drugs for the treatment of many health conditions (Hu et al., 2016).

Data collected over the last four decades have listed over 70 novel secondary metabolites derived from Isaria sp. alone (Weng et al., 2019). For instance, a non-ribosomal peptide metabolite known as beauvericin, which is a cyclic hexadepsipeptide mycotoxin isolated from a strain of I. fumosorosea, has been found to possess insecticidal, antibacterial, antiviral, and cytotoxic properties and is considered valuable for the formulation of new pesticides (Lu et al., 2016). Additionally, fumosorinone, a terpene compound isolated from the same fungal species, could act as a classic non-competitive inhibitor of protein tyrosine phosphatase 1B (PTP1B), indicating that the compound could function in medicine for the clinical treatment of diabetes (type II) and other related metabolic disorders (Liu et al., 2015). This same compound has also been related to cytotoxicity against human cancer lines (Chen et al., 2018). Peroxyergosterol is a biocompound isolated from another strain of I. fumosorosea and has been tested for various bioactivities, including its cytotoxicity against cancer cells (Sheu et al., 2000), apoptosis of human leukemia cells (Takei et al., 2005), and potential production of vitamin A (Zhang et al., 2013).

In addition, there are several reports of the isolation and identification of many other biochemical compounds of medicinal importance from other fungal species, including B. bassiana, B. brongniartii, and M. anisopliae (Zimmermann, 2007a,b). To this end, endophytic microbes are now commonly utilized in the mass production of drugs, enzymes, antibodies, supplements, and riboflavin, among many other industrial products (Latz et al., 2018). Isolated microorganisms are of huge importance in the fields of medicine, agriculture, and industry (Sahay et al., 2017).



ENTOMOPATHOGENIC FUNGI AS ALTERNATIVES TO CHEMICAL PESTICIDES: WHAT ARE THE CHALLENGES?

The huge importance of insect-pathogenic endophytic fungi and their derived biocompounds to agriculture, industry, and medicine cannot be overemphasized. However, despite their numerous attributes and functions, several problems affecting their successful application as biological control agents have been identified. One of the major challenges is the difficulties in isolation and identification of fungal endophytes. As many fungal endophyte strains have been found to be unculturable, measuring and identifying the endophyte community structure and diversity has been a difficult task (Fadiji and Babalola, 2020b). Even though, very recently, scientists in advanced countries have found alternative ways to isolate and identify novel fungal strains, especially by employing various cultivation-independent techniques. However, there is every possibility that a larger percentage of fungal isolation and identification efforts still depend heavily on traditional culture methods with selective media. The adverse effects of geographical location, vegetation type, and human disturbance on fungal entomopathogen distribution are another problem. The irregular localization or biodiversity of fungal entomopathogens in soils as a result of geographic and climatic conditions has been reported as a major disadvantage. For instance, in a study conducted across the Qinghai-Tibet Plateau and Gansu Corridor of China in 2016, it was reported that the likelihood of isolating novel strains of fungal entomopathogens is higher in areas characterized as remote and less disturbed by human activities (Dong et al., 2016). The soil types, vegetation or landscapes, habitat fragmentation and alteration, and climatic conditions are some of the determining factors that are also related to endophytic fungal richness and diversity in the soil. The negative influence of environmental conditions, such as temperature, humidity, and solar radiation, on fungal entomopathogen virulence and persistence in the field has also been investigated (Zimmermann, 2007b). Another limiting factor is the rapid decline in the level of efficacy of EPF over a short duration. As a result, fungal-based mycopesticides are generally not highly regarded as alternatives to chemical pesticides among users. The possibility of posing unwanted residual effects on predators, parasitoids, pollinators, and other non-target organisms has also been mentioned. This activity has been examined in some insect-pathogenic fungal species with a broad spectrum and wide host range, such as B. bassiana and B. brongniartii (Goettel et al., 1990). Some previous studies investigated various possible adverse effects on beneficial insects, earthworms, honeybees, vertebrates, and plants (Vestergaard et al., 2003). Although most of the studies were conducted in the laboratory and only a few were field trials, many of these studies argued that EPF could be used with little or no side effects on non-target organisms (Goettel et al., 1990; Vestergaard et al., 2003). Nevertheless, as with every general principle, there could be some exceptions across species and perhaps even among isolates. There are possibilities that different isolates within the same species can perform very differently even on the same host. For instance, insect host range, fungal infection levels, rate of germination, and temperature optima can vary among fungal species and isolates (Zimmermann, 2007a). To increase the adoption of these mycopesticides, it is also important to develop a “new paradigm” for applying these entomopathogens as opposed to the “old paradigm” of application in ways similar to their synthetic chemical counterparts.



OVERVIEW OF THE RESEARCH ADVANCES IN THE LAST FEW DECADES AND INSIGHTS FOR NEXT-GENERATION SUSTAINABLE AGRICULTURE

Several of the previous studies on fungal endophytes and other related studies have focused on co-culturing methods in an in vitro dual plate assay examine the antagonistic effects of endophytic fungi against some targeted pathogens. Many of the highlighted studies only indicated endophytic fungal antagonistic effects on the target plant pathogens without necessarily conducting comprehensive assessments of the physiological changes in the colonized plants. Another strategy that is commonly adopted is to compare the treated and untreated seedlings following artificial inoculation of plants with pathogens with respect to the rate of survival, colonization rate, and disease severity index (Jaber, 2018). The mechanisms by which endophytic fungi mediate changes in host physiology and volatile levels also have yet to be fully explored. The available data are limited and have shown inconsistencies under various environmental conditions (Fontana et al., 2009). However, in addition to the aforementioned descriptive studies, in the last few decades, a good number of emerging studies have been conducted to further explore the ecology of fungal endophyte-plant host specificity and their multitrophic effects (Hartley and Gange, 2009). During that period, the molecular mechanisms related to fungal endophyte-induced host plant defense were an area of increasing focus and research interest (Zheng and Dicke, 2008).

Since the beginning of the biotechnology revolution, scientific research has been focused on genetic engineering of fungal endophytes with the sole aim of improving plant yields and their defense systems (Clay, 1994). With the introduction of gene modification procedures in EPF (Wang and St Leger, 2007) and the progress of RNAi technology, studies are now targeted at constructing recombinant fungal strains with enhanced virulence (Chen et al., 2015). Genetic engineering could therefore provide useful strategies to increase fungal virulence or enhance fungal resistance to different stress factors. Over time, the utilization of recombinant endophytic genes as biocontrol agents has become popular and of huge importance. Recombinant endophytic organisms produce anti-pest proteins for insect pest management, and they can also successfully colonize host plants (Fadiji and Babalola, 2020b). However, it is worth noting that recombinant endophytic fungi with enhanced virulence against insects may represent a risk for pollinators and beneficial insects (natural enemies). In the efforts to understand the chemical pathways that are applicable in biotechnological applications, the transfer of genes from associated endophytic fungi to the genome of their hosts toward the production of secondary metabolites has been one of the principles used for explaining the multiple origins of chemical defenses within the phylogeny of different plant species (Wink, 2008). In recent times, advances in microbial biotechnology have translated into the biotransformation of many chemicals in the quest of reducing environmental pollution. Novel techniques such as bioremediation, waste management, and composting represent forms of technological advancement from the crude method of metabolite synthesis involving only ethanol and butanol. In recent times, various scientists have focused on exploring the world of microorganisms, plants, and animals for their potential utilization in the production of novel medicinal products (Gouda et al., 2016; Latz et al., 2018). It is now evident that products derived from natural sources are less expensive and user- and ecosystem-friendly (Fadiji and Babalola, 2020a).

The integrated use of EPF, such as B. bassiana, in combination with other chemical pesticides has been investigated. There are suggestions that the adoption of the combination would help improve resistance management strategies and reduce ecosystem pollution due to excessive use of inorganic insecticides (Al-Ani et al., 2021). In the past few decades, the combined application of biological control agents through an autodissemination strategy has also recorded a level of success. For EPF in particular, this strategy has proven successful for many strains when using EPF in combination with semiochemicals and other insect natural enemies (Vega et al., 2000).

Over the years, examination of plant-endophyte symbiosis has gone beyond culture media assays, as there are pressing needs to analyze many other non-culturable endophytic fungal species using culture-independent methods (Adeleke and Babalola, 2021). In this light, more comprehensive methods, such as microscopic observation of fluorescent mycelia and confocal scanning electron micrographs enabled by green fluorescent protein (GFP) labeling, have recently been employed (Sasan and Bidochka, 2012; Behie et al., 2015). The latter approach would enable observation of intercellular and intracellular endophytic localization of the endophytic fungi in the treated plants (Behie et al., 2015).

To gain more insights into the molecular mechanisms associated with plant responses to endophytic fungal colonization, metagenomic analysis of different plant organs for prospective fungal colonizers can be conducted. The analysis would help to examine the functions, structures, and phylogenetic construction of genetic relatedness in the microbial genomes from long reads of metagenome sequence data (Adeleke and Babalola, 2021). For studies related to genome structure and features, molecular techniques that are now commonly used include polymerase chain reaction (PCR), DNA sequencing, DNA microarrays, and RT-PCR (Chen et al., 2015; Wang et al., 2020), among many others. For studies related to endophyte-induced secondary compounds, phytohormones, and enzymes, several molecular analyses are commonly being used. The most common technologies used include liquid chromatography-mass spectrometry (LC-MS-MS; Wang et al., 2020), gas chromatography-mass spectrometry (GC-MS/MS; Elbanhawy et al., 2019), high pressure liquid chromatography-tandem mass spectrometry (HPLC-MS/MS), ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS; Cotes et al., 2020), nuclear magnetic resonance spectroscopy (NMR), headspace solid-phase microextraction (HS-SPME), Fourier transform infrared spectroscopy (FTIR), and proteomics (Al-Ani et al., 2021).

Similarly, different types of high-throughput equipment are currently used for fungal DNA sequencing, notably next-generation sequencing methods such as 454 pyrosequencing and Illumina sequencing. This method can enhance the understanding of fungal microbiomes. The latest advances in microbiology research ensure that the discovery, isolation, and identification of novel genetic traits are easier while providing greater insights into the underlying mechanisms of plant-microbe interactions. All microbial communities could be examined from the internal tissues of the plants, with a special focus on the novel genes responsible for host growth improvement, phytohormone synthesis, cellular metabolism, and nitrogen fixation (Hardoim et al., 2015). Scientists, through metagenomics analysis of the internal tissues of plants, can now detect the specific genes related to plant growth promotion and other physiological functions (Igiehon and Babalola, 2017). Additionally, through knowledge gained with metagenomics, the various studies related to fungal endophytes and other microorganisms are made simpler and more accurate. The application of omics technology has advanced studies on plant-microbe interactions to the level of genomics, proteomics, and transcriptomics (Akinola and Babalola, 2020). With the enormous research progress and technological advancements made in the past couple of decades, endophytic fungi and their bioactive compounds are arguably suitable for adoption as replacements of inorganic fertilizers and chemical pesticides if carefully explored by researchers and embraced by policymakers (Fadiji and Babalola, 2020b).



CONCLUSION

The latest advances in microbiological research have helped to establish the importance of microorganisms in the fields of medicine, industry, and agriculture. An in-depth understanding of the roles of these beneficial microorganisms will enhance the exploitation of their ecosystem services and their successful adoption and optimum utilization in agriculture, especially as plant growth- and crop yield-promoting agents. Concerns about the negative effects of synthetic chemical pesticides have also driven attention toward developing eco-friendly pest management techniques. The various species of insect-pathogenic fungi, fungal endophytes, and other beneficial microorganisms that could function as biocontrol agents are now generally considered sustainable pest management options for incorporation into IPM programs or as a substitute/supplement for chemical pesticides. Overall, the potential applications of mycopesticides as alternatives to chemical pesticides are promising; however, there is still much work to be done to fully explore their services. Based on the available pieces of evidence, most EPF-based pesticides are considered to be relatively safe for use and could effectively mitigate the abuse of synthetic pesticides. Nevertheless, with respect to future registrations of new fungal strains, it is imperative to conduct pathogenicity/toxicity-related tests in non-target organisms, as well as for vertebrates, to avoid potential risks. It has, however, been suggested that all risks cannot be excluded; nevertheless, efforts should be put in place to ensure that existing precautionary measures during production and application are taken to avoid harmful reactions. There are no specific criteria that guarantee the acceptance or adoption of fungal biocontrol agents, but efforts are warranted to promote the use of bioproducts from these microorganisms due to their numerous advantages. The various underlying problems that need to be solved will not only be addressed by laboratory or field trials but also at the policy and regulatory levels. In addition to scientific aspects, economic, social, and political limitations must also be addressed to fully explore the potential uses of these microorganisms.
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Salt stress is one of the major abiotic stresses that affects plant growth and development. The use of plant growth-promoting rhizobacteria to mitigcate salt stress damage in plants is an important way to promote crop growth under salt stress conditions. Rahnella aquatilis JZ-GX1 is a plant growth-promoting rhizobacterial strain, but it is not clear whether it can improve the salt tolerance of plants, and in particular, the role of volatile substances in plant salt tolerance is unknown. We investigated the effects of volatile organic compounds (VOCs) from JZ-GX1 on the growth performance, osmotic substances, ionic balance and antioxidant enzyme activities of acacia seedlings treated with 0 and 100mm NaCl and explored the VOCs associated with the JZ-GX1 strain. The results showed that compared to untreated seedlings, seedlings exposed to plant growth-promoting rhizobacterium JZ-GX1 via direct contact with plant roots under salt stress conditions exhibited increases in fresh weight, lateral root number and primary root length equal to approximately 155.1, 95.4, and 71.3%, respectively. Robinia pseudoacacia seedlings exposed to VOCs of the JZ-GX1 strain showed increases in biomass, soil and plant analyser development values and lateral root numbers equal to 132.1, 101.6, and 166.7%, respectively. Additionally, decreases in malondialdehyde, superoxide anion (O2−) and hydrogen peroxide (H2O2) contents and increases in proline contents and superoxide dismutase, peroxidase and glutathione reductase activities were observed in acacia leaves. Importantly, the sodium-potassium ratios in the roots, stems, and leaves of acacia exposed to VOCs of the JZ-GX1 strain were significantly lower than those in the control samples, and this change in ion homeostasis was consistent with the upregulated expression of the (Na+, K+)/H+ reverse cotransporter RpNHX1 in plant roots. Through GC-MS and creatine chromatography, we also found that 2,3-butanediol in the volatile gases of the JZ-GX1 strain was one of the important signaling substances for improving the salt tolerance of plants. The results showed that R. aquatilis JZ-GX1 can promote the growth and yield of R. pseudoacacia under normal and salt stress conditions. JZ-GX1 VOCs have good potential as protectants for improving the salt tolerance of plants, opening a window of opportunity for their application in salinized soils.
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INTRODUCTION

In natural environments, plants are usually exposed to various abiotic stresses, such as drought, salinity, and extreme temperatures. Salt stress is one of the major abiotic factors affecting plant growth (Thi et al., 2016). A number of methods have been developed to reduce the severe effects of salt stress on plants. At present, the improvement of salinized soil is mainly carried out through measures such as adjusting water resources, applying chemical fertilizers and growing salt-tolerant plants, but these methods have certain limitations, may require large energy inputs, are costly, are not sustainable for the environment and ecosystem (Bresler et al., 1982), and cannot fundamentally improve soil quality conditions or increase plant biomass (Li et al., 2019). In the last decade, the use of plant growth-promoting rhizobacteria (PGPR) has been shown to have significant advantages over other methods due to their beneficial effects on plant growth and stress tolerance. PGPR are economical, environmentally friendly, easy to detect and inexpensive (Batchelor et al., 1997). Therefore, PGPR have attracted widespread attention (Sheikh et al., 2016; Cheng et al., 2017; Baek et al., 2020).

It has been reported that PGPR can promote plant growth or increase plant stress resistance through the production of nonvolatile substances. For example, growth hormones, cytokinin, 1-aminocyclopropane-1-carboxylic acid deaminase, and iron are synthesized to promote the uptake of nutrients by roots (Loper and Schroth, 1981; Glick et al., 1999; Timmusk et al., 1999). In recent years, there has been increased interest in studying volatile organic compounds (VOCs) released by PGPR, and these VOCs play a significant role in promoting the growth and development of plants and resisting adverse environmental conditions (Kanchiswamy et al., 2015; Sharifah et al., 2019).

The effect of VOCs on plant growth was first identified by Ryu et al. (2003). Bacillus subtilis enhances vegetable growth, photosynthesis, iron uptake and disease resistance through the release of volatile chemicals (Zhang et al., 2007, 2008a, 2009). Under salt stress conditions, Arabidopsis thaliana treated with B. subtilis GB03 VOCs exhibited higher biomass and less sodium ion accumulation than control plants (Zhang et al., 2010), and this treatment promoted Na+ transfer from the ground to the roots by regulating the activity of the A. thaliana Na+ transporter protein HKT1 (Zhang et al., 2008b). Volatile gas production by interroot bacteria confers systemic tolerance to abiotic stresses by regulating the production of proline, antioxidants and hormones and reducing the accumulation of sodium ions in plants (Zhang et al., 2010; Liu and Zhang, 2015; Sharifi and Ryu, 2017). The main biologically active volatile compounds reported in microorganisms are 2,3 butanediol (Ryu et al., 2003; Farag et al., 2013), adipic acid, butyric acid (Farag et al., 2013), dimethylhexadecylamine (Batchelor et al., 1997; Nilsson et al., 2001), and tridecane (Lee et al., 2012). Of these compounds, 2,3 butanediol is the most widely reported (Ryu et al., 2003; Ji and Huang, 2011).

Rahnella aquatilis JZ-GX1 is a strain of plant-promoting bacteria that was isolated from the rhizosphere of Pinus massoniana in our previous study (Li and Wu, 2014). A previous study showed that JZ-GX1 significantly increased the germination rate, germination potential, fresh weight, primary root length and stem length of tomato seeds under salt stress, and it is a moderately salinophilic bacterium with good growth-promoting function (Li et al., 2021). However, it is not clear whether VOCs from this strain can promote plant growth under salt stress. Current studies on the interaction between plant growth-promoting rhizobacterial VOCs and plants have mostly focused on herbaceous plant species, with A. thaliana being the most commonly studied, and no reports on woody plant species have been published. Therefore, the present study was carried out using the woody plant species Robinia pseudoacacia as the study material with the aim of (i) understanding whether VOCs produced by R. aquatilis JZ-GX1 under salt stress conditions affect the tolerance of woody plants to salt stress; (ii) revealing how VOCs produced by R. aquatilis JZ-GX1 under salt stress conditions affect the tolerance of woody plants to salt stress; and (iii) exploring whether the VOC 2,3-butanediol produced by R. aquatilis JZ-GX1 under salt stress conditions is a signaling compound that affects plant salt tolerance. This study aimed to explore the mechanisms by which JZ-GX1 regulates plant salt stress responses to provide evidence that microorganisms producing 2,3-butanediol can enhance the salt tolerance of plants.



MATERIALS AND METHODS


Test Strain and Culture Medium

Rahnella aquatilis JZ-GX1 is a plant growth-promoting bacterium that was isolated from the rhizosphere soil of 28-year-old P. massoniana in Nanning, Guangxi, and is currently stored in the Type Culture Preservation Center of China (CCTCC, No: M 2012439; Li and Wu, 2014).

LB solid medium was prepared as follows: 10g peptone, 5g yeast powder, 10g sodium chloride, 15–20g agar, pH 7.2. Additionally, 1/2-strength MS medium was purchased from Beijing Rong Shi De Biomedical Technology Co. Based on preliminary results (unpublished) and the study by Zhang et al. (2018) on soil salinity grading, the NaCl concentrations of the above media were set at 0 and 100mm. The activated test strain was placed in the media and shaken at 28°C and 200rpm until it reached the logarithmic phase of growth. The seed medium was prepared as follows: 10g glucose, 1g yeast powder, 2g peptone, 6g (NH4)2SO4, 10g KH2PO4, 0.5g NaCl, 0.5g MgSO4, pH 7.2. The fermentation medium was prepared as follows: 60g glucose, 20g peptone, 5g yeast powder, 0.5g KH2PO4, pH 7.0.



Plant Material and Treatment


Plant Material Sources

The seeds of R. pseudoacacia used in the experiment were obtained from the Southern Forestry Seed Inspection Center of the State Forestry Administration, China.



Plant Material Treatments

Undamaged seeds that were uniform in size and fullness were surface-sterilized (soaked in 70% ethanol for 2min and 5% NaClO for 15min), washed thoroughly with sterile distilled water and air-dried to remove any surface water. The seeds were then sown in water agar Petri dishes and vernalized for 2days at 4°C in the dark. Then, the seeds were placed in a growth chamber followed by a light incubator and subsequently incubated at 28°C in the dark for germination prior to use.

Experimental setup with bacteria in direct contact with plant roots: Germinated seedlings were arranged in special square plastic plates (3 plants per plate) that contained 0mm or 100mm NaCl, and the seedlings were treated with a 1×107cfu/ml bacterial suspension 5cm from the tip of the primary root. The experiment was replicated six times with 18 seedlings in each replicate.

Experimental setup with bacteria not in direct contact with plant roots: Germinated seedlings were transplanted into glass vials that contained two sections (first section: LB solid medium; second section: 1/2-strength MS solid medium). A control group (CK; 5μl sterilized PBS buffer) and a test group (JZ-GX1; 5μl JZ-GX1 suspension) were established. An experiment to verify whether 2,3-butanediol, which is one JZ-GX1 VOC, plays an important role in improving plant salt tolerance was performed by transplanting germinated seedlings into one side of a dichotomous dish (100×15mm) containing a central partition (plate I: LB solid medium; plate II: 1/2-strength MS solid medium). The treatments included (i) 5μl sterile water; (ii) 5μl JZ-GX1 suspension; and (ii) different concentrations of 2,3-butanediol.

The medium salt concentration was set to 100mm NaCl for all the cultures. The glass vials and plates were sealed with paraffin film and placed in a light incubator. The light incubator was set to a cycle of 12h of light and 12h of darkness at a temperature of 25±4°C and a relative humidity of 65±10% (Velázquez-Becerra et al., 2011). The experiments were independently performed eight times.




Quantification of Biomass and Root Growth

The fresh weight of the seedlings was measured by an analytical balance after 10days of direct contact between R. aquatilis JZ-GX1 and plant roots. The length of the primary roots was measured with a straightedge, and the number of lateral roots was determined immediately after harvest. After 14days of exposure to R. aquatilis JZ-GX1 VOCs, the fresh weight of the seedlings was measured with an analytical balance, the length of the primary roots was measured with a straightedge, the number of lateral roots was determined immediately after harvesting, and plant soil and plant analyser development (SPAD) values were measured with a SPAD 502 Plus chlorophyll metre. The experiments were performed with three replicates with ten seedlings per replicate.



Determination of MDA Content

Acacia leaves (0.5g) were weighed and exposed to JZ-GX1 VOCs for 14 d, cut and put into a mortar. Ten milliliters of 5% trichloroacetic acid and a small amount of quartz sand were added, the leaf pieces were ground into a homogenate and centrifuged at 3000rpm for 10min, and the supernatant was aspirated as the extraction solution. Then, 1ml of supernatant was transferred to a test tube, and 1ml of 0.67% TBA solution was added and shaken well (1ml of distilled water was added as a control). Then, the test tube was placed into boiling water for 30min, removed from the bath to cool, and centrifuged at 3000rpm for 10min. Finally, the supernatant was collected to measure its absorbance at 532, 450, and 600nm with TBA solution as a reference. C (μmol/L)=6.45×A532−A600–0.56×A450 (Li, 2000). The experiments were performed in triplicate with twenty seedlings per replicate.



Determination of Proline Content

Robinia pseudoacacia leaves (0.1g) were weighed after 14d of exposure to JZ-GX1 VOCs. Three replicates were established for each treatment, and the plant proline content was measured after different treatments using a kit (Cominbio, Suzhou, China). The experiments were performed in triplicate with twenty seedlings per replicate.



Ion Determination

The plant tissues were dried at 70°C after 14d of exposure to JZ-GX1 VOCs. The dried plant tissues were finely ground and passed through a lmm sieve, and lg of plant tissues was accurately weighed and placed in a 100ml triangular flask. Thirty milliliters of mixed acid (HNO3: HClO4: H2SO4; 8: 1: 1, V/V) was added, and a curved-neck funnel was placed at the mouth of the flask and left overnight. The following day, temperature-controlled decoction was performed in a fume hood with six adjustable electric furnaces. The solution in the triangular flask was maintained at a low boil until a large amount of brown nitrogen dioxide NO2 gas was released. When the brown gas disappeared, the furnace temperature was increased to dehydrate the silica until white smoke was produced. If the solution was still cloudy, 5ml an acid mixture was added, and heating was continued until the solution became clear and showed white smoke. After cooling, 20ml of deionized water was added, and the solution was filtered through filter paper into a 100ml volumetric flask. Then, the triangular flask and filter residue were washed with preheated 1% hydrochloric acid solution until there was no Fe3+ reaction. The volume was fixed with deionized water, and the solution was shaken well and measured (Lin et al., 2016). A sodium-potassium ion standard solution was prepared, and the sodium-potassium ion content in the standard and sample was determined with an FP6450 flame photometer. A standard curve was drawn to calculate the sodium-potassium concentrations of the samples. The experiments were performed with three replicates of twenty seedlings per replicate.



Assays for Hydrogen Peroxide (H2O2), Superoxide Anion (O2−), Glutathione Reductase and Antioxidant Enzymes

Leaf samples (0.1g) were ground in liquid nitrogen and homogenized in an ice bath using 1ml of the extraction solution from the kit. Centrifuge, remove supernatant and place on ice for measurement.

The concentration of H2O2 was determined by measuring the absorbance of the titanium–hydroperoxide complex (Sui et al., 2007). The superoxide anion reacts with hydroxylamine hydrochloride to produce NO2−, NO2− in the presence of p-aminobenzenesulfonic acid and naphthylamine to form a red azo compound with a characteristic absorption peak at 530nm. The O2− generation was expressed as the content per gram of fresh leaf mass (Sui et al., 2007). The activity of superoxide dismutase (SOD) was determined with SOD assay kit and was presented as U/gFW. One unit of SOD activity is the amount of extract that gives 50% inhibition in reducing xanthine monitored at 560nm (Sunjeet et al., 2021). peroxidase (POD) activity was measured by using a POD assay kit based on the POD-catalyzed oxidation of a specific substrate by H2O2 witvh characteristic light absorption at 470nm and expressed as U/gFW. One unit of POD activity is the amount of enzyme, which causes the decomposition of 1μg substrate per minute in 1mg fresh sample at 37°C. Similarly, the activity of CAT was measured with a CAT assay kit and was presented as U/gFW. One unit of CAT activity is the amount of enzyme which causes the decomposition of 1μmol H2O2 per minute in 1mg fresh sample at 37°C (Sunjeet et al., 2021). The glutathione reductase (GSH) content was determined with a glutathione assay kit according to the DTNB [5, 5, − dithiobis (2-nitrobenzoic acid)] method. The absorbance was measured at 412nm, and GSH content was expressed as μmol/gFW.

The contents of H2O2, O2−, SOD, POD, CAT and GSH were measured with the corresponding assay kits (Cominbio, Suzhou, China) based on the manufacturer’s protocols. All experiments were performed with three replicates of ten seedlings per replicate.



Detection of 2,3-Butanediol Production by R. aquatilis JZ-GX1

The colonies were inoculated into seed medium and incubated at 28°C and 200rpm until they reached the logarithmic growth phase. Then, the samples were inoculated into fermentation medium at 1% inoculum and incubated for 12h.

Indirect detection: Ethylene coumarin is a precursor substance of 2,3-butanediol. To detect ethylene coumarin by a colorimetric method, a certain amount of fermentation broth was collected and diluted in the following reaction system (10ml reaction system: 10% NaOH: 0.5% creatine: 5% 1-naphthol:deionized water=1:1:1:7), and the treatment setup included (i) an ethylene coumarin standard; (ii) JZ-GX1 fermentation broth; and (iii) H2O. After the reaction solution was shaken and mixed, 25μl the diluted fermentation solution was added immediately, the effect of the volume of the fermentation solution on the reaction system was ignored, and the colour change after the reaction was observed.

Direct detection: An appropriate amount of fermentation supernatant was collected, ethyl acetate was used as the extractant, and the extract and fermentation solution volume ratio was 1:1. GC-MS detection as performed with a DB-5MS chromatographic column (30m*0.25mm*0.25μm), and the column temperature cycle was as follows: held at 50°C for 1min, ramped up to 90°C at a rate of 6°C/min and held for 10min, and finally ramped up to 230°C at a rate of 20°C/min. The inlet temperature was 240°C, the injection volume was 1μl, the carrier gas flow rate was 1.0ml/min, and the carrier gas was high-purity helium. The TraceMS mass spectrometry conditions were as follows: EI+ bombardment source, full scan mode, scan mass range of 30–500amu, emission current of 200μA, and electron energy of 70eV. The mass spectrometry detection library was the NIST98 library (Yang, 2013). Our experiments were carried out independently three times.



Quantitative Real-Time Polymerase Chain Reaction Analysis

Total plant RNA was isolated using an RNA kit (Beijing Zhuangmeng International Biogene Technology Co., Ltd.) according to the manufacturer’s instructions. cDNA samples were prepared using HiScript II Q Select RT SuperMix for qPCR (China). The expression of genes related to ion absorption, migration and compartmentalization was determined by qRT-PCR with an ABI 7500 (Applied Biosystems, United States), and atpD was used as an internal control (Jie et al., 2017). Two genes associated with Na+ ion uptake, movement and compartmentalization were identified in the study by Jie et al. (Table 1). The relative changes in gene expression were calculated by the 2−ΔΔCT method. The RT-PCR assay consisted of three independent experiments with three replicates of each experiment.



TABLE 1. Primers used in the RT-qPCR analysis.
[image: Table1]



Reproducibility of Results and Statistical Analysis

The data were subjected to analysis of variance and Duncan’s multiple comparison using SPSS 17.0 software, and the mean values plus standard errors and significance levels were calculated. Different letters indicate significant differences between control and JZ-GX1 inoculated plants in the control or treatment groups (p<0.05).




RESULTS


Rahnella aquatilis JZ-GX1 Enhances Plant Tolerance to Salt Stress

To test whether the JZ-GX1 strain has a protective effect on plants under salt stress conditions when in direct contact with the plant root system, we performed growth assays using R. pseudoacacia. At day 10 of treatment, the plant size of seedlings cocultured with JZ-GX1 was slightly larger than that of the untreated control plants (Figure 1A). The fresh weight of seedlings treated with JZ-GX1 for 10days was measured (Figure 1B). The results showed that the fresh weight of JZ-GX-treated seedlings under non-salt stress conditions significantly increased by 41.1% compared with that of seedlings under control conditions, and the fresh weight of JZ-GX1-treated seedlings grown on salt media was 2.55 times heavier than that of untreated seedlings.

[image: Figure 1]

FIGURE 1. Effect of Rahnella aquatilis JZ-GX1 on the growth of Robinia pseudoacacia. (A) phenotype; (B) fresh weight; (C) lateral root number; (D) primary root length. Different letters indicate significant differences between treatments (p<0.05), and the same applies below.


To investigate the effect of JZ-GX1 on plant root development under salt stress conditions, we determined the number of lateral roots and the length of the main root (Figures 1C,D). Under non-salt stress conditions, the JZ-GX1 treatment increased the number of lateral roots and the length of primary roots by approximately 123.5 and 94.6%, respectively, compared to the untreated control. Under salt stress (100mm), coculture with JZ-GX1 increased the number of lateral roots and the length of primary roots by approximately 95.4 and 71.3%, respectively.

Compared to acacia plants exposed to the water control, acacia plants exposed to JZ-GX1 volatiles showed robust growth when R. aquatilis JZ-GX1 did not directly contact the plant root system under either non-salt stress (0mm) or salt stress (100mm) conditions (Figure 2A). Fourteen days after treatment, plants exposed to JZ-GX1 volatiles clearly showed enhanced biomass on medium containing 0mm and 100mm NaCl (Figure 2B), and the chlorophyll content SPAD value increased by 45.4% (Figure 2C). This suggests that JZ-GX1 volatiles can promote photosynthesis through chlorophyll accumulation and enhance photosynthetic growth under salt stress conditions. JZ-GX1 volatiles were also found to reduce the primary root length but increase the number of lateral roots in acacia, which was 2.7 times higher under salt stress conditions than under the control water treatment conditions (Figures 2D,E). Therefore, JZ-GX1 can help plants alleviate salt stress by affecting the root structure and improving water uptake efficiency.

[image: Figure 2]

FIGURE 2. Effect of volatile gas from R. aquatilis JZ-GX1 on the growth of R. pseudoacacia. (A) phenotype; (B) fresh weight; (C) soil and plant analyser development value; (D) lateral root number; (E) primary root length.




Enhancement of the Osmoregulatory Ability of Acacia by R. aquatilis JZ-GX1

To study the changes in lipid peroxidation biomarkers after treatment with JZ-GX1 volatile compounds, we measured the level of malondialdehyde (MDA). The 100mm NaCl treatment increased the MDA content of the leaves of noninoculated and inoculated JZ-GX1 plants by 75.9 and 41.0%, respectively, compared to the 0mm NaCl treatment. Under normal and salt stress conditions, the MDA content of acacias cocultured with JZ-GX1 for 14days was reduced by approximately 27.1 and 58.5%, respectively, compared to that of untreated acacias. These results suggest that the plant growth-promoting rhizobacterium R. aquatilis JZ-GX1 reduced membrane oxidative damage in plants under salt stress. Proline is an amino acid that acts as an osmoprotectant and as a hydroxyl radical scavenger under various abiotic stress conditions (Hayat et al., 2012). In our study, R. aquatilis JZ-GX1 volatiles significantly increased the accumulation of proline in the plants (Figure 3).

[image: Figure 3]

FIGURE 3. Effect of volatile gases of R. aquatilis JZ-GX1 on the malondialdehyde (MDA) content and proline osmoregulatory substance content in R. pseudoacacia. (A) MDA; (B) proline.




Rahnella aquatilis JZ-GX1 Regulates Na+ and K+ Homeostasis

Fourteen days after exposure, under non-salt stress, the Na+ accumulation in the roots, stems and leaves of R. pseudoacacia treated with volatile gases produced by R. aquatilis JZ-GX1 was not significantly different from that in the control samples, and the Na+distribution in the roots, stems and leaves showed the same trend, specifically following the order of leaves > roots > stems (Figure 4A). Under salt stress conditions, the total Na+ accumulation in acacias exposed to JZ-GX1 was 40.5% of the total accumulation in non-exposed plants (Figure 4D), indicating that the volatile gas produced by the JZ-GX1 strain reduced Na+ accumulation in acacia roots, stems, and leaves. The Na+ distribution under the CK treatment followed the order of leaves > roots > stems, but the Na+ distribution under the treatment with the volatile gas from JZ-GX1 followed the order of roots=stem > leaves. Additionally, the Na+ content in the aboveground and belowground parts was significantly lower after treatment with volatile gas from JZ-GX1 than after the CK treatment, indicating that the transport of Na+ from the roots to the aboveground parts was restricted under salt stress conditions.

[image: Figure 4]

FIGURE 4. Effect of volatile gases produced by R. aquatilis JZ-GX1 on the distribution of Na+ and K+ contents in R. pseudoacacia. (A) 0mm Na+ content; (B) 0mmK+ content; (C) 0mm Na+/K+; (D) 100mm Na+ content; (E) 100mmK+ content; (F) 100mm Na+/K+.


In addition to reducing Na+ levels, under salt stress and non-salt stress conditions, JZ-GX1 exposure increased the total K+ content in R. pseudoacacia (Figures 4B,E). Specifically, with elevated NaCl (100mm) in the growth medium, an 11.1% increase in K+ accumulation in the roots and a 4.7% increase in the stems were observed in the presence of JZ-GX1 exposure, while K+ levels decreased by approximately 24.4% in the shoots (Figure 4E).

Exposure to volatile gas from R. aquatilis JZ-GX1 reduced the Na+/K+ level in R. pseudoacacia and leaves under both salt stress and non-salt stress conditions, helping plants resist salt stress (Figures 4C,F).

We further determined the genes associated with ion uptake, mobility and compartmentalization in acacia plants. In the root system, volatile gas produced by JZ-GX1 under salt stress conditions downregulated the expression of the RpSOS1 gene, which decreased by 9.0% compared to the control condition, while the expression of the RpNHX1 gene in inoculated plants was 99.2% higher than that in noninoculated plants after treatment with 100mm NaCl (Figure 5).

[image: Figure 5]

FIGURE 5. Effect of volatile gas produced by R. aquatilis JZ-GX1 on the expression of RpSOS1 and RpNHX1 in R. pseudoacacia root systems.




Enhancement of the Antioxidant Capacity of Acacia by R. aquatilis JZ-GX1

Salt stress significantly increased the H2O2 content (1.83-fold) and O2− production rate (2.44-fold) in seedlings compared to non-salt stress conditions. The H2O2 content and O2− production rate of JZ-GX1-inoculated seedlings were significantly reduced by 15.9 and 12.7%, respectively, under salt stress compared to those of the uninoculated control (Figure 6). This indicates that inoculation with JZ-GX1 can effectively reduce the accumulation of reactive oxygen species in seedlings under salt stress and alleviate oxidative stress.

[image: Figure 6]

FIGURE 6. Effect of volatile gases produced by R. aquatilis JZ-GX1 on the H2O2 content of R. pseudoacacia. (A) H2O2 content; (B) O2− content.


With increasing salt concentrations, the SOD activities of the leaves and roots of seedlings inoculated and not inoculated with JZ-GX1 increased (Figures 7A,B). In the roots, 100mm NaCl treatment increased the SOD activity of noninoculated and inoculated seedlings by 47.7 and 20.8%, respectively, compared to 0mm NaCl treatment. In the leaves, the SOD activity of seedlings inoculated with JZ-GX1 was increased by 6.6 and 33.8%, respectively, under 100mm NaCl treatment conditions compared to that under nonstressed conditions. Although in the root system, the leaf SOD activity of seedlings inoculated with JZ-GX1 was significantly lower than that of noninoculated seedlings under 100mm NaCl conditions, the leaf SOD activity of seedlings inoculated with JZ-GX1 was significantly higher than that of noninoculated plants under both 0 and 100mm NaCl conditions (31.5 and 65.0% higher than the latter, respectively).

[image: Figure 7]

FIGURE 7. Effect of volatile gases produced by R. aquatilis JZ-GX1 on the superoxide dismutase (SOD), peroxidase (POD), CAT and glutathione reductase (GSH) activities in the leaves and roots of R. pseudoacacia. (A) Root SOD activity; (B) leaf SOD activity; (C) root POD activity; (D) leaf POD activity; (E) root CAT activity; (F) leaf CAT activity; (G) root GSH activity; (H) leaf GSH activity.


In the roots, the POD activity of seedlings increased significantly with increasing salt concentrations. The POD activity of seedlings inoculated with JZ-GX1 decreased by 176.5% under nonstressed conditions and increased by 17.4% under stressed conditions compared with nonstressed conditions (Figure 7C). In leaves, the POD activity of seedlings without and with JZ-GX1 inoculation increased with increasing salt concentrations. The POD activity of seedlings without JZ-GX1 inoculation was 55.9% higher under the 100mm NaCl condition than under the nonstressed condition. The POD activity of seedlings inoculated with JZ-GX1 was 505.0% higher under the 100mm NaCl condition than under the nonstressed condition. Although the POD activity of inoculated seedlings was reduced under non-salt stress conditions compared with that of seedlings not inoculated with JZ-GX1, the POD activity of seedlings inoculated with JZ-GX1 was significantly increased by 52.7% under salt stress conditions (Figure 7D).

Under salt stress conditions, the CAT activities of the roots and leaves of JZ-GX1-inoculated seedlings were reduced, and only the CAT activities of the leaves were reduced in noninoculated plants (Figures 7E,F). Under non-salt stress conditions, inoculation with JZ-GX1 greatly increased the CAT activity of the seedling roots. In contrast, the CAT activity of the roots and leaves of seedlings inoculated with JZ-GX1 decreased significantly by 182.5 and 396.3%, respectively, under the 100mm NaCl treatment compared with those without inoculation.

In the roots, the GSH content was reduced by 206.3 and 108.8% in seedlings inoculated with JZ-GX1 and uninoculated seedlings, respectively, under 100mm NaCl treatment conditions compared to nonstressed conditions. The GSH content of the noninoculated plants did not change significantly with increasing salt concentrations (Figure 7G). The root GSH content of the plants inoculated with JZ-GX1 was significantly higher than that of the noninoculated plants after treatment with 0 and 100mm NaCl (44.9 and 112.5% higher than the latter, respectively). In the leaves, the GSH content of seedlings not inoculated with JZ-GX1 increased significantly with increasing salt concentrations. The GSH content of seedlings inoculated with JZ-GX1 decreased by 9.3% under 100mm NaCl treatment conditions compared with that under nonstressed conditions. The leaf GSH content of the seedlings inoculated with JZ-GX1 was significantly higher than that of the noninoculated seedlings under the 0mm NaCl condition (53.2% higher than the latter) but lower than that of noninoculated plants under the 100mm NaCl condition (Figure 7H).



2,3-Butanediol Is an Important Chemical Signal for the Enhancement of Salt Tolerance in R. pseudoacacia by R. aquatilis JZ-GX1

The results of the creatine chromogenic test showed that the supernatant of JZ-GX1 became pink after the addition of creatine chromogenic solution, while the blank control culture retained its original colour (Figure 8), indicating that strain JZ-GX1 could produce acetoin. Acetoin produces a precursor substance of 2,3-butanediol; therefore, these results indirectly indicated that the JZ-GX1 strain can produce 2,3-butanediol.

[image: Figure 8]

FIGURE 8. Determination of the 2,3-butanediol production ability of R. aquatilis JZ-GX1. (standard: 2,3-butanediol standard; JZ-GX1: JZ-GX1 fermentation solution; CK: H2O).


GC–MS analysis showed that 2,3-butanediol could be produced by R. aquatilis JZ-GX1 by comparing the peak emergence time with the database (Figures 9, 10).

[image: Figure 9]

FIGURE 9. Spectrum of 2,3-butanediol identification by GC-MS in the fermentation broth of R. aquatilis JZ-GX1.


[image: Figure 10]

FIGURE 10. Gas chromatography–mass spectrometry analysis of the fermentation broth of R. aquatilis JZ-GX1.


To explore the contribution of 2,3-butanediol to the growth of R. pseudoacacia under salt stress conditions, different concentrations of 2,3-butanediol were used to test whether it could enhance plant growth and salt tolerance. The results showed that under salt stress conditions, the fresh weight of acacia increased significantly when incubated with 10μm 2,3-butanediol compared with the control. The biomass increased at 2,3-butanediol concentrations of 1, 2, 5, 20 and 50μm, but the difference was not significant. Plants exposed to the volatile gas of R. aquatilis JZ-GX1 showed the highest fresh weight (Figure 11).

[image: Figure 11]

FIGURE 11. Effect of different concentrations of 2,3-butanediol on R. pseudoacacia under salt stress conditions. (A) Phenotype; (B) fresh weight.




Summarizing the Main Mechanisms of Salt Tolerance in Plants Induced by R. aquatilis JZ-GX1 VOCs

With increasingly saline soils in the future (Otlewska et al., 2020), the effective use of saline soils is important. Exposure to JZ-GX1 VOCs modulates chlorophyll; alters root morphology; reduces MDA, superoxide anion and hydrogen peroxide contents; increases the proline osmoregulatory substance content; reduces intracellular sodium accumulation; and increases the antioxidant capacity to enhance stress tolerance under salt stress conditions in plants. Additionally, JZ-GX1 VOCs induce the differential expression of the (Na+, K+)/H+ reverse cotransporter RpNHX1. 2,3-Butanediol is also involved in VOC-induced plant resistance to salt stress (Figure 12).

[image: Figure 12]

FIGURE 12. Main pathways of salt tolerance in plants induced by R. aquatilis JZ-GX1 volatile organic compounds.





DISCUSSION

Studies on plant growth-promoting rhizobacterial VOCs and plant resistance have included various strains of Agrobacterium, Azospirillum, Bacillus, Pseudomonas and Rhizobium (Ahmad et al., 2014). Among these strains, Bacillus and Pseudomonas strains are the most frequently studied (Ge et al., 2014). This study reports the effect of VOCs of Rahnella on plant salinity tolerance for the first time.

Some strains of PGPR play a crucial role in helping plants cope with adverse conditions, including salt stress (Zhang et al., 2010; Bresson et al., 2013). In this study, we showed that the plant growth-promoting rhizobacterium R. aquatilis JZ-GX1 improved plant growth and salt tolerance by promoting aboveground and root development when in contact with plant roots. VOCs emitted by JZ-GX1 enter the atmosphere as vapors and thus come into contact with plants due to their significantly high vapor pressure and low molecular weight (Dimkpa et al., 2009). Both plant biomass and SPAD values were significantly increased in plants grown on medium containing 100mm NaCl compared to the control medium. In addition, it is noteworthy that, in general, seedlings of the control-treated plants had only primary and secondary lateral roots, but seedlings treated with the JZ-GX1 strain produced tertiary and even quaternary lateral roots at the seedling stage, and the number of lateral roots was also 2.7 times higher than that under the control treatment. Patten and Glick (2002) reported that the promotion of lateral root growth is one of the main indicators of the beneficial effects of PGPR and that rapid root establishment through lateral root proliferation is beneficial to seedlings because it increases the ability of seedlings to anchor themselves to the substrate and obtain water and nutrients (Hommel et al., 2016). Better colonization of plant roots could also provide an advantage for bacteria by allowing them to obtain more root secretions and carbon sources (Yuan et al., 2020). In the natural environment, plant growth-promoting rhizobacterial VOCs diffusing through inter-root soil pores are mainly sensed by roots (Tahir et al., 2017). Thus, R. aquatilis JZ-GX1 appears to affect the root structure through changes in root development, which may enhance plant tolerance to salt stress. Since bacterial cells do not contact plant roots, VOCs produced by R. aquatilis JZ-GX1 under salt stress conditions play a role in improving the salt tolerance of plants.

The salt tolerance of plants depends largely on the amount of Na absorbed by the plant, the distribution of Na in the plant (Porcel et al., 2016), and the amount of Na+/K+ in the cytoplasm (Shabala and Cuin, 2008). Studies on wheat (Triticum aestivum; Talaat and Shawky, 2011) and Tribulus terrestris (Medicago truncatula; Garcia et al., 2017) revealed that Na+ accumulation in plants inoculated with arbuscular mycorrhizae was lower than that in noninoculated plants, and the proportion of Na allocated to aboveground parts was lower than that in noninoculated plants (Evelin et al., 2012; Porcel et al., 2016). The results of this experiment also showed that the volatile gas produced by R. aquatilis JZ-GX1 significantly increased K+ uptake by acacia under stress conditions. The reason for this may be, on the one hand, that the volatile gas produced by JZ-GX1 increases the number of phytometric roots and increases the contact area, thus effectively improving the ability of the prickly ash to absorb mineral nutrients from the culture substrate. On the other hand, K can be selectively absorbed by plants as an isotonic substance and transported to various plant organs and tissues, helping plants avoid the absorption of more Na+. The JZ-GX1 VOCs limit Na+ distribution in leaves and Na+ translocation to aboveground parts of seedlings, reducing plant Na+/K+ to maintain a stable ionic equilibrium. Blocking the translocation of Na+ from the root system to aboveground parts is an important strategy by which plants protect photosynthetic organs from Na+ toxicity (Zhu et al., 2016). A series of membrane transporter proteins responsible for K+ and Na+ uptake, movement and compartmentalization in plants plays a key role in reducing the excessive accumulation of Na elements (Wang et al., 2017). The cytoplasmic membrane Na+/H+ reverse cotransporter SOS1 and the vesicular membrane (Na+, K+)/H+ reverse cotransporter NHX1 are responsible for excreting Na+ from the cell or compartmentalizing it in vesicles, respectively (Qiu et al., 2002; Deinlein et al., 2014). These transporters represent two major mechanisms by which low Na+ levels are maintained in the cytosol (Deinlein et al., 2014). Because of the positive effects of JZ-GX1 in reducing plant Na+ contents, increasing K+ contents, and reducing leaf Na+/K+ contents, we further examined the expression of these 2 genes involved in K+ and Na+ uptake, transport, and compartmentalization. The results showed that in roots, JZ-GX1 VOCs upregulated the expression of RpNHX1 under stress conditions, which was in agreement with the results of (Porcel et al., 2016) obtained in rice (O. sativa) plants. Upregulation of RpNHX1 expression in roots promotes Na+ efflux from the intracellular space to the soil or plastid space, and the compartmentalization of Na+ in vesicles facilitates osmoregulation by cells. In fact, OsNHX1-4, which is located in the vesicles in rice, functions as a reverse vesicular (Na+, K+)/H+ cotransporter. Therefore, further studies on the expression of other genes encoding NHX proteins are needed to more clearly elucidate the contribution of these genes to Na+ compartmentalization in different regions of inoculated plants. In addition, JZ-GX1 VOC treatment reduced the expression of RpSOS1 in the root system, which differed from the results of Estrada et al. obtained in rice. Estrada et al. (2013) studied maize (Zea mays) inoculated with different arbuscular mycorrhizal fungi (AMF), including Rhizophagus irregularis, Claroideoglomus etunicatum and Septoglomus constrictum, and found that AMF could better regulate the expression of ZmSOS1 in the root systems of host plants. We speculate that the use of different plants and strains in the experiment is the reason for this inconsistent result.

Salt stress induces excessive production of ROS in plant cells, leading to membrane lipid peroxidation and disrupting the cell membrane integrity (Gill and Tuteja, 2010). In particular, very low concentrations of the superoxide anion hydrogen peroxide are required by plants for intracellular signal transduction processes. However, hydrogen peroxide overproduction inhibits the growth of plant roots (Cerny et al., 2018). In this study, the H2O2 content and O2− production rate were higher in acacia seedlings under salt stress conditions, indicating that the cells were under oxidative stress and that the cell membranes were damaged. In contrast, the H2O2 and O2− levels of inoculated seedlings were consistently lower than those of uninoculated seedlings under salt stress conditions. This is in agreement with Alexander et al. (2020), who showed that the application of Stenotrophomonas maltophilia BJ01 led to a decrease in the reactive oxygen levels in peanuts (Arachis hypogaea) under salt stress conditions. Enzymatic antioxidant systems (e.g., POD, SOD, and CAT) and nonenzymatic components (e.g., GSH and proline) play key roles in the induction, elimination, detoxification or neutralization of toxic levels of ROS (Liebthal et al., 2018). SOD is the first line of defense against damage caused by ROS (Apel and Hirt, 2004). The results of the experiment showed that the SOD activity in the leaves of the inoculated plants was significantly higher than that of the noninoculated plants at a concentration of 100mm NaCl, reflecting that the ability of the inoculated plants to scavenge O2− under salt stress conditions was higher than that of the noninoculated plants. After SOD catalyses O2− via a disproportionation reaction to H2O2 and O2−, other ROS-scavenging enzymes are required to quickly and efficiently remove H2O2 (Li et al., 2020). POD, CAT and GSH can all play a role in this process (Li et al., 2012). Inoculation with JZ-GX1 under salt stress conditions significantly increased the activity of POD in plant leaves and the content of GSH in the root system. The effect on CAT activity was not consistent with our expectations, as JZ-GX1 decreased CAT activity under stress conditions. However, overall, plants inoculated with JZ-GX1 had a stronger ability to scavenge reactive oxygen species than did noninoculated plants, and therefore, their MDA content was lower than that of noninoculated plants, although their CAT activity was also lower. Furthermore, the improvement of salt tolerance in plants by inoculation with JZ-GX1 did not cause an increase in the activity of all antioxidant enzymes. Thus, our results suggest that VOCs from the plant growth-promoting rhizosphere bacterium R. aquatilis JZ-GX1 can jointly regulate the antioxidant capacity of plants to prevent the oxidative damage caused by reactive oxygen species through both enzymatic and nonenzymatic systems. In addition, we found that volatile 2,3-butanediol helps protect plants from abiotic stresses and is the “chemical language” used by R. aquatilis JZ-GX1 VOCs to interact with their plant partners, which is consistent with results Sharifi and Ryu (2018). Volatile 2,3-butanediol helps protect plants from abiotic stresses. Treatment with the Pseudomonas aeruginosa O6 mutant, which is unable to synthesize 2,3-butanediol, did not improve drought stress tolerance in Arabidopsis compared with the wild-type strain. Notably, the effect of JZ-GX1 VOCs was better than the optimal concentration of pure 2,3-butanediol (10μm), suggesting the presence of other unknown gases with biological activity inducing plant resistance. The production and accumulation of substances has an impact on the signaling pathways induced by high-salt stress conditions and helps mitigate the effects of high salt concentrations (Faisal and John, 2020). Thus, 2,3-butanediol can be used as a promising tool for improving plant stress resistance.



CONCLUSION

In conclusion, we observed a significant plant growth-promoting effect of R. aquatilis JZ-GX1 VOCs on R. pseudoacacia seedlings under salt stress conditions. R. aquatilis JZ-GX1 can help counteract stress through several mechanisms, mainly those involving the plant root conformation, the sue of osmoregulatory substances, reactive oxygen species scavenging and the reduction of sodium toxicity, as well as volatile 2,3-butanediol, which helps protect plants from abiotic stress. Our findings provide an effective and sustainable approach for the development of new microbial resources and the bioprotection of plants under salt stress conditions.
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The use of beneficial microorganisms for the biological control of plant diseases and pests has emerged as a viable alternative to chemical pesticides in agriculture. Traditionally, microbe-based biocontrol strategies for crop protection relied on the application of single microorganisms. However, the design of microbial consortia for improving the reliability of current biological control practices is now a major trend in biotechnology, and it is already being exploited commercially in the context of sustainable agriculture. In the present study, exploiting the microbial library of the biocontrol company Koppert Biological Systems, we designed microbial consortia composed of carefully selected, well-characterized beneficial bacteria and fungi displaying diverse biocontrol modes of action. We compared their ability to control shoot and root pathogens when applied separately or in combination as microbial consortia, and across different application strategies that imply direct microbial antagonism or induced systemic plant resistance. We hypothesized that consortia will be more versatile than the single strains, displaying an extended functionality, as they will be able to control a wider range of plant diseases through diverse mechanisms and application methods. Our results confirmed our hypothesis, revealing that while different individual microorganisms were the most effective in controlling the root pathogen Fusarium oxysporum or the foliar pathogen Botrytis cinerea in tomato, the consortia showed an extended functionality, effectively controlling both pathogens under any of the application schemes, always reaching the same protection levels as the best performing single strains. Our findings illustrate the potential of microbial consortia, composed of carefully selected and compatible beneficial microorganisms, including bacteria and fungi, for the development of stable and versatile biological control products for plant protection against a wider range of diseases.

Keywords: arbuscular mycorrhiza, biocontrol, disease suppression, microbial consortia, SynCom, Trichoderma, plant-growth promoting rhizobacteria, induced systemic resistance


INTRODUCTION

A plethora of soil-borne microorganisms live associated with plant roots, and although some are detrimental, others provide important benefits to the host plant, from improved nutrition through growth and protection against multiple abiotic and biotic stresses (Bakker et al., 2018). Nowadays soil microbes are considered key players in modern crop management programs aiming to increase sustainability in agriculture (Barea, 2015; Trivedi et al., 2017; Compant et al., 2019). The use of plant beneficial microorganisms as biological control agents (BCAs) of pests and diseases emerges as a viable alternative to the abusive use of agrochemicals (Ab Rahman et al., 2018; Rändler-Kleine et al., 2020). A strong increase in registered microbial biocontrol agents worldwide in recent years serves as good evidence (van Lenteren et al., 2017). Yet, while the use of insects and mites to control pests is well established and used in practice for decades, microbes to control pests and diseases are in an earlier developmental phase (Mitter et al., 2019).

The ability of microorganisms to control pests and diseases has been well documented, but the variability of results often recorded under field conditions is one of the major challenges for wider adoption in agriculture (Trivedi et al., 2017; Mitter et al., 2019). Originally, biocontrol research focused on the application of single microorganisms (Sarma et al., 2015; Trivedi et al., 2020). The inoculant’s functionality and persistence are strongly influenced by their complex interactions within the soil microbiota and the environment (Barea et al., 2005; Trivedi et al., 2020; Pozo et al., 2021). Inconsistent or ineffective performance of single strain inoculants can be related to limited competitiveness against indigenous microbes and the varying environmental conditions (Trivedi et al., 2020). It has been proposed that a way to overcome these issues is by combining different strains to cover a wider range of target organisms and conditions (Faust, 2019; Mitter et al., 2019). Yet, successful examples of better performance for microbial consortia are comparatively limited and usually relate to growth or yield promotion (Bradáčová et al., 2019).

Plant microbiome engineering and the design of synthetic microbial communities (SynComs) to improve crop productivity and resilience is a major research topic in this decade (Arif et al., 2020; Liu et al., 2020; Trivedi et al., 2020). SynComs may improve the stability of biocontrol practices as microbial consortia are expected to deal better than single-strain inoculants with the large diversity of environmental challenges encountered in practice (Sarma et al., 2015; Arif et al., 2020; Pozo et al., 2021). Besides acquiring this plasticity, the consortium can combine diverse modes of action, likely providing better pest or disease control than single microorganisms with their specific abilities (Sarma et al., 2015). Yet, most SynComs studies focus exclusively on bacteria, whereas fungi are major biocontrol agents (Pozo et al., 2021). Including fungi in the consortia would likely expand the range of functions and potential colonization niches of these mixed inoculants (Srivastava et al., 2010; Pozo et al., 2021). Thus, combining both bacteria and fungi in SynComs design is expected to result in a multifunctional and more resilient product for biocontrol; this is the basis of this study.

Diving deeper mechanistically, two main groups of biocontrol mechanisms are described: (i) those with direct effects on the attacker and (ii) those with indirect, usually plant-mediated effects. Direct effects are mostly based on microbial antagonism through antibiosis, competition for nutrients or colonization niches, and/or parasitism (Whipps, 2001). Indirect mechanisms reducing pathogen proliferation, aggressiveness, or damage commonly involve plant-mediated effects. Beneficial microorganisms can improve the plant nutritional status, leading to damage compensation and tolerance, and stimulate the plant immune system, priming plant defenses and leading to induced systemic resistance (ISR) to diverse aggressors (Pieterse et al., 2014; Barea, 2015; Pineda et al., 2015; Gruden et al., 2020; De Kesel et al., 2021). Among rhizospheric microorganisms, plant growth-promoting rhizobacteria (PGPR), Trichoderma spp., and arbuscular mycorrhizal fungi (AMF) have been shown to effectively protect plants against diverse pests and diseases through different mechanisms (Pozo and Azcón-Aguilar, 2007; Barea et al., 2013; Pieterse et al., 2014; Barea, 2015; Pineda et al., 2015).

Plant growth-promoting rhizobacteria have been shown to control plant pathogens through antibiosis, reduction of pathogen virulence, competition for iron, plant growth promotion, and ISR (Lugtenberg and Kamilova, 2009; Barea, 2015). Most reported PGPR antagonists are from the genera Bacillus and Pseudomonas (Haas and Défago, 2005; Santoyo et al., 2012).

Regarding fungi, Trichoderma spp. is the most widely used BCA in agriculture, and many Trichoderma-based products are available in the market (Woo et al., 2014). These fungi are extremely efficient not only for the control of fungal pathogens mainly through direct antagonism but also stimulating plant defenses (Harman et al., 2004; Martínez-Medina et al., 2014; Woo et al., 2014). Finally, AMF is commercialized as biostimulants in agriculture. These obligate biotrophs improve plant nutrient uptake and tolerance/resistance to multiple stresses, being able to protect the host plant against diverse pathogens and pests (Jung et al., 2012; Sanmartín et al., 2020; Rivero et al., 2021). AMF does not produce antibiotics, but compete with the pathogens for nutrients and colonization sites and boosts the defensive capacity of plants, leading to ISR (Pozo and Azcón-Aguilar, 2007; Jung et al., 2012).

In this study, we test the hypothesis that microbial consortia are more versatile than individual microbial inoculants, displaying an extended functionality in the biocontrol of a wider range of plant diseases and application methods through the combination of diverse modes of action. For that, we designed different SynComs by carefully selecting diverse and well-characterized microbial biocontrol agents, including Bacillus spp., Pseudomonas spp., Trichoderma spp., and the AMF Rhizophagus irregularis and compared the ability to control root and shoot pathogens when applied individually or in combinations as SynComs. Using different inoculation methods and two agronomically relevant pathosystems (tomato plants challenged with Fusarium oxysporum or Botrytis cinerea as root and shoot pathogens, respectively), we demonstrate the advantages of targeting microbial consortia as versatile products for efficient biocontrol of diverse plant diseases.



MATERIALS AND METHODS


Microbial Consortia Design

A careful selection of beneficial microorganisms to create synthetic microbial consortia was performed focusing on the main groups of rhizospheric beneficial microorganisms such as PGPR, mycoparasitic fungi, and AMF. An extensive literature review on biocontrol studies of known BCAs was performed, taking also into account as potential candidates the microbial strains available at Koppert Biological Systems. The most relevant studies considered are summarized in Supplementary Table 1.

As a result, we chose two Bacillus amyloliquefaciens strains CECT 8238 and CECT 8237, formerly known as Bacillus subtilis UMAF6614 and UMAF6639, respectively (Magno-Perez-Bryan et al., 2015), and Pseudomonas chlororaphis MA 342 and Pseudomonas azotoformans F30A (Abuamsha et al., 2011a; Levenfors et al., 2014). From fungi, we selected Trichoderma harzianum strains T22 and ESALQ1306 (Geraldine et al., 2013; Coppola et al., 2019), and for the ISR bioassay, we included additionally the AMF R. irregularis MUCL 57021.



Microbe Growing Conditions and Inoculum Preparation

Bacillus amyloliquefaciens strains were grown on tryptone soya agar (TSA, Oxoid, Basingstoke, United Kingdom) for 24 h at 28°C. After that, a single colony from TSA culture was inoculated in 25 ml of Difco sporulation medium (DSM; Nicholson and Setlow, 1990) and incubated for 48 h at 28°C in a rotatory shaker (200 rpm). Spores were quantified using a Bürker-Türk counting chamber, then centrifuged at 5,000 rpm for 15 min, and after discarding the supernatant, the pellet containing the spores was resuspended in sterile tap water to a final concentration of 1 × 107 spores/ml.

Pseudomonas azotoformans and P. chlororaphis were grown on TSA for 24 h at 28°C. Liquid pre-culture was prepared using tryptone soya broth (TSB, Oxoid, Basingstoke, United Kingdom) inoculated with a single bacterial colony from TSA culture and incubated overnight at 28°C with rotary shaking at 200 rpm. After that, 1 ml of pre-culture was inoculated in 25 ml of TSB medium and placed in a rotatory shaker (200 rpm) at 28°C. After 150 min of incubation, with bacterial growth in exponential phase, the cell concentration was calculated measuring the O.D. (620 nm) of the bacterial culture on Shimadzu UVmini-1240 Spectrophotometer. The bacterial culture was centrifuged at 5,000 rpm for 15 min, and after discarding the supernatant, the pellet containing the bacterial cells was resuspended in sterile tap water to a final concentration of 1 × 107 colony forming unit (cfu)/ml.

Trichoderma harzianum strains were cultured on potato dextrose agar (PDA, Difco, Le Pont de Claix, France) for 7 days at room temperature. Spores were collected from sporulating plates in sterile tap water, and the concentration of the spore suspension was quantified using a Bürker-Türk counting chamber and adjusted to 1 × 107 spores/ml.

Rhizophagus irregularis was grown in a monoxenic culture on a minimal (M) medium and using Agrobacterium rhizogenes-transformed carrot (Daucus carota) roots as a host root (St-Arnaud et al., 1996). To extract the AMF spores, citrate buffer 0.01 M (pH = 6) was added to a sporulating AMF culture in a proportion of 3:1 (v/v) and placed in a rotary shaker for 1 h to dissolve the agar. AMF spores were recovered from the solution using sieves of different sizes (250 and 53 μm) and resuspended in sterile tap water at final concentrations of 1,000 spores/ml.



Pathogenic Fungi, Growing Conditions, and Inoculum Preparation

Two major fungal pathogens causing important crop losses worldwide were tested: F. oxysporum f.sp. radicis-lycopersici as soil pathogen and the necrotrophic shoot pathogen B. cinerea strain B05.10.

Fusarium oxysporum was grown on PDA at 25°C for 4 days. For spore production, 25 plugs of 4 mm diameter with new growing mycelia were removed from the PDA plates and transferred to 500 ml Erlenmeyer containing 200 ml of Czapek Dox Broth (Oxoid, Basingstoke, United Kingdom) and placed in a rotary shaker (110 rpm) at room temperature. After 4 days of incubation, the liquid culture was filtered using a sterile miracloth filter, and the spore concentration was quantified using a Bürker-Türk counting chamber. The resulting spore suspension was centrifuged at 9,500 rpm for 15 min and after discarding the supernatant, the pellet containing the spores was resuspended in sterile tap water to a final concentration of 1 × 108 spores/ml.

Botrytis cinerea was cultured on PDA at 20°C. Spores were collected from sporulating 14 days old plates in potato dextrose broth (PDB, Difco, Le Pont de Claix, France), and the concentration of the spore suspension was quantified using a Bürker-Türk counting chamber and adjusted to 1 × 106 spores/ml.



In vitro Antagonism Assay

The antagonistic activity of the individual strains Bacillus amyloliquefaciens CECT 8238 and CECT 8237, P. azotoformans, P. chlororaphis, and T. harzianum T22 and ESALQ1306 were initially evaluated in vitro, in confrontation assays against F. oxysporum and B. cinerea. For Trichoderma, one PDA plug (4 mm) of Trichoderma culture and one of the pathogen cultures were placed on PDA plates with 4 cm of distance from each other. For Bacillus and Pseudomonas, 10 μl drop of TSB liquid culture grown overnight was used instead of PDA plugs. As a control, a plug of the pathogen culture was placed in the Petri dish without any antagonist. All treatments were replicated three times. All plates were incubated at 25°C for 7 days. The radius of the pathogen colony in the confrontation plates was measured and compared to the radius of the pathogen colony in the control plates.



In planta Bioassays

Biocontrol potential was tested in planta through several bioassays including diverse inoculation methods and targeting different pathogens. This strategy allows testing in vivo different modes of action ranging from direct antagonism to indirect plant-mediated effects. Thus, we tested through seed inoculation suppression of the root pathogen F. oxysporum and ISR against the foliar pathogen B. cinerea, and suppression of B. cinerea by foliar spray application.


Microbial Treatments

In all bioassays, individual microorganisms and different synthetic consortia were tested (Supplementary Table 2). All microorganisms tested individually were applied at 1 × 107 cfu or spores/plant in the seed application and at 1 × 107 cfu or spores/ml in the foliar application. For the AMF treatments, a suspension of 1,000 spores of R. irregularis was applied per plant. Regarding the consortia, the first microbial consortium, SynCom1, was composed of one strain from each genus (Bacillus amyloliquefaciens CECT 8238, P. azotoformans F30A, and T. harzianum T22). The second one, SynCom2, was composed of all selected microorganisms (Bacillus amyloliquefaciens CECT 8238 and CECT 8237, P. azotoformans F30A, P. chlororaphis MA 342, and T. harzianum T22 and ESALQ1306). Both consortia were tested at two doses: A—the same amount of each microorganism in both consortia (1 × 107 cfu each, that is a total of 3 × 107 cfu per seed or ml for SynCom1, 6 × 107 cfu per seed or ml for SynCom2) or B—same total cfu per consortia (3.33 × 106 cfu per microorganism in SynCom1 or 1.67 × 106 cfu in SynCom2, for a total of 1 × 107 cfu per seed or ml in both).



Substrate, Seed Surface Sterilization, and Plant Growing Conditions

Solanum lycopersicum cv. Money maker seeds (Vreeken’s Zaden, Dordrecht, Netherlands) were surface-sterilized by immersion in 5% sodium hypochlorite solution for 1 min followed by at least three washing steps in sterile water for 10 min each. The surface sterilized seeds were dried in a laminar flow cabinet and used for the experiments. The growing substrate was gamma-irradiated nutrient poor peat soil (BVB, Netherlands). All experiments were performed in a growing chamber at Koppert B.V. (Berkel en Rodenrijs, Netherlands) under controlled conditions (25°C:23°C day:night with photoperiod 16 h:8 h light:dark and 60% of relative humidity).



Bioassay: Suppression of Fusarium oxysporum in planta

Rectangular plastic containers of 18 cm × 13 cm × 6 cm (length × width × height) were filled with 300 g of soil previously moistened with tap water (300 ml/1,000 g of soil) and infected with 1 × 106 conidia/g of soil F. oxysporum f.sp. radicis-lycopersici conidia. The F. oxysporum conidia were carefully mixed through the soil by hand. Then, 12 seeds were sown in each container in a regular grid and inoculated with the microbial treatments (Supplementary Table 2) by pipetting the microbial suspension to each seed. Finally, the seeds were covered with sterile vermiculite to avoid desiccation and undesired contaminations. We included two control treatments: a “non-diseased control” using the same soil and conditions but without the addition of F. oxysporum and microbial treatments, and a “disease control” using the same pathogen-infected soil but without beneficial microbes. Each treatment was replicated five times. We used a randomized complete block design. Each treatment was randomly assigned to each block. Plant survival was evaluated 15 days after sowing by counting the number of healthy tomato plantlets in each container.



Bioassay: Suppression of Botrytis cinerea in planta

Tomato seeds were sown in pots filled with 250 ml of soil (one seed per pot). Plants were grown for 7 weeks and watered two times per week with water and once per week with Long Ashton nutrient solution (Hewitt, 1966). The individual and the consortia treatments described above (Supplementary Table 2) were applied to one fully developed leaf by spraying its surface until runoff. The disease control treatment was treated similarly, applying the same amount of sterile water but lacking any BCA microbial propagules. Each treatment was replicated six times. Treated leaves were detached after the application, using a scalpel, and used for the bioassay. Each leaflet of the detached leaves was inoculated with one 4 μl drop of B. cinerea conidia suspension (1 × 106 conidia/ml). The leaves were placed in six sealed boxes with high humidity at 20°C, locating one replicate from each treatment in each box. About 60 h after infection, the diameter of the resulting necrotic lesions was measured using a digital caliper.



Bioassay: Induced Systemic Resistance Against Botrytis cinerea

Tomato seeds were sown in pots containing 250 ml of soil (one seed per pot) and the microbial treatments (Supplementary Table 2) were applied by pipetting the microbial suspension to the seeds. In this experiment, the AMF R. irregularis was also included, both, individually and in the consortia. A disease control treatment was included where the seeds only received water without any BCA microbial addition. Each treatment was replicated 12 times. We used a randomized complete block design. Plants were watered two times per week with water and once per week with Long Ashton nutrient solution (Hewitt, 1966) but with reduced phosphorous concentration (50% of the standard concentration) to ensure mycorrhizal establishment. After 5 weeks, one fully developed leaf from each plant was detached using a scalpel, and each leaflet was inoculated with one 4 μl drop of B. cinerea conidia suspension (1 × 106 conidia/ml). The leaves were placed in 12 sealed boxes with high humidity at 20°C and locating one replicate from each treatment in each box. About 48 h after infection, the diameter of the necrotic lesions was measured using a digital caliper.



Bioassay: Strains-Compatibility

Rectangular plastic containers of 18 cm × 13 cm × 6 cm (length × width × height) were filled with 300 g of soil previously moistened with tap water (300 ml/1,000 g of soil). Then, 12 surface-sterilized tomato seeds were sown in each container in a regular grid. The seeds were inoculated with the different microbial treatments (Supplementary Table 2) by pipetting the microbial suspension to each seed. Each microbial strain (except R. irregularis) was initially inoculated at 1 × 107 cfu/plant, resulting in a total concentration of 4 × 105 cfu/g of soil for each strain (12 plants/300 g of soil). Finally, the seeds were covered with sterile vermiculite to avoid desiccation and undesired contaminations. We included a control treatment without any microbial inoculation. Each treatment was replicated five times. We used a randomized complete block design. Microbial colonization was evaluated 15 days after sowing using methods described in the next section.



Quantification of Microbes and Root Mycorrhizal Colonization

For the different bacteria and Trichoderma, we estimated for each genus the number of colony forming units (cfu) per gram of rhizospheric soil. For this, 1 g of rhizospheric soil was sampled, diluted in 9 ml of sterile tap water, and homogenized in a horizontal shaker at 350 rpm for 1 h. Serial dilutions were plated on PDA + igepal (11 ml/L) + tetracycline (50 μg/ml) when targeting Trichoderma and on TSA + natamycin (0.1 g/L) when targeting bacteria. The plates were then incubated at 25°C and cfu were counted after 24 h for bacteria and after 48 h for Trichoderma. In consortia treatments, Bacillus spp., Pseudomonas spp., and Trichoderma spp. were distinguished morphologically, as they are well-characterized strains in the Koppert collection (Supplementary Figures 1A,B). Microbial identity was confirmed in representative colonies from each type by PCR using specific primers for Trichoderma, Bacillus, or Pseudomonas spp. For treatments including AMF, mycorrhizal colonization was estimated by ink staining fungal structures within the roots. For that, roots were washed and sampled upon harvesting and cleared in 10% KOH, and the AMF structures were stained with 5% ink in 2% acetic acid (Vierheilig et al., 2005). The percentage of root length colonized by the AMF was quantified using the gridline intersection method (Giovannetti and Mosse, 1980) under a light microscope.



Statistical Analysis

Data were analyzed using R statistical language, version 4.0.5 (R Core Team, 2021), and figures were produced using the package ggplot2 (Wickham, 2009). The effect of microbial treatments (single strains and synthetic communities) on the necrotic lesions caused by B. cinerea, microbial colonization after single and combined inoculations, and the effect of single strains on B. cinerea and F. oxysporum radial growth was assessed using a general linear model with blocks as an error term and microbial treatments as a fixed effect. To examine whether microbial treatments influenced the probability of the tomato seedlings to survive to the soil pathogenic fungus F. oxysporum, a generalized linear model with binomial distribution and logit link function and blocks as an error term was performed. Post hoc comparisons among microbial treatments were based on the Tukey honestly significant difference (HSD). Model validation was performed graphically by inspecting the residuals and fitted values (Zuur and Ieno, 2016).



RESULTS


The First Step: Consortia Design

Upon a thorough literature review, we selected bacterial and fungal groups/genera with well-documented potential to control plant pathogens, trying to compile diverse mechanisms including antibiosis, competition for iron and other nutrients, and colonization sites, mycoparasitism, and induction of plant resistance. Strains from the selected groups available at the Koppert microbial collection were: Bacillus amyloliquefaciens strains CECT 8238 and CECT 8237, P. chlororaphis MA 342, and P. azotoformans F30A, T. harzianum strains T22 and ESALQ1306, and the AMF R. irregularis MUCL 57021 (Supplementary Table 1). Two synthetic communities were designed, one combining one strain for each genera (SynCom1), and another in which all selected microbes were included (SynCom2).



Exploring in vitro Antagonistic Activity Against Soil and Leaf Pathogens

As a first screening to move into the biocontrol potential of the selected individual strains, their antagonistic activity was tested in an in vitro dual confrontation assay. All selected BCA strains decreased F. oxysporum radial growth compared to the control plates (p < 0.05; Supplementary Figure 2A). Both T. harzianum strains showed the strongest antifungal activity, with about 80% reduction of the pathogen radial growth (p < 0.05; Supplementary Figure 2A). Similarly, all individual strains reduced B. cinerea radial growth compared to the control, and T. harzianum T22 was the most effective strain with a 90% reduction of pathogen growth (p < 0.05; Supplementary Figure 2B).



Assessing the Potential to Directly Suppress Soil Diseases in planta

The research was scaled up using a tomato-Fusarium-soil system, comparing the biocontrol activity of the individual microbial strains and the differently designed consortia (SynCom1, SynCom2). The pathogen fully compromised plant survival, as no plants survived in the disease control, while almost 100% survival was found in the absence of the pathogen (non-diseased control) (Figure 1A). None of the individual bacterial strains significantly increased plant survival compared to the disease control. In contrast, both T. harzianum strains and all of the SynComs were able to efficiently suppress F. oxysporum, increasing plant survival above 80% (p < 0.05, Figure 1A). In fact, plant survival in the T. harzianum and consortia treatments reached the levels of the non-diseased control (p < 0.05, Figure 1A). These results not only show the potential of T. harzianum but also indirectly the compatibility/tolerance of the other isolates as this high protection level was maintained in the consortia treatments (Figures 1A,B).
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FIGURE 1. Effect of microbial inoculation on disease caused by the soil-borne pathogen Fusarium oxysporum. (A) Survival of tomato plants after 15 days of growth in F. oxysporum-infected soil. Seeds were either water-inoculated (“disease control”) or inoculated with the individual or consortia treatments (see Supplementary Table 2). A “non-diseased control” was also included, where water-inoculated seeds were sown in soil without F. oxysporum. Single strains were inoculated at 1 × 107 cfu/plant and the consortia were inoculated at the same concentration for each microorganism (SynCom1A, SynCom2A) or at 1 × 107 cfu/plant total microbial concentration (SynCom1B, SynCom2B). Bars represent predicted mean ± SE of the probability of seedling survival based on a generalized linear model with binomial distribution and logit link function. Black dots represent raw data points. Treatments not sharing a letter in common are significantly different based on the Tukey honestly significant difference (HSD) test (p < 0.05, n = 5). (B) Survival of plant seedlings in F. oxysporum-infected soil. Pictures illustrate plant survival in non-diseased and disease control, Trichoderma harzianum, and SynCom2A treatments.




Assessing the Potential to Directly Suppress Foliar Diseases in planta

The antagonistic potential of single strains and consortia against the foliar pathogen B. cinerea was also tested in planta, applying the BCA treatments by spraying the leaves before B. cinerea infection. Among single microbial treatments, P. chlororaphis, P. azotoformans, and T. harzianum T22 were able to reduce the area of the necrotic lesion caused by B. cinerea by 56, 45, and 38%, respectively, compared to the control treatment (p < 0.05, Figure 2A). Remarkably, all the microbial consortia treatments reduced B. cinerea lesion area by about 50% as compared to the disease control, reaching up to a 70% reduction in SynCom2B (p < 0.05, Figure 2A). The higher antagonistic effect against B. cinerea was therefore achieved by P. chlororaphis (56%) and the SynCom2B (Supplementary Figure 3).
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FIGURE 2. Effect of microbial inoculation on disease caused by the foliar pathogen Botrytis cinerea. (A) Area of necrotic lesions in plants pre-treated by foliar spray with the different treatments (see Supplementary Table 2). Water-treated plants (no BCA treatment) were included as disease control. (B) Area of necrotic lesions in plants inoculated at sowing either with water (disease control) or with the different microbial treatments (see Supplementary Table 2) to determine ISR. Single strains were inoculated at 1 × 107 cfu/ml in (A) and cfu/plant in (B), and the consortia were inoculated at the same concentration for each microorganism (SynCom1A, SynCom2A) or at 1 × 107 cfu/ml in (A) and cfu/plant in (B) as total microbial concentration (SynCom1B, SynCom2B). +AMF indicates consortia co-inoculated with 1,000 spores/plant of Rhizophagus irregularis. Bars represent means ± SE and black dots represent raw data. Treatments not sharing a letter in common are significantly different based on the general linear model and Tukey honestly significant difference (HSD) test [p < 0.05, n = 6 in (A), n = 12 in (B)].




Moving Into Plant-Mediated Control: Inducing Systemic Resistance

In addition to the direct antagonistic effect of the foliar application against B. cinerea, we evaluated the capacity of the microbial treatments to activate plant systemic resistance. We tested the potential plant-mediated effects by avoiding direct contact between the BCAs and the pathogen. In this experiment, the AMF R. irregularis was included both individually and in the consortia due to the reported capacity of AMF to induce ISR and their current interest as inoculants in agriculture. Among the individual treatments, only Bacillus amyloliquefaciens CECT 8238 and R. irregularis were able to induce ISR against B. cinerea, reducing the area of the necrotic lesions by 38 and 44%, respectively, as compared to the control treatment (p < 0.05, Figure 2B). The consortia also achieved significant plant-mediated protection against B. cinerea, with SynCom1A, SynCom1B, and SynCom2A reducing lesions by 33–37% as compared to the control (p < 0.05, Figure 2B). Again, a similar reduction in disease symptoms was achieved by the consortia and the best performing individual treatments in this pathosystem.

Taking into account all the bioassays performed, SynComs was more versatile than the individual strains, showing effective biocontrol across the different pathosystems and inoculation methods, as summarized in Table 1.


TABLE 1. Effects of the microbial treatments tested in the different in planta bioassays.
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Microbial Compatibility

The repeated success of the consortia across all the in planta bioassays supports the strains compatibility. In fact, the SynComs performance in biocontrol was not significantly different from that achieved by the best performing BCA strain in any of the experiments. We further investigated the compatibility of the components in a new experiment aiming to compare the colonization of each microorganism in the single or SynCom treatments after interacting in the tomato rhizosphere for 15 days. The absence in the soil of indigenous species from any of the inoculated genera (Bacillus, Pseudomonas, and Trichoderma) was confirmed in the control treatment plates (Supplementary Figure 1A). Each microbial strain (except R. irregularis) was initially inoculated at a total concentration of 4 × 105 cfu/g of soil for each strain (both in the individual microbial treatments and in consortia).

Bacillus spp. abundance at the end of the experiment was similar to that initially inoculated both in single strain and SynCom1 treatments (Figure 3A). In SynCom2 treatments, both Bacillus strains were co-inoculated, and the abundance of Bacillus spp. in the soil was even higher, around 6 × 105 cfu/g of soil (Figure 3A). These results confirm the successful establishment of both Bacillus amyloliquefaciens strains, both when inoculated individually and in consortia.
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FIGURE 3. Rhizospheric soil colonization by (A) Bacillus spp., (B) Pseudomonas spp., and (C) Trichoderma spp., expressed as cfu/g of soil, and (D) mycorrhizal colonization by Rhizophagus irregularis represented as the percentage of root length colonized by the fungus. Plants were inoculated at sowing with the individual or consortia treatments (see Supplementary Table 2) and grown for 15 days. +AMF indicates consortia co-inoculated with 1,000 spores/plant of R. irregularis. Bars represent mean ± SE. Dashed lines represent the initial concentration inoculated for each microorganism (4 × 105 cfu/g of soil). Treatments not sharing a letter in common are significantly different based on the general linear model and Tukey honestly significant difference (HSD) test (p < 0.05, n = 5).


In the single strain treatments, Pseudomonas spp. abundance increased compared to the initial inoculation (up to 1.5 × 106 and 1.2 × 106 cfu/g of soil in P. azotoformans and P. chlororaphis, respectively) (Figure 3B), evidencing the good colonization ability of Pseudomonas spp. Remarkably, Pseudomonas spp. abundance in soil increased more than four times in SynCom1 (containing P. azotoformans) compared to the individual P. azotoformans treatment (around 6.5 × 106 cfu/g of soil) (Figure 3B). Regarding SynCom2 treatments in the absence of AMF Pseudomonas spp., abundance was 2.7 × 106 cfu/g of soil, corresponding to the sum of both inoculated Pseudomonas species in SynCom2, whereas in SynCom2 + AMF, their abundance was more than double (6.9 × 106 cfu/g of soil), pointing to a potential positive effect of AMF presence in this consortium (Figure 3B).

Trichoderma spp. abundance in the individual treatments was 9.3 × 105 and 6.3 × 105 cfu/g of soil in T. harzianum T22 and ESALQ1306, respectively, which in the case of T22 is more than double of the concentration inoculated (Figure 3C). Regarding the consortia, Trichoderma spp. abundance was in a similar range than the individual inoculations: 1 × 106 cfu/g of soil in SynCom1 (where only T22 was present) and around 1.5 × 106 cfu/g of soil in SynCom2 treatments equivalent to the sum of both Trichoderma strains co-inoculated in this consortium (Figure 3C).

Finally, the percentage of root length colonized by R. irregularis was 1.2% when applied individually (Figure 3D). Root colonization was similar in both consortia treatments, (SynCom1 + AMF and SynCom2 + AMF) (Figure 3D), confirming that mycorrhizal colonization was not significantly affected when inoculated in consortia. The low percentages are common in the early stages of the colonization (only 2 weeks upon AMF inoculation). To compare the treatments in more advanced stages of the mycorrhizal symbiosis, mycorrhizal colonization was quantified in the roots of the ISR bioassay, corresponding to plants growing with the AMF for 5 weeks. Mycorrhizal colonization reached 40% in the individual treatment, and these levels remained unaltered in both SynCom1 and SynCom2 treatments at any of the tested doses (Supplementary Figure 4).



DISCUSSION

In the present study, by combining well-characterized and compatible microorganisms, including bacteria and fungi, we demonstrated the potential of microbial consortia to effectively control fungal pathogens with different lifestyles through direct and plant-mediated disease suppression and using different application methods. Our findings pinpoint the design of synthetic microbial consortia for biocontrol of plant pathogens as a potential strategy to extend the functionality and versatility of microbial biological control.


A Dilemma to Face

Across the different experiments, different individual microorganisms were the most effective in the different scenarios, depending on the type of pathogen or the strategy used for its control. Remarkably, the consortia effectively controlled all pathogens in all different bioassays, both through direct antagonism by seed or foliar application, or inducing plant systemic resistance against foliar pathogens by seed inoculation (results summarized in Figure 4). The bioprotection achieved by the consortia was always similar to that of the best performing single strains. Although no significant synergism was detected, no negative interactions were observed, in contrast to some studies reporting positive and negative effects by the combination of BCAs (Freeman et al., 2004; Abo-Elyousr et al., 2009; Elliott et al., 2009; Ruano Rosa et al., 2014). Our results illustrate the topical dilemma of selecting single beneficial microbes versus SynComs for biological control. Strictly from the potential efficacy point of view, SynComs offered the widest protection after comparing the single components and several consortia across the soil and foliar threats and through direct and indirect actions. Yet, the efficacy was not higher than that of the best performing single strain and, in most cases, more than one individual microbe provided effective control. Considering the current high costs and outstanding long process for registering microbial products, targeting single strain or SynCom products is a tough dilemma to face from the commercial point of view. Nevertheless, the advantage of SynComs as a more versatile tool may become more apparent under field conditions, considering the variability of growing conditions and the uncertainty of the potential challenges to be faced—what pathogens or pests would be threatening the crop. We postulate that in the field, under commercial conditions, the benefits for the SynComs would further differentiate to the individual components. Thorough validation of results in field conditions will give the answer.
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FIGURE 4. Summary of the microbial treatments showing suppressive effects on Botrytis cinerea and Fusarium oxysporum through direct antagonism (arrows) or the induction of plant of systemic resistance (dashed arrow) after foliar spray and seed application.




Selecting a Potentially Powerful Pool as Step One

For the design of the synthetic microbial consortia, we selected different strains aiming to combine different mechanisms for biocontrol from the production of diverse antimicrobial metabolites through mycoparasitism to ISR. Bacillus amyloliquefaciens strains CECT 8238 and CECT 8237 have been shown to promote plant growth and effectively control diverse microbial pathogens through direct antagonism or indirectly through ISR (Romero et al., 2007; García-Gutiérrez et al., 2012, 2013; Magno-Perez-Bryan et al., 2015). P. chlororaphis MA342 has been described to effectively control seed and soil pathogens via direct antagonism (Tombolini et al., 1999; Abuamsha et al., 2011a) and protecting against leaf pathogens through seed priming (Abuamsha et al., 2011b). P. azotoformans F30A effectively enhance plant emergency and growth (Levenfors et al., 2014) and can also induce ISR to leaf pathogens (Sang et al., 2014; Bouaoud et al., 2018). T. harzianum strain T22 is one of the best characterized and commercialized Trichoderma strains. It effectively antagonizes soil pathogens (Wilson et al., 2008; Percival et al., 2011; Roberti et al., 2015; Fatouros et al., 2018) and can trigger ISR against diverse above- and belowground attackers (Tucci et al., 2011; Vitti et al., 2016; Coppola et al., 2017, 2019; Debode et al., 2018; Pocurull et al., 2020; Alınç et al., 2021). Besides promoting plant growth, T. harzianum ESALQ1306 has been shown to highly reduce Sclerotinia sclerotiorum disease severity through parasitism and to induce ISR against spider mites (Geraldine et al., 2013; De Oliveira et al., 2018; Barroso et al., 2019; Canassa et al., 2020). In contrast, R. irregularis is not a direct antagonist of plant pathogens, but is able to induce ISR against root and foliar pathogens (Martínez-Medina et al., 2011; Sanchez-Bel et al., 2016; Bidellaoui et al., 2019; Campo et al., 2020; Sanmartín et al., 2020). All in all, we selected a potentially powerful pool of microbes, already well characterized in multiple aspects. A number of them are being already exploited commercially either under development into microbial products, or, like T. harzianum, already commercialized as BCA by Koppert Biological Systems all over the world from vegetable and ornamental to field and row crops.



Single Strains Versus SynComs, Variable Outcomes so Far

Most studies focusing on the use of microbial consortia for disease control are looking for synergistic or additive effects, aiming to achieve a higher pest or disease control than their components. While some of these studies have indeed reported positive effects (Guetsky et al., 2001, 2002; Srivastava et al., 2010; Singh et al., 2013; Ruano Rosa et al., 2014; Sylla et al., 2015), many others showed similarly or even less effective in disease control when applying consortia as compared to the application of the individual microbes (Freeman et al., 2004; Abo-Elyousr et al., 2009; Elliott et al., 2009; Ruano Rosa and López Herrera, 2009). However, most of these studies focused on one model system. In contrast, we intended to extend the scope by including an array of target diseases—soil and foliar—and possible mechanisms—direct and indirect control via ISR. The SynComs performed consistently well across the different pathosystems. Yet, differences between the SynComs and the individual components were relatively mild in terms of efficacy/degree of control.



Exploring the Compatibility of the Components of the SynComs

Microbial compatibility is a key factor when designing a microbial consortium, essential for the successful establishment and functionality of the included microorganisms and the success of SynCom products. In our study, the conservation of the biocontrol effectiveness in the SynComs to the same levels as the best performing individual isolates supported the compatibility between the coexisting microorganisms. We further tested their compatibility in our consortia by assessing the microbial survival in a plant–soil-based experiment, and we did not find any negative interaction between them. Instead, Bacillus and Trichoderma performed in the consortia as good as when individually inoculated, and Pseudomonas even benefited from the combination with the other organisms, as they performed better in the SynComs than when inoculated alone. It is important to note that R. irregularis was neither negatively affected in early nor late symbiosis stages by the presence of Trichoderma spp., as demonstrated by the similar mycorrhizal colonization in roots inoculated with the AMF alone or as part of the consortia. This is remarkable, as the compatibility of Trichoderma spp. with mycorrhizal fungi is frequently questioned because of the high mycoparasitic potential of these biocontrol fungi. In fact, Trichoderma is able to parasite AMF in vitro (Rousseau et al., 1996), but other studies proved their compatibility under more realistic scenarios (i.e., rhizospheric soil) as observed here (Martínez-Medina et al., 2011). Even more, Trichoderma-AMF synergistic effects have been reported (Poveda et al., 2019). Although microbe compatibility remains poorly studied, understanding the compatibility between groups or key BCA genera is required for informed decisions in the selection of suitable candidates for SynComs development in biocontrol programs in agriculture.

Overall, our findings highlight the potential multifunctionality of SynComs for biological control. Combining compatible beneficial microorganisms with complementary effects on different targets, direct and indirect mechanisms of control and/or effective under different conditions will lead to the development of biocontrol products with increased versatility. To became commercial products, consistency of the outcomes needs to be tested and finally validated across multiple field trials in the geographical regions where is aimed to be used. This is a key step for the successful application of this sustainable technology in agriculture.
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Driven by climate change, Fusarium ear rot (FER) caused by Fusarium verticillioides occurs frequently in maize worldwide. In parallel, legislative regulations and increasing environmental awareness have spurred research on alternative FER biocontrol strategies. A promising group of bacterial control agents is Streptomyces species due to their metabolic versatility. However, insights into the molecular modes of action of these biocontrol agents are often lacking. This study aims at unraveling the biocontrol efficacy of Streptomyces rhizobacterial strains against F. verticillioides. We first assessed the direct antagonism of four Streptomyces strains ST02, ST03, ST07, and ST08. Then, a profile of 16 genes associated with intrinsic plant defense signaling was assessed in maize plants. Both in vitro and in vivo data showed that the biocontrol strain ST03 perfectly suppressed the growth of F. verticillioides. High inhibition efficacy was also observed for extracellular compounds in the supernatant secreted by this strain. Especially, for maize cobs, the biocontrol strain ST03 not only inhibited the proliferation of F. verticillioides but also significantly repressed fungal fumonisin production 7 days after inoculation. On maize plants, the direct antagonism was confirmed by a significant reduction of the fungal DNA level in soils when co-applied with F. verticillioides and strain ST03. In terms of its action on plants, strain ST03 induced downregulation of auxin responsive genes (AUX1, ARF1, and ARF2) and gibberellic acid (GA)-related gene AN1 even in the absence of F. verticillioides at early time points. In leaves, the biocontrol strain induced the expression of genes related to salicylic acid (SA), and 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA)-mediated pathways, and pathogenesis-related proteins in the presence or absence of the pathogen. Interestingly, the biocontrol strain significantly promoted plant growth even in the presence of F. verticillioides. All of which demonstrated that the Streptomyces strain ST03 is a promising FER biocontrol and a growth-promoting candidate.

Keywords: auxin, fumonisins, Fusarium ear rot (FER), maize, mycotoxins, Streptomyces, Vietnam
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GRAPHICAL ABSTRACT. Streptomyces strains promote plant growth and induce resistance against Fusarium verticillioides via transient regulation of auxin signaling and archetypal defense pathways in plants.




INTRODUCTION

Fusarium verticillioides is a hemibiotrophic pathogen and the primary causal agent of the disease Fusarium ear rot (FER) in maize worldwide (Bacon et al., 2008). The disease not only reduces the productivity of maize and the nutritive value of grains, but also exerts a severe impact on human and animal health since grains infected with F. verticillioides can be contaminated with its toxic secondary metabolites, particularly fumonisin B1 (FB1), FB2, and FB3 (Pitt and Miller, 2016). Vulnerable parts of the maize cob such as silks (Reid et al., 1999) and insect feeding sites are the main points of entry for this pathogen (Parsons and Munkvold, 2010; Blandino et al., 2015). In some cases, the presence of F. verticillioides can be traced back to the seedling stage during which the fungus infects and resides asymptomatically followed by moving upwards toward the cob during anthesis and ultimately leading to FER (Oren et al., 2003; Suárez-Moreno et al., 2019). To date, no registered FER-resistant maize inbred lines are available on the market.

In the context of increasing plant disease pressure, plant pathologists face a challenging decision between the continuity of using fungicides and negative side-effects of the use of agrochemicals in crop protection (Lamichhane et al., 2016). Overreliance on fungicides is posing a threat to the environment, soil ecosystems, and human health. Therefore, research has turned to sustainable and eco-friendly alternative control measures. Rhizobacteria Streptomyces spp. Are well-known as not only plant growth-promoting rhizobacteria (PGPR) but also promising biocontrol agents, resulting in increased yields of agricultural crops (Dimkpa et al., 2009). From a crop protection point of view, Streptomyces spp. have been demonstrated to be effective against a broad spectrum of fungal phytopathogens, e.g., Fusarium tomato wilt (Abbasi et al., 2019), Fusarium head blight (FHB) (Tan et al., 2020), Fusarium banana wilt (Zhu et al., 2020), Ralstonia tomato wilt (Shen et al., 2021), and cucumber Phytophthora damping-off (Sadeghi et al., 2017). The effectiveness of the biocontrol can be attributed to the metabolic diversity of anti-fungal compounds and antibiotics, and their bioactive and adaptable capability in the agro-ecological relevant niche of the soil (Tan et al., 2020). Together with direct antagonism against the pathogens, several Rhizobacteria can interact with the plant defense system. They have been shown to trigger the salicylic acid (SA)- and/or jasmonic acid (JA)/ethylene (ET) mediated defense pathways in plants (Conn et al., 2008; Kurth et al., 2014; Tan et al., 2020; Vergnes et al., 2020).

Developing a biocontrol agent (BCA) for FER management requires an extensive understanding of the molecular mechanisms involved in the tripartite interaction between plant, pathogen, and BCA. A thorough understanding of phytohormone-mediated plant defense response is needed. The key phytohormones involved in the plant defense response are salicylic acid (SA), jasmonic acid (JA), ethylene (ET), abscisic acid (ABA), and auxin (Aux) (Tzin et al., 2017). Pathogenesis-related proteins (PRs) [e.g., PR1, and PR10, 1,3-β-glucanase (PR2), chitinase (PR3)] (Nasser et al., 1990), and benzoxazinoids (BXs) e.g., 2-4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA) (Ding et al., 2015) are responsible for plant resistance against pathogens.

To the best of our knowledge, there is little information available on the biological control of FER in maize by Streptomyces. Therefore, this current study aims to (i) unravel the antagonistic effect of Streptomyces strains to F. verticillioides and (ii) further insight into the molecular modes of action of the biocontrol strain in the induction of plant resistance against this fungal phytopathogen.



MATERIALS AND METHODS


Preparation of Fusarium and Streptomyces Strains

In this study, an F. verticillioides strain F01.12 (accession number MZ559332) isolated by Tran et al. (2021a) was used. In addition, five other Fusarium strains comprising F. proliferatum and F. mangiferae were isolated from maize grains in the central highlands of Vietnam (Tran et al., 2021b), F. oxysporum, and F. solani isolated from onion in Dalat, Vietnam (Le et al., 2020) and F. graminearum PH1 isolated from wheat (Gale et al., 2005) were also used. Each fungus was cultured on a PDA plate (Potato Dextrose Agar, 40 g L–1) (Sigma Aldrich, Overijse, Belgium) for 7 days at 25°C before performing assays. To prepare a spore suspension of F. verticillioides, we placed a 7-day-old PDA plate of this fungus into a cabinet equipped with near-UV lights (12 h light/12 h darkness) for 7 days. The spore suspension was then collected and diluted with sterile water until a final concentration of 107 conidia mL–1.

We used four rhizobacterial strains ST02, ST03, ST07, and ST08 isolated from soil in Ben Tre, Vietnam. For the identification of these strains, we amplified the recombinase A (recA) gene by using a primer pair of recAF and recAR as described by Guo et al., 2008 (Supplementary Table 1). The sequences were deposited to the NCBI gene bank, representing MZ614615 for strain ST02, MZ614616 for strain ST03, MZ614619 for strain ST07, and MZ614615 for strain ST08. For inoculation, each strain was grown on a TSA plate (Tryptic Soy Agar, 30 g L–1) (Sigma Aldrich, Overijse, Belgium) for 5 days. Three rhizobacterial colonies were then transferred into a 50-mL Falcon tube containing 20 mL TSB (tryptic soy broth, 30 g L–1) (Sigma Aldrich, Overijse, Belgium) and incubated for 7 days at 200 g, and 28°C. The Falcon tubes were then centrifuged at 10000 g for 10 min and the cell suspension was obtained by discarding the supernatant through a four-fold Mira cloth followed by re-suspending the cell pellets in 5 mL sterile water. A ten-fold serial dilution was made to determine the colony-forming unit (CFU) of each cell suspension (5 × 106 CFU mL–1). The cell-free supernatant was concentrated 10 times using a nitrogen flow at 1 atm in a water bath at 40°C for 2 h.



In vitro Antagonistic Assay on Agar Medium

In agar plates, we used two different models: (1) a diffusion assay and (2) a volatile assay. For the diffusion assay, we used a four-hole TSA plate (Φ 90 mm) (Supplementary Figure 1A). In each plate, a 7-day-old agar plug of each pathogen (Φ 5 mm) was placed in the center, and 50 μL of each rhizobacterial cell suspension or supernatant was filled in each hole. The plate was incubated at 28°C and the radius of the fungal colony was measured. In addition, to evaluate the effects of the volatile compounds produced by rhizobacterial strains we performed the volatile assay in which a TSA plate was divided into two parts by making an agar-free channel in the middle (Φ 5 mm) (Supplementary Figure 1B). Water and blank TSB were used as control.



In vitro Antagonistic Assay on Liquid Medium

In this assay, we used a six-well plate containing 4.5 mL TSB per well (Supplementary Figure 1C). A ST03 cell suspension (5 × 107 CFU mL–1) or a 10-time-concentrated supernatant was injected to each well at different volumes (μL) of 0 (0%), 31.25 (0.6%), 62.5 (1.3%), 125 (2.5%), 250 (5%), and 500 μL (10%). TSB was subsequently added to each well till 5 mL. A 7-day-old agar plug of Fusarium verticillioides (Φ 5 mm) was then transferred to each well. The plate was inoculated at 28°C for 7 days. To analyze the fungal growth on the surface, an image was taken using a custom-build multispectral phenotyping platform as described by Tan et al. (2020). This platform is equipped with a 6 Mp-16 bit camera mounted on a Cartesian coordinate robot and allows 6-μm-high-resolution multispectral imaging. The multispectral camera can visualize the surface growth of the fungus. Finally, biomass from each well was collected followed by freeze-dried and weighted.



In vivo Antagonistic Assay on Maize Cobs

This bioassay was employed using baby maize cobs (70 mm) (Baby corn, Excel Fruits, Thailand). In each treatment, five maize cobs were disinfected with 1% NaOCl solution, washed twice with sterile water, and then placed in a one-well plate equipped with a moist Whatman paper (Supplementary Figure 1D). Subsequently, we made a hole in the middle of each cob (depth ∼ 10 mm) using a sterile 10 μL pipette tip. A mixture consisting of 5 μL spore suspension of Fusarium verticillioides (107 conidia mL–1) and 5 μL cell suspension (5 × 106 CFU mL–1) [FV + ST03 treatment)/or cell-free supernatant of rhizobacterial strain ST03 (FV + Sup) treatment] was loaded to each hole. Each maize ear was inoculated at 28°C for 7 days. Five infected maize cobs were treated with sterile water as a positive control (FV + W) and five F. verticillioides non-infected cobs were treated with sterile water as a negative control (W + W). The cobs were then divided into two equal parts using a scalpel. To determine the damage level caused by the pathogen, we analyzed images taken by the multispectral camera using the RGB module. Finally, each maize cob was thoroughly ground using liquid nitrogen for quantification of FB1, FB2, and FB3 by an LC-MS/MS method (De Boevre et al., 2012).



In vivo Antagonistic Assay on Maize Seedlings

In this assay, we used two hybrid maize lines Bt/GT NK7328 (supplied by Syngenta company, Vietnam) and CP888 (supplied by C. P. company, Vietnam) as they are predominantly planted in the central highlands of Vietnam (Tran et al., 2021c). Maize seeds were disinfected with 1% NaOCl solution and germinated in a rectangular plastic pot (20 × 16 × 6 cm) with vermiculite substrate (Vermex, Soprema, Belgium) for 5 days. For the biocontrol treatment (FV + ST03 treatment), five germinated seeds were infected with F. verticillioides by soaking in a fungal suspension (107 conidia mL–1) for 1 h, and then sowed in five glass tubes (a seed per a tube) containing soil inoculated with the ST03 cell suspension. To inoculate the soil with Streptomyces, 3 g polymer gel (DCM Aquaperla, Grobbendonk, Belgium) absorbed in 300 mL tap water was mixed with 2 kg non-sterile fine sand (Voss chemie-Benelux, Lier, Belgium) (De Zutter et al., 2021). This mixture was then inoculated with the ST03 cell suspension in a concentration of 106 CFU g–1 soil 3 days before planting. The positive control comprised five F. verticillioides infected seeds in soil non-inoculated with the ST03 cell suspension (FV + W treatment). For the negative control, five mock seeds treated with sterile water were planted in non-inoculated soil with the strain ST03 (W + W treatment), and five mock seeds were planted in soil pre-inoculated with ST03 (W + ST03 treatment). Every 2 days plants were watered with 10 mL tap water. To assess the direct antagonism of strain ST03, the soil was collected after 2 weeks of planting and the DNA levels of F. verticillioides were qualified as described below.

To measure the impact of ST03 on the plant growth when co-applied with F. verticillioides in maize seedlings, the length and fresh biomass of leaves and roots were measured at 16 days after inoculation (dai). Chlorophyll Index (ChlIdx) was also assessed using the multispectral camera as described by Tan et al. (2021). Meanwhile, to uncover the impact of the Streptomyces strain ST03 on the expression of genes related to plant defense response, plants of each treatment were harvested at four different time points at dai 1, 2, 4, and 8 (five plants per each time-point) (Supplementary Figure 1E). Roots and leaves from each plant were extracted for RNA as described below to quantify the gene expression using RT-qPCR.



RNA Extraction and RT-qPCR

Total RNA from roots and leaves was extracted using TRizol reagent (Sigma Aldrich, Belgium) according to the manufacturer’s instructions. RNA concentration was determined using a Quantus fluorometer (Promega, Netherlands). cDNA of each RNA template was synthesized using the iScriptTM kit (Bio-Rad, Belgium) and diluted five times with nuclease-free water. The quantitative reverse transcription PCR (RT-qPCR) assay was performed using a CFX96 Tough Real-time PCR Detection System (Bio-Rad, Belgium). Each PCR reaction contained 6.3 μL Gotagq®PCR master mix (Promega, Netherlands), 2 μL cDNA, 0.6 μL each primer (5 μM), and 0.2 μL CXR dye (Promega, Netherlands), and 2.3 μL nuclease-free water. The thermal program was set up as follows: 95°C for 3 min; 39 cycles of 95°C for 10 s, and 60°C for 30 s, followed by a melting curve acquisition from 65 to 95°C with the rate of 0.5°C s–1. The primers used for all target genes are shown in Supplementary Table 1. Elongation factor 1α (EF-1α) and β tubulin (β-TUB) primers were used as housekeeping genes. Gene expression analysis was done using qBase+ software (Biogazelle, Zwijnaarde, Belgium). Fold change was computed by diving the CNRQ values (calibrated normalized relative quantities) of the treated samples by values of the control samples. In each gene, four biological replicates and two technical replicates were done.



Quantification of Fumonisins by LC-MS/MS

Quantification of fumonisin B1, B2, and B3 in each maize ear was performed using a Waters Acquity HPLC-Quattro Premier XE mass spectrometer (Waters, Milford, MA, United States) in positive electrospray ionization (ESI+) mode. Chromatographic separation was performed using a Symmetry C18 (150 mm × 2.1 mm, i.d. 5 μm) column with a guard column (10 mm × 2.1 mm i.d.) of the same material (Waters, Zellik, Belgium). A clean-up procedure was carried out prior to injecting samples into the device. Briefly, 100 μL de-epoxy-deoxynivalenol (DOM) (50 ng μL–1) were added to a Falcon tube containing 5 g of each ground sample as an internal standard. Each sample was extracted with 10 mL ethyl acetate/folic acid (99/1, v/v) by agitating for 15 h on an overhead shaker. The Falcon tubes were centrifuged at 4000 g for 15 min. Each upper layer was transferred into a new tube and evaporated using a nitrogen flow at 40°C, 1 atm. The pellet was re-dissolved in 200 μL injection solvent {consisting of mobile phase A [water/methanol/acetic acid (94/5/1, v/v/v) + 5 mM ammonium acetate] and mobile phase B [methanol/water/acetic acid (97/2/1, v/v/v) + 5 mM ammonium acetate] with a ratio of A/B (60/40, v/v)}; and the mixture was defatted with 200 μL hexane and subsequently filtrated using a centrifuge filter at 10000 g for 5 min. Finally, each filtrate was conveyed into an HPLC vial. The liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) method was described by De Boevre et al. (2012). Five biological replicates were done per treatment.



Quantification of Fusarium verticillioides DNA in Soil by Quantitative PCR

A quantitative PCR (qPCR) assay was conducted in a CFX96 Touch Real-Time PCR Detection System (BIO-RAD, Temse, Belgium) as described by Tran et al. (2021a). Briefly, total genomic DNA extraction was performed from 100 mg for each soil sample, and 50 mg for pure F. verticillioides mycelia using the E.Z.N.A® Soil DNA Kit (VWR International, Leuven, Belgium). DNA concentration was quantified with a Quantus fluorometer (Promega, Leiden, Netherlands). Each reaction mixture contained 6.3 μL Gotag® qPCR Master Mix (Promega, Leiden, Netherlands), 2 μL DNA template, 0.6 μL each primer FVer (5 μM), 0.2 μL CXR reference dye (Promega, Leiden, Netherlands), and nuclease-free water up to a total volume of 12 μL. The PCR thermal cycling program was set-up as follows: 95°C for 3 min; 39 cycles of 95°C for 10 s, and 60°C for 30s, followed by a melting curve acquisition from 65 to 95°C. A standard curve was generated based on Ct (threshold cycle) values by using tenfold serial dilutions of the pure F. verticillioides DNA (ranging from 1 ng to 1 × 10–5 ng/μL). The amount of fungal DNA in samples was calculated from Ct values using the standard curve. Each sample calculation was performed twice. Five biological replicates were undertaken per treatment.



Statistical Analysis

All heat maps and boxplots were generated using the R software v.4.0.2 with the packages ggplot2 and gplots1. The normal distribution of data was tested using the Shapiro–Wilk test. The one-way ANOVA test followed by a post hoc Tukey test was used in a case of the normal distribution, otherwise, a non-parametric Kruskal–Wallis test and a post hoc Dunn’s test were applied. As for statistical analyses in gene expression, fold change (FC) was used in the case of up-regulation, while for down-regulation log [FC] base 2 (Log2FC) was used. All analyses were tested at a significance level of α = 0.05.




RESULTS


In vitro Direct Antagonism of Streptomyces Strains Against Fusarium Species

In this study, all the rhizobacterial strains were identified as Streptomyces species. The in vitro bioassays showed an effective and stronger direct antagonism of the strain ST03 against six Fusarium pathogens compared to the other rhizobacterial strains (Figure 1A). It is clear that in the in vitro diffusion assay, an early and significantly inhibitory indication was observed against F. verticillioides, F. proliferatum, F. oxysporum, and F. graminearum when co-applied with the strain ST03 at 2 dai and at 3 dai for F. mangiferae and F. solani in comparison to the mock control. Surprisingly, F. verticillioides, F. proliferatum, and F. oxysporum were thoroughly inhibited by the strain ST03 from 2 dai onward since their colony radii remained unchanged between 2 and 7 dai. It was coherent when its inhibition efficacy against these three pathogens was highest and significant at 7 dai compared to the other bacterial strains (Figure 1B and Supplementary Figure 2). The results also indicated absolute but a later inhibition of F. mangiferae, F. solani, and F. graminearum when co-inoculated with the strain ST03 at 5 dai (Figure 1A), which explained lower inhibition efficacy at 7 dai, of 65 ± 1%, 56 ± 2%, and 51 ± 2%, respectively (Figure 1B and Supplementary Figure 2). It was significantly higher than the inhibition efficacy of the other strains ST02, ST07, and ST08. An obvious example is that at 7 dai the inhibition efficacy against F. graminearum by the strain ST03 was 51 ± 2%, while this was not significantly effective for the other ones, for example, ST02 (3 ± 2%, p < 0.001), ST07 (6 ± 8%, p < 0.001), and ST08 (4 ± 2%, p < 0.001) (Supplementary Figure 2). Remarkably, the antagonistic efficacy of the strain ST03 reached above 50% at 5 dai for all the pathogens except for F. solani (Supplementary Figure 2). We, therefore, used this strain ST03 for in-depth studies.
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FIGURE 1. In vitro antagonism of four Streptomyces strains (ST02, ST03, ST07, and ST08) against six Fusarium species. (A) Fungal colony radii (mm) by days of inoculation (dai) between 1 and 7 dai. Four cell suspensions of ST02, ST03, ST07, and ST08, respectively, and one 10-time-concentrated supernatant of the strain ST03 (Sup-ST03) were used. Water or tryptic soy broth were used as the mock controls. Different letters by columns pinpoint a significant difference between treatments at each time point using an ANOVA test and a post hoc Turkey test at α = 0.05. (B) An in vitro diffusion assay of the ST03 cell suspension at 7 dai against 6 Fusarium species as (A). (C) An in vitro volatile assay of the strain ST03 at 11 dai. Four biological replicates were done per treatment. The experiment was repeated twice.


To assess the impact of volatile compounds produced by strain ST03, we used an in vitro volatile bioassay. Even though this assay did not indicate the role of volatile metabolites for the antagonism against the pathogens, it strengthened the diffusion-based antagonism since the inhibition zones were more transparent for each pathogen compared to the mock control (Figure 1C). At 11 dai, F. verticillioides, F. proliferatum, and F. oxysporum did not grow onto the other side inoculated with strain ST03, whereas for the mock control plates the fungi colonized the other side from the channel by approx. 25 mm. As similar to the diffusion assay, the inhibition efficacy was less for F. mangiferae, F. solani, and especially for F. graminearum (Figure 1C).

The high antagonistic efficacy of strain ST03 was proven in the other in vitro assay using a liquid medium. It was confirmed by a significant decrease in biomass production by F. verticillioides when co-inoculated with the cell suspension of strain ST03, ranging from 2.5 to 10% (Figure 2A). The fungal growth was remarkably suppressed when co-applied with 2.5% of strain ST03 equivalently with 1.25 × 106 CFU mL–1 because there was a significant reduction of dried biomass by 59% compared to the mock control (0% treatment), specifically 13 ± 1 and 32 ± 9 mg, respectively (p = 0.021). This trend also occurred in the treatments co-inoculated with 5% (12 ± 1 mg, p = 0.017) and 10% (8 ± 2 mg, p = 0.005) of the cell suspension, but the change was not different from the treatment 2.5% (Figure 2A).
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FIGURE 2. Impact of the Streptomyces strain ST03 on the production of biomass of Fusarium verticillioides in liquid medium. (A) Dried F. verticillioides biomass (g) by treatments. An initial concentration of the cell suspension was 5×107 CFU mL– 1, the supernatant was concentrated 10 times before application. Different letters above each box depict the significant difference between treatments using an ANOVA test and a post hoc Turkey test at a significant level of α = 0.05. A mock control (0% treatment) was inoculated with tryptic soy broth (TSB). (B) Growth surface of F. verticillioides in tryptic soy broth supplemented with the supernatant at different concentrations ranging 0 – 10% at 7 days of inoculation. Four biological replicates were done per treatment. The experiment was repeated twice.


We hypothesized whether extracellular compounds secreted by strain ST03 in the supernatant are involved in the interaction with the pathogens. To explore this, we concentrated the supernatant 10 times after separating from the cell and applied both in vitro bioassays in the same way with the cell suspension. As indicated in the plate diffusion assay (Figure 1A), the supernatant of strain ST03 had a significantly effective antagonism against six Fusarium species. It was clear that the growth of all fungi were strongly inhibited when co-applied with the supernatant at 3 dai by their smaller radii compared to the mock controls. For example, the colony radius for F. verticillioides was 10 ± 2 cm vs. 21 ± 1 cm (p < 0.001), F. proliferatum (10 ± 0.5 cm vs. 18 ± 0.3 cm, p < 0.001), and F. graminearum (13 ± 1 cm vs. 30 ± 1 cm, p < 0.001). Surprisingly, an absolute inhibition was observed at 3 dai for all the pathogens with the exclusion of F. solani when the fungi did not grow further after 3 days of being inoculated with the supernatant (Figure 1A). This phenomenon resulted in a high inhibition efficacy against these pathogens of over 60% at 5 dai and over 70% at 7 dai (Supplementary Figure 2).

In addition, the antifungal activity of this supernatant was demonstrated in the liquid assay (Figure 2). The fungus F. verticillioides was significantly inhibited when co-applied with 0.6% of the supernatant at 7 dai by a significant decrease in dried biomass compared to the mock control (0%), given 17 ± 5 mg vs. 29 ± 6 mg, respectively (p = 0.016) (Figure 2A). Although no significant change in the biomass production of the fungus in a range of between 0.6 and 2.5% was observed, more suppression was observed at 5% (8 ± 3 mg dried biomass, p < 0.010), and 10% (3 ± 2 mg dried biomass, p < 0.001) than 2.5% (14 ± 2 mg) (Figure 2A). Moreover, it was clear that the growth surface of the fungus was remarkably smaller in the treatments 2.5, 5, and 10% compared to the mock control (Figure 2B). Moreover, an inhibition efficacy calculated at a concentration of 10% was 90 ± 8%.

In conclusion, the in vitro antagonistic bioassays show that of the four Streptomyces strains, strain ST03 had the highest inhibition efficacy against all the surveyed Fusarium pathogens. The data also indicate the antifungal potential of the extracellular compounds in the supernatant produced by this strain.



In vivo Direct Antagonism of Streptomyces Strain ST03 Against Fusarium verticillioides

To confirm the antagonistic efficacy of strain ST03 from the in vitro parts, we performed two in vivo bioassays on maize cobs and maize seedlings infected with F. verticillioides. We focused on F. verticillioides since it is the main causal agent of FER and predominantly occurs in maize fields worldwide.

First, we assessed the impact of strain ST03 when co-applied with F. verticillioides on maize cobs (Figure 3). Data illustrated that the infection of the fungus to maize cobs was significantly counteracted when co-inoculated with the cell suspension or supernatant of strain ST03 (Figure 3). By using the multispectral camera, a high infection level of F. verticillioides on maize cobs (red area) (FV + W) was observed with a larger lesion area when compared to the negative control (W + W) (p = 0.001) (Figures 3A,B). However, it significantly reduced when co-applied with the cell suspension (FV + ST03) or supernatant (FV + Sup) of strain ST03 by smaller surface areas (p = 0.008), respectively (Figure 3B).
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FIGURE 3. Impact of the Streptomyces strain ST03 when co-applied with Fusarium verticillioides on maize cobs. (A) Imaging inside maize cobs by treatments at 7 days using a multispectral camera. Color images (C), and necrosis images in red color (N). (B) Necrosis area (px) by treatments. Negative maize cob control was inoculated with sterile water (W + W), positive maize cob control comprised F. verticillioides and sterile water (FV + W), two biocontrol treatments included F. verticillioides and the Streptomyces cell suspension (FV + ST03)/or the supernatant of the strain ST03 (FV + Sup). Different letters above each box depict the significant difference between treatments using a Kruskal–Wallis test followed by a post hoc Dunn’s test at a significant level of α = 0.05. Five biological replicates were performed per treatment. The experiment was repeated twice.


For the in vivo bioassay on maize seedlings, we checked the direct antagonism of the biocontrol strain ST03 by quantification of the F. verticillioides DNA in soil surrounding roots upon 14 days of infection. We planted F. verticillioides-infected CP888 seeds into two types of soil with and without pre-inoculation with the biocontrol strain ST03 (Figure 4A). qPCR data indicate that a higher level of F. verticillioides DNA was present in soil without pre-inoculation with strain ST03 (FV + W), compared to soil that was pre-inoculated (p = 0.009) (Figure 4B). This was consistent with the phenotypic characteristics of roots and lower levels of infection were observed in plants treated with the biocontrol strain compared to the non-treated plants (Figure 4A). All evidence shows that strain ST03 could suppress F. verticillioides through a direct antagonism upon infection on maize seedlings.
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FIGURE 4. In vivo direct antagonism of the Streptomyces strain ST03 on maize seedlings based on levels of Fusarium verticillioides DNA in soil. (A) Plants and roots at 14 days after inoculation. (B) The fungal DNA content (ng g– 1) in soil by treatments using a qPCR method. F. verticillioides-infected maize seeds were planted in soil pre-inoculated with the biocontrol strain ST03 (FV + ST03) and planted in soil mock-inoculated with sterile water (FV + W); F. verticillioides non-infected maize seeds were planted in soil pre-inoculated with the biocontrol strain (W + ST03) and planted in mock soil (W + W). A hybrid CP888 maize line was used. Different letters above each box depict the significant difference between treatments using a Kruskal–Wallis test followed by a post hoc Dunn’s test at a significant level of α = 0.05. Five biological replicates were performed per treatment. The experiment was repeated twice.


To sum up, both in vivo bioassays on maize cobs and plants demonstrate the direct antagonism of the biocontrol strain ST03 against F. verticillioides. In addition to cell suspension, the extracellular compounds in the supernatant secreted by this strain also show a strong inhibition against F. verticillioides.



Impact of Streptomyces Strain ST03 on Fumonisin Production When Co-applied With Fusarium verticillioides on Maize Cobs

The in vivo antagonistic bioassay on maize cobs indicated the inhibition efficacy of both cell suspension and supernatant of the strain ST03 by the reduction of the necrosis area (Figure 3). To evaluate the impact on fumonisin production by F. verticillioides we measured FBs in these cobs. Data show that levels of FB1, FB2, and FB3 in maize cobs treated with the cell suspension (FV + ST03) or the supernatant (FV + Sup) was significantly lower than in the non-treated maize cobs (FV + W) (Figure 5). A significantly lower FB1 median level was found in maize cobs treated with the cell suspension compared to the non-treated maize cobs, given 9 ± 5 μg kg–1 and 80 ± 10 μg kg–1, respectively (p = 0.012). A similar result was observed for FB2, amounting 0 ± 4 μg kg–1 (in FV + ST03 treatment) and 92 ± 25 μg kg–1 (in FV + W treatment) (p = 0.009), and for FB3 (0 ± 2 μg kg–1 vs. 22 ± 3 μg kg–1, p = 0.013). Similar results were also observed for the maize cobs treated with the supernatant (FV + Sup) except for FB2 (Figure 5). Collectively, the biocontrol strain was capable of suppressing the production of fumonisins by F. verticillioides.
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FIGURE 5. Impact of the Streptomyces strain ST03 on the production of fumonisin B1 (FB1) (A), FB2 (B), and FB3 (C) by Fusarium verticillioides on maize cobs. The negative maize cob control was inoculated with sterile water (W + W), positive maize cob control comprised F. verticillioides and sterile water (FV + W), the two biocontrol treatments included F. verticillioides and the Streptomyces cell suspension (FV + ST03) or the supernatant of the strain ST03 (FV + Sup). Different letters above each box depict the significant difference using a Kruskal–Wallis test followed by a post hoc Dunn’s test at a significant level of α = 0.05. Five biological replicates were performed per treatment. The experiment was repeated twice.




Impact of Streptomyces Strain ST03 on Plant Growth When Co-applied With Fusarium verticillioides on Maize Seedlings

After uncovering the direct antagonism of the biocontrol strain on maize seedlings by the reduction of the DNA level of F. verticillioides in soil (Figure 4), we explored whether the growth of plants was impacted. To examine this, we used two hybrid maize lines CP888 and Bt/GT NK7328 predominantly planted in the central highlands of Vietnam (Tran et al., 2021c). For line CP888, the growth of plants infected with the fungus (FV + W) was negatively affected with significantly lower fresh leaf and root biomass weight when compared to the control non-infected plants (Figure 6A). Moreover, a reduction of chlorophyll index was observed in the infected plants versus the control plants (Figure 6B). For line Bt/GT NK7328, although the plants were less infected compared to line CP888, their root length was also significantly shorter than the control NK7328 plants, of 10.3 ± 0.3 and 11.8 ± 0.3 cm, respectively (p = 0.029) (Figure 6A).
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FIGURE 6. (A) Impact of the Streptomyces strain ST03 on plant growth using two hybrid maize cultivars CP888 and Bt/GT NK7328 at 14 days after planting. (B) Chlorophyll level by treatments on CP888 plants. Chlorophyll content was assessed using a multispectral camera; white is a low chlorophyll index (ChlIdx) and dark green is high. F. verticillioides-infected maize seeds were planted in soil pre-inoculated with the biocontrol strain ST03 (FV + ST03) and planted in mock-inoculated with sterile water soil (FV + W); F. verticillioides non-infected maize seeds were planted in soil pre-inoculated with the biocontrol strain (W + ST03), or planted in mock soil (W + W). Different letters above each box depict the significant difference between treatments by cultivars using a Kruskal–Wallis test followed by a post hoc Dunn’s test at a significant level of α = 0.05. Five biological replicates were done per treatment. The experiment was repeated twice.


However, when co-applied with the biocontrol strain ST03 (FV + ST03), the growth of plants was significantly stimulated compared to the infected and the control plants of both maize lines. For example, for line CP888, the leaf length of plants co-applied with strain ST03 was 22.5 ± 1.4 cm (FV + ST03) versus 13.0 ± 1.0 cm of the infected plants (FV + W) (p = 0.029). Likewise, for Bt/GT NK7328 plants the length was 39.4 ± 1.0 cm (FV + ST03) vs. 30.2 ± 3.1 cm (FV + W) (p = 0.029) (Figure 6A). In both cultivars, the growth of the plants when co-applied with the biocontrol strain was also better than the growth of the control plants (W + W). It was evidenced by higher fresh biomass and leaf length (Figure 6A). Chlorophyll index was higher in the leaves of CP888 plants when co-applied with strain ST03, given 2.3 ± 0.1 (FV + ST03) vs. 1.4 ± 0.1 (FV + W) (p = 8e-4) or vs. 1.6 ± 0.1 (W + W) (p = 0.008) (Figure 6B).

We hypothesized whether this biocontrol strain ST03 acts as a plant growth-promotion agent on top of its direct antagonism. To investigate this, we examined growth indicators of plants that were applied with strain ST03 alone (W + ST03). Data revealed that the plant growth of both lines was significantly promoted with the presence of ST03 strain compared to the control plants (W + W). For example, in Bt/GT NK7328 line, leaf length was longer at 40.1 ± 0.5 (W + ST03) vs. 28.4 ± 3.1 cm (W + W) (p = 0.029), and a higher leaf biomass of 2.1 ± 0.1 vs. 1.3 ± 0.1 g (p = 0.029) (Figure 6A). Similar results were observed in plants of line CP888 (Figure 6A). The chlorophyll index of plants applied with strain ST03 was significantly higher than that of the control plants, given 2.2 ± 0.1 and 1.6 ± 0.1, respectively (p = 0.008) (Figure 6B). Nevertheless, the primary root length of plants applied with the biocontrol strain was shorter compared to the control. It was true in both lines CP888 [of 9.5 ± 0.2 (W + ST03) vs. 11 ± 0.6 (W + W), (p = 0.145) and Bt/GT NK7328 (of 10.0 ± 0.6 vs. 11.8 ± 0.3, (p = 0.028)]. Higher fresh root biomass was observed in plants applied with strain ST03 compared to the control plants (Figure 6A) since root hair formation was induced as shown in Figure 4A.

From the aforementioned data, we can conclude that the Streptomyces strain ST03 not only hampered the growth of F. verticillioides but also stimulated the growth of plants.



Impact of Streptomyces Strain ST03 on Intrinsic Plant Defense Response and Plant Growth Promoting Hormones When Co-applied With Fusarium verticillioides on Maize Seedlings

Concerning the action of this biocontrol strain on modulating plant growth promoting hormones, the involvement of genes associated with the metabolic pathways of auxin/indole-3-acetic acid (Auxin/IAA), abscisic acid (ABA), and gibberellic acid (GA) were examined. In the literature, the timely activation of key genes in the biosynthesis pathways of salicylic acid (SA), jasmonic acid (JA), 1,4-benzoxazine-3-ones (BXs), and pathogenesis-related proteins (PRs) plays a dominant role in maize resistance to fungal plant pathogens (Bacon et al., 2007; Ding et al., 2015; Wang et al., 2016). Thus, we further uncovered modes of action of the biocontrol strain ST03 on these secondary metabolism-related genes.


The Action on Key Genes in the Biosynthesis of Auxin, Gibberellic Acid, and Abscisic Acid

To assess the impacts of the biocontrol strain on the biosynthesis of the typical plant growth hormones Auxin/IAA, GA, and ABA, we verified the expression profiles of the genes encoding the auxin responsive factors 1 and 2 (ARF1 and ARF2), the auxin transporter-like protein (AUX1) (for auxin signaling pathway), the glycine-rich protein (ABI) (for ABA signaling pathway), and the anther ear 1 (AN1) (for GA signaling pathway). These genes were selected because of their important biological function in the biosynthesis pathways of these phytohormones. For example, ARF1 and ARF2 encode two auxin transcription factors, while AUX1 encodes an auxin influx transporter (Zhang et al., 2019). Gene ABI plays a regulatory role in ABA signaling by encoding a glycine-rich protein (Ding et al., 2015). Finally, AN1 is capable of regulating the GA phytohormone biosynthesis in maize (Zhang et al., 2019).

In roots, at early time points 1 and 2 dai, a clear downregulation of AUX1, ARF1, and ARF2 was observed in plants applied with strain ST03 only (W + ST03 treatment) (Figure 7). However, later at 4 and 8 dai, ARF2 was significantly up-regulated, respectively representing 2.7-fold (p = 0.029) and 5.5-fold (p = 0.029), while ARF1 and AUX1 returned to the basal levels compared to the control plants. Similar trends were observed when co-applied with the pathogen (FV + ST03 treatment). Especially, at 2 dai, there was a concomitant downregulation of AUX1 (Log2FC = –2.7, one-tailed p = 0.065), ARF1 (Log2FC = –3.4, p = 0.029), and ARF2 (Log2FC = –9.7, p = 0.029). By contrast, when applied with F. verticillioides alone, at 1 and 2 dai, the expression levels of AUX1, ARF1, and ARF2 were not different from the control plants. Comparable to the other treatments, ARF2 was upregulated at 4 (2.7-fold, p = 0.029) and 8 (3.9-fold, p = 0.029) dai. Interestingly, similar results were observed in leaves in all the treatments.
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FIGURE 7. Heat map of the differential gene expression levels in leaf and root by treatments at four-time points. This work applied Bt/GT NK7328-maize line. The colors indicate the FC changes (FC) of gene expression in log base 2. Up-regulation of each gene is shown in green (increased abundance), down-regulation is shown in red (decreased abundance), no change is shown in yellow, and absence of expression is indicated in white. Salicylic acid (SA); jasmonic acid (JA); 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA); abscisic acid (ABA); gibberellic acid (GA); auxin/indole-3-acetic acid (Aux/IAA). dai, days after inoculation. Defense response was monitored at 1, 2, 4, and 8 dai. F. verticillioides-infected maize seeds were planted in soil pre-inoculated with the biocontrol strain ST03 (FV + ST03) and planted in mock-inoculated with sterile water soil (FV + W); F. verticillioides non-infected maize seeds were planted in soil pre-inoculated with the biocontrol strain (W + ST03); or planted in mock soil (W + W). The final concentration of Streptomyces ST03 in soil was 106 CFU g– 1. At each time point, four biological replicates were done per treatment. The experiment was repeated twice. Symbol (*) depicts the significant difference between treatments and the control mock plants using a one-tailed Kruskal–Wallis test at a significant level of α = 0.05.


For the GA biosynthesis-related gene AN1, in roots, at 2 dai, a very small downregulation was observed at this gene [Log2FC = –1, p = 0.1] when applied with the biocontrol strain (Figure 7). Later AN1 was induced at 8 dai (4.7-fold, p = 0.029). In the concomitant presence of F. verticillioides and the biocontrol strain, a strong suppression of AN1 was observed at 2 dai (Log2FC = –5.7, one-tailed p = 0.065), subsequently, at 8 dai, this gene returned to the basal level as in the control plants. When applied with F. verticillioides alone, the expression level of AN1 was not different from the control plants at all time points. In leaves, similar trends of AN1 expression were obtained from roots for all treatments after 1 dai.

For the profile of ABA-related gene ABI in roots when co-applied with the pathogen (FV + ST03), at the earlier time-points 1 and 2 dai ABI was triggered 8.8-fold (p = 0.029) and 2.2-fold (one-tailed p = 0.057) respectively and returned to the basal level. A similar trend was observed at the singular inoculation of F. verticillioides. Similar observations were obtained in leaves by treatments.

In conclusion, the findings indicate that the preinoculation of biocontrol strain ST03 in the soil resulted in a downregulation of the auxin responsive genes ARF1, ARF2, and AUX1, and the GA-related gene AN1 at earlier time-points even in absence of F. verticillioides. Afterward, the expression of these genes was similar to the control treatment or upregulated from 4 dai onward, particularly, ARF2. By contrast, the singular infection of F. verticillioides did not impact the expression levels of these genes.



The Action on Key Genes in the Biosynthesis of Salicylic Acid, Jasmonic Acid, and Pathogenesis-Related Proteins

To assess the action on the SA, JA, and PRs biosynthesis, we used genes encoding the hallmark enzymes phenylalanine ammonialyase (PAL) (for SA pathway), allene oxide synthase (AOS), and lipoxygenases (LOX3 and LOX10) (for JA pathway), and PR proteins (PR1, PR2, PR3, and PR10) (for PRs biosynthesis). The activation of these genes has been demonstrated to be involved in the defense responses of maize to biotic stresses (Lanubile et al., 2010; Tzin et al., 2017; Zhang et al., 2019).

In roots, for plants applied with train ST03 alone (W + ST03), the expression level of PAL remained unchanged compared to the mock control plants at all time points (Figure 7). Similar results were observed in plants co-applied with the pathogen (FV + ST03) with the exception at 4 dai where a small but significant induction of PAL (3.3-fold, p = 0.028) was observed. In leaves, at early time-points 1 and 2 dai, PAL seemed to be upregulated in all the treatments (Figure 7). Notably, at 2 dai, the gene expression levels were high of respectively, 5.4-fold (in W + ST03, one-tailed p = 0.15), 13.4-fold (in FV + ST03, p = 0.029), and 4.7-fold (in FV + W, p = 0.029).

Turning to the effects on PR1, PR2, PR3, and PR10 genes, in roots, at 2 dai, the singular presence of the biocontrol strain resulted in a strong induction of PR2 (6.1-fold, p = 0.028), PR3 (6.5-fold, p = 0.028), and PR10 (5.2-fold, p = 0.028) when compared to the mock control plants (Figure 7). The expression levels of PR2 and PR10 subsequently reduced till the basal levels at 4 dai onward. Remarkably, the concomitant application of F. verticillioides and the biocontrol strain ST03 resulted in a strong induction of the four PRs encoding genes at 2 and 4 dai. For example, at 4 dai, the expression levels were 6.3-fold of PR1 (p = 0.028), 108.2-fold of PR2 (p = 0.029), 11.3-fold of PR3 (p = 0.029), and 3.6-fold of PR10 (p = 0.029) compared to the mock control treatment (Figure 7). Similar results were observed for plants applied with the pathogen alone, indicating that F. verticillioides triggers the PR genes.

In leaves, when applied with the biocontrol strain alone, the expression of PR1, PR2, PR3, and PR10 was observed at the basal levels as in the control plants. When in co-inoculation of F. verticillioides and the biocontrol strain, at 1 dai, a small induction of PR1, PR3, and PR10 was present, particularly, there was a significantly clear upregulation of PR3 (8.8-fold, p = 0.029) compared to the mock control treatment. Remarkably, at 2 dai, and 4 dai, these genes were still upregulated together with the concomitant upregulation of the PR2 gene. Later, at 8 dai, all the PRs genes were regulated toward the basal levels as in the control treatment. Similar trends were observed when applied with the pathogen alone (Figure 7). Nonetheless, at 2 dai, data show that the expression levels of PR2, PR3, and PR10 was lower in plants applied with the pathogen than in plants co-applied with the biocontrol strain and F. verticillioides, representing PR2 [8.1-fold (FV + W) vs. 83.8-fold (FV + ST03)], PR3 (3.7-fold vs. 17-fold), and PR10 (7-fold vs. 37-fold) (Figure 7).

As for the expression of JA pathway-related genes, in roots, at 1 and 2 dai, a very small induction of AOS, but not of LOX3 and LOX10 was observed when applied with the biocontrol strain alone (Figure 7). Then, at 4 dai, AOS was suppressed with Log2FC levels of respectively, –2.8 (p = 0.029), while LOX3 showed a small upregulation (4.4-fold, p = 0.029). When co-applied with the pathogen (FV + ST03), at 2 dai, an upregulation of AOS (5.6-fold, p = 0.029) and LOX3 (1.9-fold, p = 0.029) was observed. LOX3 was upregulated (3.4-fold, p = 0.029) at 4 dai, and then was downregulated at 8 dai (Log2FC = –1.8, p = 0.029). Similar trends were observed in plants applied with the pathogen alone (Figure 7).

In leaves, at 1 dai, only AOS was slightly induced by the biocontrol strain (3.1-fold, one-tailed p = 0.25) (Figure 7). Subsequently, the small induction of AOS (2-fold, one-tailed p = 0.15) continued to be observed at 2 dai besides induction of LOX10 (5.8-fold, p = 0.029). At 4 dai, both AOS and LOX10 were down-regulated with Log2FC values of –1.4 (one-tailed p = 0.06) and –2.3 (one-tailed p = 0.05), respectively. At 8 dai, they were modulated back to the basal levels as in the control treatment. Similar trends were observed in plants co-applied with F. verticillioides. In contrast, in presence of F. verticillioides alone, the expression levels of AOS, LOX3, and LOX10 were not different from the control treatment.

To sum up, the data show that the biocontrol strain ST03 slightly induced PAL (SA pathway), AOS and LOX3 (JA pathway), and the PRs-related genes (PR1, PR2, PR3, and PR10) even in absence of a pathogen. Secondly, root infection by F. verticillioides resulted in a strong induction of PRs-related genes in both roots and leaves.



The Action on Key Genes in the Biosynthesis of 1,4-Benzoxazine-3-Ones

To determine the effect of the biocontrol strain ST03 on the biosynthesis of BXs defensive secondary metabolites, we examined three key BXs responsive genes BX6, BX8, and BX9 in the leaves and roots of plants. The induction of these genes might increase the resistance of maize plants against F. verticillioides.

In roots, the expression of BXs-related genes remained unchanged in plants applied with the biocontrol strain alone (W + ST03) (Figure 7) except for a slight down-regulation of the BX8 at 2 dai (Log2FC = –1.8, p = 0.029) compared to the mock control plants. A similar expression was observed in plants that were co-applied with the pathogen (FV + ST03). By contrast, at 2 dai, these genes were found at upregulated expression levels in plants applied with the pathogen alone (FV + W), especially for BX8 with the 5.5-fold change (p = 0.029), demonstrating that F. verticillioides could induce the BXs-mediated resistance response of maize roots (Figure 7).

Considering the responses of leaves, we observed a small but non-significant regulation of the BXs-related genes in plants when applied with the Streptomyces strain only compared to the mock control plants. On the contrary, a slight induction of these BXs-related genes appeared in the leaves of the plants when co-applied with the biocontrol strain and F. verticillioides. Specifically, at 2 dai, the expression level of BX9 significantly increased (2.8-fold, p = 0.029), and notably, a concomitant upregulation of BX6, BX8, and BX9 was present at 4 dai, of which BX8 showed a significant expression level with 6.5-fold change (p = 0.029) compared to the mock control plants (Figure 7). At 2 dai the BXs-related genes BX8 (4.7-fold, p = 0.029) and BX9 (2.5-fold, p = 0.029) were slightly triggered upon infection of F. verticillioides.

In conclusion, the BX6, BX8, and BX9 expression data show that the biocontrol strain ST03 did not induce these genes in both leaves and roots in the absence of the pathogen. While a small induction was observed in leaves when in concomitant presence of F. verticillioides. The BXs pathway in maize seedlings was also slightly triggered by a singular F. verticillioides infection.





DISCUSSION

Fusarium ear rot is a severe disease in maize mainly caused by F. verticillioides, which not only reduces crop production and grain quality but also poses a health risk due to the production of fumonisins, which are possibly carcinogenic to humans. This fungal phytopathogen increasingly occurs in maize fields worldwide. To the best of our knowledge, no FER-resistant maize inbred lines are registered on market. Together with the strict legislation of agrochemicals, searching for rhizobacteria-based BCAs is a sustainable and eco-friendly strategy. Prior reports have documented that BCAs mainly suppress fungal crop pathogens through direct antagonism and indirect induction of the plant systemic resistance (Pineda et al., 2010; Khan et al., 2020; Raymaekers et al., 2020). Yet, to date, molecular insights into the intricate interaction of F. verticillioides – Streptomyces – maize are scarce.

This study demonstrated that the Streptomyces strain ST03 not only directly antagonizes the pathogen but also interferes with plant defense systems and promotes the growth of plants. Moreover, the in vitro data show a wide spectrum of direct antagonism of this biocontrol strain ST03 to other fungal crop diseases, e.g., FHB in wheat caused by F. graminearum, Fusarium basal rot (FBR) in onion caused by F. oxysporum.

In agreement with prior studies Streptomyces spp. can produce antibiosis-mediated compounds, e.g., fungal cell wall-degrading enzymes (such as 1,3-β-glucanase, and chitinase) (Getha and Vikineswary, 2002), volatile compounds (Jones and Elliot, 2017), and other toxic extracellular metabolites that can defeat the pathogen in a distance due to their rapid diffusion (Getha and Vikineswary, 2002; Faheem et al., 2015). The cell-free supernatant – a reservoir of extracellular compounds excreted by the strain ST03, showed high efficacy against the pathogens. The cell-free supernatant inhibited the proliferation of F. verticillioides in both in vitro, and in vivo bioassays.

Apart from the direct antagonism, the strain ST03 hampered the mycotoxin production of F. verticillioides. The levels of FB1, FB2, and FB3 were significantly reduced in the F. verticillioides infected cobs treated with the Streptomyces ST03 cell suspension or cell-free supernatant compared to the non-treated cobs. A possibility for the reduction of fumonisins is the inhibition of fungal growth by strain ST03. In agreement with Nguyen et al. (2020), Streptomyces spp. not only inhibit the growth of F. verticillioides, but also reduce fumonisin production via interfering with the fungal metabolic pathways, particularly mycotoxigenesis. Notwithstanding, the underlying mechanisms on the actions on mycotoxigenesis of F. verticillioides by Streptomyces spp. are often lacking. A study by Strub et al. (2019) has indicated that Streptomyces sp. suppresses the fumonisin biosynthesis-involved genes when co-cultured with F. verticillioides. In addition, although there is no report on biodegradation of fumonisins by Streptomyces spp., biodegradation of aflatoxin B1 by this microbial community has been reported (Harkai et al., 2016). Several studies have shown an effective biocontrol potential of Streptomyces spp. in suppression of the growth of F. graminearum, Aspergillus flavus, and their mycotoxin production (Boukaew et al., 2020; Colombo et al., 2020).

Interestingly, the biocontrol strain ST03 is also a plant growth-promoting candidate. Data show that the physiological and developmental index, e.g., leaf length, leaf biomass, and chlorophyll content were significantly stimulated when applied with the biocontrol strain alone or when co-applied with the pathogen. Numerous studies have demonstrated that actinobacteria can produce plant growth hormones, especially indole-3-acetic acid (IAA) (Goudjal et al., 2013; Lin and Xu, 2013). We hypothesize that the production of IAA by Streptomyces plays a pivotal role in the rhizosphere colonization and plant growth promotion of plants. IAA is well-known as an important signaling molecule in plant-microbe interaction (Spaepen and Vanderleyden, 2011). In the present work, it is possible that IAA produced by the Streptomyces strain ST03 resulted in the suppression of auxin pathway-related genes ARF1, ARF2, and AUX1 in plants (Graphical Abstract), which could not only be a strategy used by ST03 to circumvent the plant defense system, contributing to better bacteria-plant-root interaction (Spaepen and Vanderleyden, 2011) but especially this suppression might also decrease susceptibility of plants to the pathogen (Navarro et al., 2006). A report by Ding et al. (2008) showed that repression of auxin/IAA signaling enhances the resistance of rice to Xanthomonas oryzae pv. Oryzae. This is because the IAA is an elicitor of the biosynthesis of expansins that loosen the plant cell wall, but this loosening can facilitate root penetration of the pathogen (Ding et al., 2008). Thus, inhibition of expansins activity is a result of the repression of auxin signaling.

In addition to the suppression of auxin signaling, the AN1 expression data show that the biocontrol strain suppresses the GA biosynthesis pathway. A possibility is that Streptomyces strain ST03 is also capable of producing GA beside IAA, resulting in suppression of GA signaling in plants. Toumatia et al. (2016) reported that a Streptomyces strain has the ability to produce both IAA and GA, which promote the growth of wheat seedlings. Even though the roles of bacterial GA in plant-microbe communication are not fully understood yet, numerous studies have evidenced that GA producing microorganisms are categorized as plant growth-promoting rhizobacteria (Bottini et al., 2004).

Upon inoculation of plants with the biocontrol strain ST03, we observed a change in root architecture, mainly as an increase in lateral roots and root hairs and shortening of the root length (Figures 4A, 6A). Similar modes of action have been reported for plant growing rhizobacteria on roots (Dobbelaere et al., 1999). Apart from bacterial IAA biosynthesis, bacterial activation of, ACC (1-aminocyclopropane-1-carboxylate) deaminase is also responsible for plant growth promotion through reduction of ethylene (Spaepen and Vanderleyden, 2011).

Together with direct antagonism and the action on auxin and GA signaling, our findings indicate that the biocontrol strain ST03 slightly induces PAL (in SA pathway), AOS, and LOX3 (in JA pathway) and PRs-related genes (PR1, PR2, PR3, and PR10) even in the absence of a pathogen. Prior studies have also shown that rhizobacteria can induce the archetypal defense pathways in plants related to SA and/or JA (Conn et al., 2008; Kurth et al., 2014; Tan et al., 2020; Vergnes et al., 2020). Notably, the accumulation of SA and JA correlate to the strong activation of the PRs-related genes PR1, PR2, PR3, and PR10 using a tobacco-based model plant (Niki et al., 1998). PR2 and PR3 encoding glucanase and chitinase respectively, which are the two foremost antifungal components, play crucial roles in the plant defense system (Van Loon, 1997).

In addition, BXs and their derivatives such as 2,4–dihydroxy–1,4–benzoxazin–3–one (DIBOA), 2,4–Dihydroxy–7–methoxy–2H–1,4–benzoxazin–3(4H)–one (DIMBOA), and 6–methoxybenzoxazolin–3–one (MBOA) are the key defense secondary metabolites in maize against pathogens and insects (Niemeyer, 2009; Lanubile et al., 2017). Even though the biosynthesis pathways of such antimicrobial metabolites in maize have been well documented (Cotton et al., 2019), the study of the action of actinobacteria on the BXs biosynthesis pathways in maize remains poorly understood. In this current work, the Streptomyces strain ST03 did not induce the BXs biosynthesis-related genes, but when co-applied with F. verticillioides, a small amount of induction of BX6, BX8, and BX9 was observed in the leaves. Ding et al. (2015) demonstrated that resistance of maize to Bipolaris maydis, a pathogen causing corn leaf blight, strongly correlates to up-regulation of BXs gene family (BX1 and BX8). Also, BXs-dependent resistance of maize toward Spodoptera littoralis, a leaf feeder, has been reported (Maag et al., 2016). In agreement with Tran et al. (2021c), F. verticillioides induced the upregulation of the BXs genes in leaves of line Bt/GT NK7328. This finding might be helpful for one who wants to develop FER-resistant maize lines associated with these genes.



CONCLUSION

Our data demonstrated the Streptomyces strain ST03 as a promising and effective biocontrol and plant growth-promoting candidate toward good management of Fusarium ear rot in maize. We uncovered two modes of action of strain ST03 against F. verticillioides comprising (1) direct antagonism and (2) modulating plant defense system via transient regulation of auxin signaling and archetypal defense pathways in plants. This strain could thus be used to develop a biofertilizer formulation toward sustainable agriculture.
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Increasing the iron content of plant products and iron assimilability represents a major issue for human nutrition and health. This is also a major challenge because iron is not readily available for plants in most cultivated soils despite its abundance in the Earth’s crust. Iron biofortification is defined as the enhancement of the iron content in edible parts of plants. This biofortification aims to reach the objectives defined by world organizations for human nutrition and health while being environment friendly. A series of options has been proposed to enhance plant iron uptake and fight against hidden hunger, but they all show limitations. The present review addresses the potential of soil microorganisms to promote plant iron nutrition. Increasing knowledge on the plant microbiota and plant-microbe interactions related to the iron dynamics has highlighted a considerable contribution of microorganisms to plant iron uptake and homeostasis. The present overview of the state of the art sheds light on plant iron uptake and homeostasis, and on the contribution of plant-microorganism (plant-microbe and plant-plant-microbe) interactions to plant nutritition. It highlights the effects of microorganisms on the plant iron status and on the co-occurring mechanisms, and shows how this knowledge may be valued through genetic and agronomic approaches. We propose a change of paradigm based on a more holistic approach gathering plant and microbial traits mediating iron uptake. Then, we present the possible applications in plant breeding, based on plant traits mediating plant-microbe interactions involved in plant iron uptake and physiology.
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INTRODUCTION

More than 820 million people are suffering from chronic undernourishment, and two billion from micronutrient deficiencies (hidden hunger) worldwide (FAO et al., 2019). People from lower-middle-income countries suffer from hunger (undernourishment) and do not have access to a varied diet (malnutrition). This is leading to micronutrient deficiencies (MNDs) in micronutrients such as iron (Fe), Zinc (Zn) and vitamin A. Overcoming undernourishment and overcoming malnutrition represent two of the main “Sustainable Development Goals” of the United Nations Development Program UNDP 2015 (UNDP, 2015).

Iron deficiency—the main case of MND in the world—has serious effects on human health, such as microcytic anemia, impaired immune function and poor endocrine function (Bailey et al., 2015; Wakeel et al., 2018; World Health Organization, 2021). Iron plays an essential role in the physiology of living organisms, e.g., in DNA synthesis, respiration, and photosynthesis (Aisen et al., 2001).

Meat is the main source of iron in food, with 20–60% of Fe in the form of haemoproteins that are easily assimilable by the human body (Cross et al., 2012). However, a significant fraction of the world human population does not have access to meat and thus suffers from iron deficiency. This deficiency also occurs in developed countries, especially among young ladies (Beck et al., 2014). In plant-based diets in developing countries, iron is supplied by plant products, especially grains (cereals and legumes). However, these grains contain low levels of Fe, and even more include anti-nutritional compounds such as phytates which hamper Fe assimilation (Gómez-Galera et al., 2010). Yet, the iron concentration in grains has decreased over the years because of intensified agriculture, e.g., with the introduction of semi-dwarf, high-yielding cultivars of wheat (Fan et al., 2008). At the same time, meat consumption is decreasing in developed countries with the growing concern for environmental (higher environmental footprint of animal proteins than of plant proteins) and diet issues. Thus, increasing Fe content and assimilability in plant products represents a major challenge for human nutrition and health.

To address this challenge, food fortification, which consists in artificially supplementing food with micronutrients (iron, zinc, vitamins), has been proposed as an option. The Food Fortification Initiative1 created a network of governmental and private agencies in several developing countries to promote the iron fortification of wheat flour. As a result, the consumption of Fe-fortified wheat flour has increased from 18% in 2004 to 27% in 2007, allievating iron deficiency for 540 million people (White and Broadley, 2009). Promising results were also obtained in India, the Philippines and Rwanda with rice, pearl millet and beans supplemented with iron (Finkelstein et al., 2017, 2019). However, there are limitations to this approach. Costs are important, supplementation may modify food taste and is not always well accepted, and finally fortified food hardly reaches poor people with limited or no access to commercial channels. Iron fertilization is a common agricultural practice also used to mitigate plant iron deficiency but not considered so far overlooked to increase staple food quality. Three main groups of Fe fertilizers are used: inorganic Fe compounds, synthetic Fe, and organic Fe complexes (Abadía et al., 2011; Zanin et al., 2019). In addition to their high cost, the possible incorporation of these ligands into edible parts of the plant (Abadía et al., 2011) may represent a problem. These limitations also apply to new nano-chelates under development (Yuan et al., 2018). Indeed, the increasing use of nanoparticles raises concerns for human health or the environment (Soares and Soares, 2021). In short, efficient Fe fertilizers have several drawbacks: they are expensive, their efficiency is variable, and they can be incorporated in the host plant including its edible parts. They do not represent sustainable options for increasing the iron content of agricultural products, even if foliar applications of iron may be of interest in specific cases (e.g., increasing the iron content of rice and barley grains, Slamet-Loedin et al., 2015).

Soil microorganisms have long been known to contribute to plant iron nutrition (Marschner, 1995). This beneficial effect was first showed by comparing the iron contents of plants grown in sterile and non-sterile soils. The iron content of sunflower, maize (Masalha et al., 2000), rape and red clover (Rroço et al., 2003; Jin et al., 2006) was significantly lower when they were grown in sterile rather than non-sterile soil; sunflower even suffered from chlorosis in sterile soil. A high occurrence of oligotrophic bacteria in lupine rhizosphere was associated with an increased concentration of Fe, Cu, Mn and Zn in plant shoots, suggesting that these bacteria may contribute to plant iron and more generally to plant mineral nutrition (De Santiago et al., 2019). The promotion of iron nutrition in a range of plant species by various microbial strains (e.g., root symbionts) and metabolites has been reported in a series of studies listed in Table 1. Interactions between plants may also facilitate their iron nutrition. Intercropping cereal and legume plants can notably improve their iron content (Zuo et al., 2000; Gunes et al., 2007; Zuo and Zhang, 2009; Xue et al., 2016). Thus, maize-peanut intecropping improved Fe nutrition of peanut (Zuo et al., 2000), while wheat-chickpea intecropping increased the Fe concentration in wheat seeds (Gunes et al., 2007). Interestingly, the rhizosphere microbiota of these associated plant species differed from the rhizosphere microbiota of these same plants cultivated separately (Sun et al., 2009; Zhang et al., 2012; Wahbi et al., 2016a; Taschen et al., 2017). A more complex rhizosphere bacterial network was recently shown in pea-wheat intecropping (Pivato et al., 2021). Thus, we can hypothesize that the rhizosphere microbiota accounts for the increased iron uptake by intercropped plants.


TABLE 1. Microorganisms and microbial metabolites mediating the plant iron status.
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On the basis of a range of studies published lately, we argue that iron biofortification is a relevant option to alleviate MND. This option requires better knowledge of the organisms and mechanisms that promote plant iron uptake and homeostasis. The present overview of the state of the art sheds light on plant iron uptake and homeostasis, and on the plant-microorganisms interactions (plant-microbe and plant-plant-microbe) that impact these processes. Then, we describe different strategies of iron fortification of plants, with a special focus on biofortication, and we finally discuss promising prospects based on the monitoring of the dynamic interplay between plants and their rhizosphere microbiota, including microbes from the surrounding soil, attached to and influenced by the roots, plus from the roots themselves (endophytes).



BIOLOGICAL LEVERS TO PROMOTE PLANT IRON UPTAKE AND REGULATE IRON HOMEOSTASIS


Valuing Plant Genetic Resources to Improve Iron Nutrition


Plant Iron Physiology

The forms of iron available to plants are the ferric iron cation (Fe3+), or ferric-ion chelates (Fe3+-chelates), and the ferrous iron cation (Fe2+) (Figure 1). Two main strategies of root iron acquisition are described: strategy I (the reduction-based strategy), and strategy II (the chelation strategy) (Curie and Briat, 2003; Curie et al., 2009; Kobayashi and Nishizawa, 2012; Connorton et al., 2017). Strategy I is found in non-graminaceous monocots and dicots. It relies on the reduction of Fe3+ by a ferric reduction oxidase (encoded by a FRO gene), and the incorporation of the resulting Fe2+ into the root by an iron-regulated transporter (encoded by an IRT or a RIT gene). The pH is decreased in the rhizosphere (Hinsinger et al., 2003), as a result of proton extrusion by plasma membrane proton pumps (encoded by an AHA gene); this acidification increases Fe3+ solubility.
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FIGURE 1. Schematic representation of different aspects of microbial regulation of the plant iron status. (A) Types of effects of microorganisms on the plant iron status: (i) content, (ii) root and/or shoot distribution, (iii) assimilability, and (iv) iron storage in the seeds (see Table 1 for further information). (B) Microbial activities involved in the active strategy of plant iron uptake and homeostasis. Plant transporters and enzymes mediating iron uptake are represented in blue for dicots and non-graminaceous monocots, and in red for grasses. In iron uptake strategy I (reductive strategy), protons are extruded by H+-ATPases (e.g., AHA in Arabidopsis), Fe3+ is reduced by plant ferric reductases (e.g., FRO2 in Arabidopsis) to Fe2+ which is internalized in root cells by a specific transporter (e.g., IRT1 in Arabidopsis or IRT-like in rice and barley). Excretion of root fluorescent phenolic compounds (FPC) via ABC transporters (e.g., PDR9 in Arabidopsis) contributes to strategy I iron uptake and more specifically to re-mobilization of root apoplastic iron which is internalized via IRT1. In iron uptake strategy II (chelating strategy), Fe3+ is chelated by phytosiderophores (PS) (e.g., secreted via TOM1 in rice) and the Fe-PS complex is internalized by a specific transporter (e.g., YSL in rice or YSL-like in peanut). A non-reductive mechanism controlled by the plant phosphorus (P) status implies a putative specific iron chelate transporter (ICT) possibly involved in the internalization of chelates formed by Fe3+ reduced and complexed by FPC (Fe2+-FPC). Numbers represent the types of microbial activities: ➊Acidification through production of protons (H+), organic acids (OA) and hydrogen cyanide (HCN), and ➋Chelation by OA, HCN or microbial siderophores (MS) contributes to solubilization of ferric iron (Fe3+) immobilized in O(OH)n. Acidification and chelation increase bioavailability of Fe3+ to plants. ➌Fe3+-MS complexes are suspected to be internalized by a non-reductive process (MS transport, MS-T) with possible endocytosis (represented by green vesicles). ➍Rhizosphere microorganisms can metabolize cellulose, hemicellulose and putrescine, or produce putrescine, and thus modify molecules involved in root apoplastic iron storage and re-mobilization. ➎Microorganisms triggering induced systemic plant resistance (ISR) influence FPC production; FPCs contribute to plant iron uptake by re-mobilizing root apoplastic iron through the modulation of MYB72 (root transcription factor) and BGLU42 (beta-glucosidase) expression. ➏Microorganisms influence the expression of key genes of plant iron uptake strategies I and II. ➐Microorganisms influence the plant reactive oxygen species (ROS) status, and this modulates the plant iron status. ➑Microorganisms influence the plant hormone (JA, jasmonic acid; Et, ethylene; ABA, abscisic acid; NO, nitric oxide; GA, gibberellin; SA, salicylic acid; IAA, indole acetic acid) status (directly by synthesizing or metabolizing them, or indirectly by inducing plant defense responses), and this modulates the plant iron status. ➒Microorganisms influence the plant P status, which is implied in the regulation of the plant iron status. ➓Fungal root symbionts extend the volume of soil explored, and this improves acquisition of nutrients including iron. ⓫Phytosiderophore scavenging by soil bacteria influences strategy II plant iron uptake. Slash-dotted arrows indicate interrelations between various components of plant physiology influencing plant iron acquisition and redistribution. (*) influence on plant P bioavailability.


Strategy II is found in grasses. It relies on the excretion of phytosiderophores (PSs, structural derivatives of mugineic acid) by a transporter of mucigenic acid (encoded by a TOM gene) that chelates Fe3+ (Fe3+-PS) before incorporation into the root by an oligopeptide transporter belonging to the Yellow Stripe/Yellow Stripe Like family (YS/YSL) (Curie et al., 2009).

Differentiating plant species according to their iron uptake strategy has its own limitations, as both strategies are found in rice, barley and peanut (Ishimaru et al., 2006; Pedas et al., 2008; Xiong et al., 2013). In Arabidopsis (a strategy I plant), chelating agents (e.g., coumarins) may contribute to iron nutrition in addition to the reduction strategy, especially in alkaline environments (Fourcroy et al., 2014; Schmid et al., 2014; Schmidt et al., 2014). These fluorescent phenolic compounds (FPCs) are synthesized via the phenylpropanoid pathway and secreted via an ABC transporter (e.g., PDR9 in Arabidopsis). Chlorotic phenotypes of IRT1 and FRO2 mutants were not restored by FPCs from plant exudates, suggesting that strategy I is implied in the uptake of Fe3+chelated to PC (Fourcroy et al., 2016). However, based on a review of results obtained under phosphate- (Pi-) deficient conditions, Tsai and Schmidt (2017) hypothesized the existence of an auxiliary IRT1-independent iron chelate transporter (ICT) that would bypass the IRT1 uptake system and internalize the Fe-FPC complex under Pi-deficient conditions. Flavins, another family of phenolic compounds, also increased iron solubilization in the rhizosphere of other plant species (e.g., barrel medic, sugar beet) than Arabidopsis (Rodríguez-Celma et al., 2013; Sisó-Terraza et al., 2016). Iron solubilization by phenolic compounds has also been reported in rice, a strategy II plant (Bashir et al., 2010; Ishimaru et al., 2011). Besides PSs and FPCs, organic acids (e.g., citrate or succinate) chelate Fe3+ (Fe3+-OC) and contribute to plant iron nutrition (Abadía et al., 2011; Adeleke et al., 2017). Synthetic ferric chelates (Fe3+-SC)—e.g., Fe-EDDHA or Fe-EDTA –, may provide iron to strategy I plants; entire chelates have been found in roots and shoots (Orera et al., 2009, 2010). These small hydrophilic molecules are suspected to use the transpiration stream as the driving force of entry (Abadía et al., 2011). Iron uptake by the leaves follows similar mechanisms as those described in the roots (Malhotra et al., 2019). Thus, even if strategies I and II remain essential pathways for iron acquisition by plants, they are not necessarily exclusive and may be complemented by additional mechanisms.

Iron is a central cofactor of enzymatic reactions involving electron transfer in essential metabolic pathways such as respiration or photosynthesis (Balk and Schaedler, 2014). Yet, its redox properties may also induce toxic effects. Free Fe2+ catalyzes the Fenton reaction in which reactive oxygen species (ROS) characteristic of oxidative stress are generated, and ROS may cause irreparable damage to cellular components when they are present in excessive concentrations (Winterbourn, 1995). The intracellular concentrations and forms of iron are therefore tightly regulated at the cellular level. The mechanisms involved in iron homeostasis have many common features in strategy I and strategy II plants (Connorton et al., 2017; Grillet and Schmidt, 2019; Kobayashi et al., 2019). In planta, chelation of Fe2+ to Nicotianamine (NA), and Fe3+ to citrate, allows iron mobilization and the control of its high reactivity (Curie et al., 2009; Connorton et al., 2017). In strategy II plants, ferric iron is additionally present in the form of Fe3+-PS (Zhang et al., 2019). Iron is also stored in unreactive forms such as ferritins that represent a major iron pool in plants mostly found in chloroplasts and mitochondria. They behave like a buffer that stores iron to avoid overload and the resulting ROS formation, and releases it when needed. To avoid oxidative stress, iron storage in vacuoles also contributes to iron homeostasis. Candidate transporters for moving cytosolic iron into vacuoles are members of the IRT, FPN/IREG (ferroportin/iron regulated) and VIT (vacuolar iron transporter) families (Morrissey et al., 2009; Roschzttardtz et al., 2009; Vert et al., 2009). VIT transporters are particularly important for vacuolar iron storage in seeds (Roschzttardtz et al., 2009; Zhang et al., 2012). In seeds, iron is mainly found under an insoluble form poorly available for nutrition because it is complexed with phosphate bound to inositol in phytates (Mary et al., 2015). Iron remobilization from the vacuoles is mediated by members of the natural resistance-associated macro-phage protein family (NRAMP) (Curie et al., 2000; Nevo and Nelson, 2006). In addition to ferritins and vacuoles, the root apoplast appears as a third level of iron storage by plants (Curie and Mari, 2017). Bienfait et al. (1985) demonstrated that a pool of 500–1,000 nanomoles of Fe per gram fresh weight could be formed in the root apoplast where it is adsorbed on the cell wall whose net charge is negative (Shomer et al., 2003). The cell wall composition, more particularly the respective proportions of celluloses, hemicelluloses, pectins, and lignins, varies depending upon plant genotypes, and influences the amount of adsorbed iron (Chen, 2014; Shi et al., 2018). The plant capacity to store iron in its root apoplast is positively correlated to the amount of hemicelluloses in the cell wall and would be a key determinant in the IDC tolerance of graminaceous plant species such as maize (Shi et al., 2018). IDC tolerance in soybean is also associated with an increased amount of root apoplastic iron (Longnecker and Welch, 1990). Remobilization of precipitated apoplastic iron relies on phenolic compounds (Jin et al., 2007; Bashir et al., 2011; Ishimaru et al., 2011; Lei et al., 2014), putrescine synthesis, and decreased cell wall suberization (Zhu et al., 2016; Curie and Mari, 2017).

Proteins involved in iron acquisition—F6′H1, PDR9, and members of the HA, FRO, and IRT family—also mediate cellular iron trafficking (Connorton et al., 2017). Members of the oligopeptide transporter (OPT) protein family (e.g., YS/YSL transporters) are also key determinants of iron transport in planta (Su et al., 2018; Grillet and Schmidt, 2019; Kumar et al., 2019). This transporter family is particularly important for the transport of Fe to the seeds (Grillet et al., 2014; Curie and Mari, 2017; Su et al., 2018; Kumar et al., 2019).



Plant Breeding

The identification of plant traits mediating plant iron uptake and iron homeostasis in planta offers opportunities for plant breeders to promote iron nutrition and content in agricultural products (Waters and Sankaran, 2011).

Conventional plant selection and new breeding strategies are both applied to enhance iron acquisition, storage and nutritional availability in edible parts of crops. There exists a natural genetic variation in the level of expression of the mechanisms regulating iron uptake and homeostasis among plant genotypes. The efficiency of plant iron nutrition is highly variable across plant species (Hansen et al., 2006). The level of tolerance or the susceptibility to IDC highly differs according to plant species and even to cultivars (e.g., Gildersleeve and Ocumpaugh, 1989; Zribi and Gharsalli, 2002; Mahmoudi et al., 2009; Helms et al., 2010). The Fe levels in grains can vary significantly depending on cultivars (e.g., from 10 to 160 mg/kg in maize, 15–360 mg/kg in wheat, 23–105 mg/kg in pea and 34–157 mg/kg in bean) (White and Broadley, 2005, 2009). Assimilability of Fe for human beings correlates positively with the iron content in edible parts of crops (Welch et al., 2000) and varies with the forms of iron. The most assimilable forms of iron in plants are Fe2+-nicotianamine (Fe2+-NA) and Fe3+-ferritin (Zielińska-Dawidziak, 2015; Beasley et al., 2019). In addition, iron nutritional availability is decreased by antinutrient molecules (e.g., phytates and tannins) that hamper its assimilation. Sufficient iron availability in food products is only possible when the concentration of these molecules is low (Sandberg, 2002; Delimont et al., 2017). Conventional breeding has led to the selection of cultivars showing better resistance to iron stress (i.e., IDC tolerant) and a higher iron content in edible parts, but also a decreased content of antinutrients (reviewed in Garcia-Oliveira et al., 2018). This was the case in species displaying high natural variability in their iron content (e.g., bean and pearl millet) (Manwaring et al., 2016; Lockyer et al., 2018). The selection of IDC-tolerant cultivars has further improved yields under iron stress conditions. However, the corresponding selection process relies on a long and costly screening of inbred lines.

Taking that limitation into account, transgenesis has been proposed as an option to promote plant iron nutrition and content by overexpressing or silencing genes mediating plant iron acquisition, transport and/or storage. The corresponding strategy has been followed through the targeting of one gene or several ones in combination and has led to genotypes with an increased iron content (i.e., from <2 to 6-fold) (Kawakami and Bhullar, 2018; Connorton and Balk, 2019). However, transgenesis raises public concerns (Lassoued et al., 2018). Furthermore, positive effects recorded in controlled conditions may be lost in field conditions because iron bioavailability varies among soils (Gregory et al., 2017). For example, iron uptake by soybean was increased by overexpressing FRO in controlled iron stress conditions (Vasconcelos et al., 2006) but not in high-calcareous soil environments (Kocak, 2014); even more, this genetic transformation appeared to be deleterious under non-iron stressed conditions due to toxic effects of the iron overload (Vasconcelos et al., 2006).

More generally, results from cultivars obtained from conventional and new breeding strategies vary depending upon soil iron bioavailability (Gregory et al., 2017; Garcia-Oliveira et al., 2018; Lockyer et al., 2018; Connorton and Balk, 2019). Alternative strategies based on QTL (quantitative trait loci) identification and on genome-wide association (GWAS) have been proposed to identify putative traits and genes mediating plant iron nutrition, and include them in plant breeding programs. The first step of this strategy confirmed the importance of genes implied in (i) iron uptake strategies I and II, (ii) the synthesis of phenolic compounds, and (iii) iron homeostasis. They further underlined the multigenic character of traits related to the plant iron status and the crucial importance of environmental conditions (Garcia-Oliveira et al., 2018; Connorton and Balk, 2019). Gene expression profiling of soybean plants sensitive or tolerant to IDC pinpointed key roles for phenylpropanoids (Waters et al., 2018). The major contribution of iron storage in the root apoplast and of fluorescent phenolics to remobilize this extracytoplasmic iron was confirmed and represents potential breeding targets (Curie and Mari, 2017; Waters et al., 2018). The complex and interregulated mechanisms of plant iron uptake and homeostasis has also been emphasized. A key role has been given to (i) phosphorus known to be in close relation with the iron status (e.g., Vansuyt et al., 2003; Tsai and Schmidt, 2017; Shi et al., 2018; Filiz and Kurt, 2019), (ii) ISR through the root-specific transcription factor MYB72 and beta-glucosidase BGLU42 (Zamioudis et al., 2014), and (iii) hormone signaling, especially IAA, Et, NO and ABA signaling (Lei et al., 2014; Li et al., 2015; Curie and Mari, 2017; Filiz and Kurt, 2019). The complex interrelations between the plant iron status, the P status, defense reactions and hormone signaling make the promotion of plant nutrition via plant breeding a difficult task.




Plant-Microbe Interactions Mediating Iron Uptake and Homeostasis


Impact of Rhizosphere Microbiota on Iron Availability

The rhizosphere microbiota impacts the physico-chemical properties of the root environment by acidifying the soil through the release of organic acids and protons, and chelating iron with organic acids and siderophores (Figure 1B➊, ➋). These modifications prompt iron extraction from the soil matrix and thus modify its solubility and availability for the host plant.

Solubilization of iron in the rhizosphere is promoted by acidification. Protons are released during microbial activities such as nitrification (Kuypers et al., 2018). Protons may also be released from carboxylic groups when the pH of the soil solution is higher than the pKa of organic acids exuded by microorganisms (Glasauer et al., 2003). The protons released by microbial and plant activities acidify the rhizosphere (Hinsinger et al., 2003; Norton and Ouyang, 2019). Iron initially bound in scarcely soluble minerals (e.g., hematites, goethites) and amorphous solids [e.g., Fe(OH)3] is replaced by protons at the sorption sites and released in the soil solution (Figure 1B➊; Albrecht-Gary and Crumbliss, 1998; Glasauer et al., 2003). Acidification also results from phosphate solubilization (Sharma A. et al., 2013). Organic acids are produced by rhizosphere bacteria that solubilize phosphates (e.g., Pseudomonas, Bacillus, Rhizobium, and Enterobacter) (Werra et al., 2009; Adeleke et al., 2017). Fe and P are often sequestered in soils together in low-solubility minerals like strengite or phosphosiderite. Thus, increased solubility of iron is associated with increased solubility of P (Marschner et al., 2011; Rijavec and Lapanje, 2016).

Solubilization of iron in the rhizosphere is also promoted by its chelation with organic acids, and by siderophores that scavenge ferric iron immobilized in scarcely soluble or insoluble forms and make it available to plants (Figure 1B➋; Kraemer, 2004; Jin et al., 2010; Ferret et al., 2014). The great majority of aerobic microorganisms synthesize small molecules with a high affinity for ferric iron—called siderophores—for their nutrition in iron stress conditions. Microbial siderophores (MSs) present high but variable affinity for Fe3+, and are also diverse in size and chemical composition (Budzikiewicz, 2004; Hider and Kong, 2010; Saha et al., 2016; Khan et al., 2019). It has long been known that plants use iron chelated to MSs for their nutrition in Fe-limiting conditions; in particular, pyoverdines (pvds), a major class of siderophores produced by fluorescent pseudomonads, show a high affinity for ferric iron (reviewed by Crowley, 2006; Vansuyt et al., 2007; Jin et al., 2010; Shirley et al., 2011; Nagata et al., 2013; Radzki et al., 2013; Trapet et al., 2016). Rhizoferrin, ferrocrocin, fusigen, and coprogen, all produced by fungal root symbionts, also display high affinity for ferric iron (Winkelmann, 2017; Haselwandter et al., 2020). Microorganisms are expected to be highly competitive for Fe compared to plant roots because they can (i) use Fe bound to phytosiderophores (PSs) (microbial siderophores like pyoverdine have much higher affinity for Fe than PSs do), (ii) decompose PSs, and (iii) acquire iron more efficiently (Figure 1B⓫; Marschner et al., 2011; Sadrarhami et al., 2021). However, while Fe-pvds are more stable than Fe-PSs, they do not depress plant iron nutrition but, even more, promote it (Vansuyt et al., 2007; Jin et al., 2010; Shirley et al., 2011) in contrast with the early report of Becker et al. (1985b). The mechanisms underlying the beneficial effect of microbial siderophores on plant nutrition remain to be elucidated, even if some insights have been given (Vansuyt et al., 2007; Gonzàlez-Guerrero et al., 2016). Organic acids present much lower affinity for iron than siderophores do, but in circumneutral and alkaline environments such as calcareous soils, organic acids may be deprotonated and thus act as metal-complexing agents (Dehner et al., 2010). Hydrogen cyanide (HCN) produced by microorganisms may also contribute to iron mobilization by chelation (Frey et al., 2010; Rijavec and Lapanje, 2016).

Availability of soil nutrients, including Fe, can also be enhanced by increasing the volume of soil explored (Figure 1B➓). This is achieved by root fungal symbionts which greatly extend the scope of the roots through their fine hyphae. Increases in plant iron content have been ascribed to a better access to soil nutrients via fungal networks (Caris et al., 1998; Liu et al., 2000; Farzaneh et al., 2011). In addition, iron is transported into root cells by endosymbionts (Gonzàlez-Guerrero et al., 2016).



Plant Iron Physiology Modulation by the Rhizosphere Microbiota

Rhizosphere microorganisms modulate plant iron uptake mechanisms. The expression of genes involved in strategies I and II is modulated in the presence of microorganisms (Figure 1B➏; Zhang et al., 2009; Nagata et al., 2013; Nagata, 2017; Kobae et al., 2014; Zhou et al., 2016, 2018; Wang et al., 2017; Kabir et al., 2020). Rhizosphere acidification and ferric reductase activity (implied in strategy I) and plant PS synthesis (implied in strategy II) are enhanced (Reza, 2017; Wang et al., 2017; Zhou et al., 2018; Prity et al., 2020). The production of plant phenolics known to impact plant iron uptake and remobilization (Figure 1B➎; Fourcroy et al., 2016; Curie and Mari, 2017; Waters et al., 2018) and iron assimilability in food due to their antinutrient properties (Delimont et al., 2017) is also modified. Fluorescent pseudomonads induce the ISR (Van Loon et al., 2008; Berendsen et al., 2015) which regulates the expression of the root-specific transcription factor MYB72 and the MYB72-controlled beta-glucosidase BGLU42 (Zamioudis et al., 2014). These factors control the synthesis and excretion of iron-mobilizing FPCs in Arabidopsis (Palmer et al., 2013). Coumarins improve plant performance by eliciting microbe-assisted iron nutrition (Harbort et al., 2020). The concentration and composition of phenolic compounds in edible parts of plants is regulated by associated microorganisms (e.g., Basha et al., 2006; Lavania et al., 2006; Baslam et al., 2011; Jain et al., 2014; Singh et al., 2014; Baker et al., 2015).

Microorganisms modulate plant hormone signaling, which in turn impacts the plant iron physiology by modulating iron acquisition and homeostasis (Figure 1B➑; Lei et al., 2014; Li et al., 2015; Filiz and Kurt, 2019). Plant hormone signaling is under the control of microorganisms through the elicitation of the induced systemic response (ISR), a plant response interrelated with the plant iron deficiency response (Zamioudis et al., 2014; Romera et al., 2019). Changes in the plant indole acetic acid (IAA) and iron contents are observed concomitantly after bacterial inoculation, suggesting that microorganisms impact together hormone signaling and iron nutrition (Zhou et al., 2016, 2018; Housh et al., 2021). Emission of volatile organic compounds (VOCs) by Bacillus amyloliquefaciens promotes plant iron nutrition in Arabidopsis, and this promotion requires nitric oxide (NO) regulation (Wang et al., 2017), suggesting that the beneficial effect of the rhizosphere bacterial strain is regulated by plant hormone signaling. Rhizosphere microorganisms may either synthesize or degrade phytohormones [i.e., abscisic acid (ABA); IAA; gibberellic acid (GA); cytokinins (CKs); salicylic acid (SA); ethylene (Et); NO] and therefore modulate phytohormone concentrations (Horchani et al., 2011; Bakker et al., 2014; Egamberdieva et al., 2017; Ravanbakhsh et al., 2018). For example, the concentration of ethylene, a key regulator of root apoplastic iron remobilization under Fe shortage (Curie and Mari, 2017), is regulated by microbial 1-aminocyclopropane-1 carboxylic acid (ACC) deaminase that degrades the Et precursor (Ravanbakhsh et al., 2018).

The influence of microorganisms on the plant antioxidant defense has been associated to an increase of the plant iron content in a series of studies performed on sorghum, sunflower and alfalfa (Figure 1B➐; Kabir et al., 2020; Prity et al., 2020; Rahman et al., 2020). According to these authors, the promotion of ROS-scavenging activities by arbuscular mycorrhizal fungi (AMF) is part of the mechanisms involved in alleviation of Fe-deficiency symptoms.

Rhizosphere microorganisms can modify the plant iron status via their influence on the plant P status (Figure 1B➒; Tsai and Schmidt, 2017; Shi et al., 2018; Filiz and Kurt, 2019). Phosphate solubilizers and AMF have long been described to promote plant P nutrition and growth (Brown, 1974; Smith et al., 2011). More recently, microbial promotion of P nutrition was showed to impact iron partitioning in the roots and shoots of Thypha angustifolia (Ghosh et al., 2014), and to enhance iron nutrition in chicory through an AMF (Glomus irregulare syn. Rhizophagus irregularis; Labidi et al., 2012).

Other activities of rhizosphere microorganisms may also influence iron storage in the root apoplast and its remobilization. The hemicellulose composition of the root cell wall influences the amount of stored Fe, while putrescine, a diamine excreted by the roots, is involved in the iron remobilization process (Figure 1; Zhu et al., 2016; Shi et al., 2018). Since cellulose and hemicellulose are degraded by microbial activities, iron storage in the root apoplast is likely to be impacted by the corresponding microorganisms (Figure 1B➍; Lasa et al., 2019). Metatranscriptomic data indicate that the proportion of cellulose degraders is increased in the rhizosphere of cereals (Turner et al., 2013). Also, putrescine is one of the most commonly used substrate by wheat rhizosphere microorganisms (Gała̧zka et al., 2019): microbial degradation of this diamine (e.g., by pseudomonads) is thus likely to regulate plant remobilization of apoplastic iron (Kuiper et al., 2001; Song et al., 2015; Liu et al., 2018).

In sum, MSs play a key role in plant physiology related to iron uptake and homeostasis (Table 1 and Figures 1, 2) through (i) phosphorus solubilization and thus the plant P status (Sharma A. et al., 2013), (ii) elicitation of plant defense reactions through Microbial Associated Molecular Patterns (MAMPs) inducing ISR (De Vleesschauwer et al., 2006; Höfte and Bakker, 2007; Van Loon et al., 2008), (iii) plant hormone signaling and the synthesis of fluorescent root phenolics via ISR (Pieterse et al., 2014; Zamioudis et al., 2014), and (iv) the expression of genes mediating iron uptake and homeostasis (Table 1). The importance of microbial siderophores in the rhizosphere is also evidenced by results showing that their synthesis and activities are enhanced in the rhizosphere. Protein families related to siderophore production increased in barley root- and rhizosphere-associated bacterial taxa (Bulgarelli et al., 2015), and sequences encoding bacterial siderophore synthesis were highly enriched within bacterial endophytes in rice roots (Sessitsch et al., 2012).


[image: image]

FIGURE 2. Schematic representation of the feedback loop summarizing the iron dynamics in the rhizosphere as regulated by plant-microbe interactions. ➊The plant iron status shapes the rhizosphere microbiota. Iron bioavailability ([Fe]↘) is decreased in the rhizosphere due to plant Fe uptake (a) (Robin et al., 2006, 2007), and plant excretion of root fluorescent phenolic compounds (FPCs) is enhanced in calcareous soils ([FPC]↗), with low iron availability ([Fe]↘) (b) (Jin et al., 2010; Stringlis et al., 2018). Production of microbial siderophores is consequently increased ([MS]↗) (c) (Jin et al., 2010), and pseudomonads adapted to iron stresss conditions are favored (d) (Robin et al., 2007) thanks to the synthesis of specific pyoverdines (pvds) (e) (Robin et al., 2007; Stringlis et al., 2018). ➋In return, these populations positively influence plant health and iron nutrition. Specific pvds of rhizosphere pseudomonads display high antagonistic activities by competing against phytopathogens for iron (f) (Robin et al., 2007; Gu et al., 2020), and others trigger plant induced systemic resistance (ISR) (g) (Stringlis et al., 2018). Fungal phytopathogens (Fusarium) can be counter-selected by FPCs (h) (Stringlis et al., 2018). Specific microbial populations are counter-selected by iron competition (←Fe→), by FPC toxicity ([image: image]), or microbial antagonism; these populations represent a source of iron (and of other nutriments) when metabolized (i). A siderophore produced by a pseudomonad strain recruited in the rhizosphere of an iron-stressed plant can also favor plant iron nutrition (j) (Jin et al., 2010), and distinct pvds of different strains of Pseudomonas differently favor plant iron nutrition (k) (Lurthy et al., 2020), suggesting that plant iron nutrition is impacted differently depending on the pseudomonads recruited in the rhizosphere.


In addition, discussion is running on the possible contribution of microbial siderophores to the remobilization of root apoplastic iron and in a non-reductive process of iron uptake by plants (Figure 1B➌). A large-scale transcriptomic study in Arabidopsis suggests that remobilization of root apoplastic iron is promoted by the pyoverdine synthesized by P. fluorescens strain C7R12 (Trapet et al., 2016). Plants grown in iron-deficient conditions in the presence of apo-pyoverdine (a siderophore uncomplexed with iron) exhibited a phenotype similar to that of plants grown in iron-containing medium and incorporated more iron than the untreated plants did. In these conditions, pyoverdine repressed the expression of root genes related to ABA signaling (Trapet et al., 2016), suggesting that the MS may promote the remobilization of root apoplastic iron (which indeed implies ABA regulation) (Lei et al., 2014; Curie and Mari, 2017). Possible non-reductive uptake of bacterial ferrisiderophores would represent an additional and major influence of microorganisms on the plant iron status. Various findings support the existence of a transport system whereby the plant would internalize bacterial ferrisiderophores in the form of integral ferric chelates. Pyoverdines of fluorescent pseudomonads chelated to iron (Fe3+-pvd) contribute to the plant iron nutrition of both dicots (strategy I) and graminaceous monocots (strategy II) more efficiently than the synthetic ferric chelate Fe3+-EDTA does (Vansuyt et al., 2007; Jin et al., 2010; Shirley et al., 2011). The stability constant of the Fe3+-pvd complex is significantly higher (1032) than that of Fe3+-EDTA (1025) or Fe-PS (1018) (Vansuyt et al., 2007; Shirley et al., 2011). This suggests that dissociation and ligand exchange between Fe3+-pvd and Fe3+-PS might not be the sole process accounting for the enhanced iron nutrition by Fe-MS and suggests incorporation of Fe3+-pvd by the roots. The presence of pvd in planta was confirmed by measurements of 15N-labeled Fe3+-pvd and by immunodetection using anti-pyoverdine antibodies (Vansuyt et al., 2007; Trapet et al., 2016). The use of IRT1 knock-out mutants indicated that this membrane transporter of Fe2+ (IRT1) is not involved in iron uptake from Fe3+-pvd in strategy I plants (Vansuyt et al., 2007). Thus, Fe-pvd clearly contributes to plant iron nutrition, with evidence of the presence of pvd in planta but no proof of the direct uptake of the entire Fe3+-pvd complex. The description of a non-reductive iron uptake system in a phytoplankton organism supports a possible incorporation of bacterial ferrisiderophores kept throughout evolution (Kazamia et al., 2018). This hypothesis is also supported by the presence of vesicles in the roots of Arabidopsis supplemented with Fe-pvd (Lemanceau et al., 2009); these vesicles mediate the internalization of ferrisiderophores by endocytosis in diatoms (Kazamia et al., 2018).




Plant-Plant-Microbe Interactions Mediating Plant Iron Nutrition and Homeostasis

The plant iron status is modulated by plant-plant interactions that also involve microbial interactions in non-sterile growing conditions. Intercropping, in which at least two plant species are grown together in the same field, is proposed as a means to increase crop yield and quality in low-input agricultural systems by valuing beneficial plant-plant interactions. Several studies reviewed by Xue et al. (2016) and Dai et al. (2019) reported increased tolerance to IDC of legumes and non-legume dicots in alkaline conditions when they were associated with a cereal in intercropping systems. Intercropping can also modulate plant iron distribution (Xue et al., 2016). Intercropping with grass was even more efficient than adding iron chelates on the yields of blueberries cultivated in sub-alkaline soil (Michel et al., 2019). An increased iron content of peanut grains (1.43-fold) was recorded when peanut was intercropped with maize in calcareous soil (Zuo and Zhang, 2009). Intercropping with oat was as good as in-furrow amendment with chemical Fe chelate (FeDDHA) for alleviating soybean IDC on calcareous soils (Kaiser et al., 2014). However, variations were observed depending on environmental conditions, and Fe amendment was sometimes more reliable. Better knowledge of the biotic interactions involved is therefore required to increase the reproducibility of the results so as to develop these environmentally friendly cropping systems.

Regarding iron uptake, three mechanisms of facilitation may account for the enhancement of iron nutrition in dicots in the presence of graminaceous crop plants.

The first mechanism would rely on the extraction of iron by chelation with PSs from grasses that would increase iron availability to dicots, as shown when intercropping olive (Cañasveras et al., 2014) and citrus rootstocks (Cesco et al., 2006) with grasses. Intercropping impacted PS production and expression of the FRO and IRT genes implied in the strategy I iron uptake system. However, this trend lacks consistency across studies (Dai et al., 2019).

A second mechanism would rely on a non-reductive mechanism used by dicots to incorporate Fe-PSs formed with PSs excreted by grasses. Fe-PSs from a strategy II plant (maize) were internalized by a strategy I plant (peanut) (Xiong et al., 2013) via a membrane transporter belonging to the YS/YSL family of Fe-PS transporters (Curie et al., 2000, 2009).

Finally, the third mechanism enhancing iron uptake in dicots intercropped with maize would rely on the remobilization of apoplastic iron by root phenolic compounds. Under Fe deficiency, maize was unable to remobilize its pool of root apoplastic iron, contrary to bean (Bienfait et al., 1985). In addition, Fe-deficient bean plants mobilized iron from the root apoplast of other plants grown in their presence (Bienfait et al., 1985). In alkaline conditions, increased synthesis of root fluorescent phenolics (Waters et al., 2018) could contribute to the mobilization of rhizosphere iron by dicots. Therefore, the non-used root apoplastic iron pool of maize roots could be remobilized by an associated dicotyledonous crop. This could partly account for the better iron nutrition of legumes grown together with maize (Xue et al., 2016; Dai et al., 2019).

The rhizosphere microbiota also contributes to the better efficiency of plant species cultivated together. In cereal-legume intercropping, symbiotic interactions between the legume species and nitrogen-fixing microorganisms decrease competition for soil nitrogen, and the resulting resource partitioning promotes nitrogen nutrition of the cereal. In addition to limited interspecific competition for N acquisition in cereal-legume intercropping, other processes such as soil N enrichment or high N restitution through below-ground legume residues benefit N acquisition by the cereal (Hauggaard-Nielsen et al., 2009; Fustec et al., 2010). More generally, plant-plant interactions impact root exudation, and this affects soil rhizosphere microbiota (Vora et al., 2021) and favors colonization by AMF (Ingraffia et al., 2019). On the other hand, improved mycorrhization increased the Fe content in wheat intercropped with faba bean, but did not increase it in mono-cropped faba bean (Ingraffia et al., 2019). According to these authors, the enhancement of plant Fe uptake modulated by AMF depends on soil physico-chemical properties. The mycorrhizosphere of associated plants, formed by AMF-colonized roots and hyphae, increases microbiota functionalities (Wahbi et al., 2016b). Intercropping impacts the abundance, diversity, activity and co-occurrence network of rhizosphere microbial communities (Li et al., 2016, 2018; Wahbi et al., 2016a; Duchene et al., 2017; Taschen et al., 2017; Gao et al., 2019; Zaeem et al., 2019; Liu et al., 2021; Pivato et al., 2021). This is in agreement with the well-known positive relationship between plant and microbial diversity (Spehn et al., 2000; Carney and Matson, 2005; Qiao et al., 2012; Ahmad et al., 2013). In controlled conditions, the pea-wheat association did not harbor a mixture of the two rhizospheres, but rather a new bacterial community with more Actinobacteria and a decreased abundance of α-Proteobacteria and Acidobacteria (Taschen et al., 2017). In another study in field conditions, bacterial networks were impacted by pea-wheat intercropping, but bacterial diversity and structure were not, suggesting a more complex bacterial network and more complex interactions (Pivato et al., 2021). The observed changes in the microbial community diversity and its increased complexity may account for the beneficial effects observed in intercropping. Compared to maize and peanut cultivated independently, comparable microbial communities have been observed whether the roots were separated or not: Bacillus, Brevibacillus, and Paenibacillus were mainly increased in the rhizosphere of maize, while Burkholderia, Pseudomonas, and Rhizobium were mainly increased in the rhizosphere of peanut. In these conditions, the availability of nutrients (N and P) was increased (Li et al., 2018), even if no correlation was found with the changes observed in the microbial community.

More generally, the higher microbial diversity associated with higher plant diversity results in better plant fitness, resilience to stress (De Vries et al., 2018), and positive effects of intercropping (Sun et al., 2009). Various studies suggesting a better iron nutrition of strategy I plants grown in association with a cereal have been reported (reviewed by Xue et al., 2016; Dai et al., 2019). Despite the well-known impact of intercropping on the rhizosphere microbiota and evidence of the role of microorganisms (e.g., AMF) in enhancing plant nutrition in association, data allowing us to evaluate the role played by the plant microbiota are missing. Additional data on the plant iron content will also be required because up to now the effect of intercropping has been mostly evaluated by visually recording IDC symptoms. Therefore, knowledge integrating plant-plant, plant-microorganism and microbe-microbe interactions is sorely lacking.




CONSEQUENCES FOR THE DEVELOPMENT OF IRON BIOFORTIFICATION STRATEGIES

Microorganisms modulate iron bioavailability nearby and within the roots, as weel as plant iron uptake and homeostasis (Figure 1). Optimizing the biotic interactions that mediate plant iron uptake and homeostasis opens onto stimulating prospects for plant iron biofortification. The importance of microorganisms in plant nutrition including iron nutrition is widely acknowledged, but up to now they have been mainly used as biofertilizers and applied to plants in different formulations containing one or several microorganisms. However beneficial effects of microbial inoculation are often offset by a lack of consistency due to poor survival of the introduced strains (Singh and Prasanna, 2020; French et al., 2021).

Current research is now shifting its focus on the monitoring of rhizosphere microbiota on the basis of increasing knowledge of the plant-microbe feedback. The impact of the rhizosphere microbiota on iron availability and plant iron physiology is part of dynamic processes that are themselves influenced by plant-microbe interactions. Monitoring plant-microbe interactions mediating plant iron nutrition and homeostasis requires to decipher the complexity of the corresponding interactions. It is now well established that plants shape the composition of their microbiota via rhizodeposition including root exudation (Badri et al., 2013; Lemanceau et al., 2017a; Canarini et al., 2019; Jones et al., 2019). In turn, the rhizosphere microbiota impacts plant nutrition, growth and health. This feedback loop is modulated by the plant genotype and by the soil physico-chemical and biological properties (Lemanceau et al., 2017b; Rodriguez et al., 2019). These reciprocal interactions are well illustrated by the iron dynamics in the rhizosphere (Figure 2). Two series of studies report that the Fe-chelating ability of the rhizosphere microbiota is modified by the plant iron status. The first one was conducted on transgenic tobacco deregulated in ferritin, hence hyperaccumulation of iron in planta and iron depletion of the corresponding rhizosphere. This depletion resulted in the selection of pseudomonad populations highly adapted to iron-stressed conditions thanks to the synthesis of efficient siderophores (Robin et al., 2006, 2007). The second series was conducted with clover grown in Fe-deficient conditions; this plant synthesized more phenolic compounds, hence the selection of a higher occurrence of siderophore-producing bacteria (Jin et al., 2010). In both cases, the plant contributed to decrease rhizosphere iron availability. This led to an increased level of iron competition that favored the microbial communities most adapted to these iron stress conditions thanks to their siderophores (Figure 2; Robin et al., 2006, 2007; Jin et al., 2007, 2010), while depleting those susceptible to low iron availability. The plant metabolites released in iron stress conditions (e.g., phenolic compounds like scopoletin) may even have a biocidal effect on susceptible populations (Gnonlonfin et al., 2012). Microbial populations recruited by the host plant in turn impact plant nutrition, growth, and health (Figure 2). Thus, plant iron nutrition was promoted by siderophores synthesized by a Pseudomonas strain originating from the rhizosphere of Fe-deficient clover (Jin et al., 2010). Also, a siderophore from a pseudomonad strain highly represented in the rhizosphere of a pea cultivar tolerant to IDC significantly improved iron nutrition of this plant (Lurthy et al., 2020). Similarly, two strains (P. simiae WCS417 and P. capeferrum WCS358) highly tolerant to the antimicrobial effect of root phenolics promoted Arabidopsis growth via siderophore production (Figure 2; Berendsen et al., 2015; Stringlis et al., 2018). The biomass of the microbes counter-selected by iron competition and phenolics represents a potential pool of iron and other nutrients. Thus, in addition to iron stored in ferritins, vacuoles and the root apoplastic compartment, the root microbiota could be used as an additional level of iron storage by plants. Regarding plant health, major phytopathogens are controlled by iron competition in the rhizosphere. Siderophores with a high affinity for iron and retrieved from the rhizosphere of ferritin-overexpressing transgenic tobacco displayed a higher antagonistic activity against the phytopathogenic oomycete Pythium aphanidermatum (Figure 2; Robin et al., 2007). Root FPCs synthesized through a MYB72-dependent pathway selectively inhibited the soil-borne fungal pathogens Fusarium oxysporum and Verticillium dahlia (Figure 2; Stringlis et al., 2018). In addition, plant protection was promoted by the above mentioned P. simiae WCS417 and P. capeferrum WCS358, inducers of plant systemic resistance (ISR; Stringlis et al., 2018).

The influence of the crosstalk between the host plant and its associated microbiota on plant iron nutrition (Figure 2) stresses the importance of considering the plant together with its microbiota in biofortification strategies. Progress in the knowledge of the interactions between eukaryotic organisms and their associated microbiota has led to the emergence of the holobiont concept, defined as the host and its associated microbes (Vandenkoornhuyse et al., 2015). Because of the importance of their associated microbiota, in terms of abundance, diversity and beneficial effects for the host plant, plants can no longer be considered as stand-alone entities (Dessaux et al., 2016). According to this concept, the genome interacting with its environment is no more restricted to the plant genome but is extended to that of the holobiont (hologenome) (Theis et al., 2016). Therefore, we propose to consider holobiont genetic resources for improving the plant iron status. Including the plant microbiota and its transmission by seeds in breeding programs has been proposed (Gopal and Gupta, 2016; Wei and Jousset, 2017; Berg and Raaijmakers, 2018). More recently, Wille et al. (2019) presented a comprehensive review of the plant-microbe interactions implied in resistance to root diseases in grain legumes and discussed possible consequences for breeding strategies. They especially proposed to consider the entire plant holobiont in resistance breeding strategies. The same principle should be applied to iron biofortification. In that prospect, plant traits included in breeding programs should comprise traits modulating plant-microbe interactions beneficial for the plant iron status. These traits represent promising new breeding targets. Among them, three types stand out and require special attention (i) the synthesis pathways of fluorescent phenolics and plant defense responses sharing common key components, (ii) plant regulation of iron storage in the root apoplast, and (iii) putrescine synthesis mediating apoplastic iron remobilization. The targeted plant traits should also include those involved in the recruitment of functional microbial genes (Lemanceau et al., 2017b) mediating siderophore production, synthesis, or degradation of specific molecules related to the plant iron physiology (e.g., cellulose, hemicellulose, putrescine, plant hormones). Particular attention should be paid to microbial siderophores because they represent a major contribution of microorganisms to the plant iron status, although the mechanisms involved are not all known yet. Recent results show that effects of Fe-MS on the plant iron status vary depending on plant genotype and MS structure (Lurthy et al., 2020). Therefore, the high level of specificity between the plant and its microbiota should be taken into account. Beyond plant-microorganism interactions, crop biodiversity and plant-plant interactions represent major levers for improving the resistance and resilience of canopies and reducing their dependence on synthetic inputs, to ultimately ensure crop sustainability (Wezel et al., 2014; Dubey et al., 2020). Increasing crop biodiversity relies on the association of plants cultivated in intercropping. The challenge is to find out plant associations and practices that favor processes of ecological facilitation in intecropping. This occurs when the association optimizes the development of both species (e.g., improved resource availability) and minimizes any negative interactions that might occur between the two species (Callaway, 1995). To allow this facilitation process to occur and thus promote the functioning and performance of intercropping, the choices of plant species and cultivars to be grown in association, together with the cropping practices (seeding density and pattern, level of nitrogen fertilization) are key to success (Andersen et al., 2007; Neumann et al., 2007; Bedoussac et al., 2015). When these conditions are met, intercropping allows better nutrition of each associated plant species thanks to the facilitation process (Duchene et al., 2017) and the use of fertilizers can be reduced (Bedoussac and Justes, 2010). Research is ongoing to optimize biotic interactions that promote plant nutrition. Given the impact of the plant species, but also of its genotype, on the rhizosphere microbiota, characterizing the effect of different cultivars of a plant species grown in association on the microbial community is a key step for identifying the best performing cultivars in the association. However, the mechanisms underlying the positive effects of these cropping systems on plant-microbe interactions remain largely untapped, and further studies are required to better understand and exploit the interplay of these biotic interactions.



CONCLUSION AND PROSPECTS

Iron amounts in soils are above plant needs but are not readily available in most agricultural soils. Consequently, increasing soil iron bioavailability to enhance plant and ultimately human nutrition represents a major challenge. The soil microbiota has a great impact on iron bioavailability in the rhizosphere and on plant iron physiology. This should open avenues for plant iron biofortification strategies that will value these biotic interactions. The entire plant holobiont should be considered in biofortification strategies, and the plant traits included in breeding programs should comprise traits modulating plant-microbe interactions beneficial for the plant iron status. These traits will include the synthesis of root phenolics and the regulation of apoplastic iron storage and remobilization. Plant traits mediating the recruitment of microbial genes involved in the synthesis or degradation of specific molecules related to the plant iron physiology (e.g., cellulose, hemicellulose, putrescine, plant hormones) have to be investigated. Special attention should be paid to the interactions with microbial siderophores, which strongly impact the plant iron status; many of the mechanisms involved still have to be identified. Recent findings highlight the specificity of biotic interactions, the role of the environment, and the interconnexion between plant iron nutrition and other parameters that also influence the quantity and the quality of vegetal products—plant health, the P status, and the ionome. This leads us to think that important headways should be made possible by the development of integrative approaches. In addition to iron biofortification, these approaches will take into account plants and their extended genotype formed by each plant and its specific microbiota; this holobiotic organism will be more prone than the plant alone to adapt to environmental stresses. Intercropping appears promising to implement these strategies.

More options for iron biofortification could be brought by emerging research perspectives. Most of the findings on the microbial influence on plant iron come from studies focusing on soil and rhizosphere interactions. Yet, the phyllosphere and spermosphere microbiota, whose influence has long been underestimated, also influence the plant iron physiology (Lemanceau et al., 2017a). Iron is absorbed by the leaves, and a signal originating from the shoots and involving IAA appears to elicit root-to-shoot iron translocation (Kabir et al., 2013; Garnica et al., 2018). The importance of the shoot microbiota on these components of the plant iron dynamics remains to be explored. The spermosphere microbiota is at least partly inherited from parent plants (Lemanceau et al., 2017a). Therefore, it is essential to evaluate the role of the corresponding microorganisms. Studies on the plant microbiota mostly provide taxonomic descriptions of plant-associated microorganisms. Therefore, results are deeply influenced by the soil microbiota reservoir which varies according to the soil physical and chemical properties (Dequiedt et al., 2009; Ranjard et al., 2013; Xue et al., 2018). Lemanceau et al. (2017b) have proposed the principle of a functional plant-genotype-specific core microbiota shared whatever the soil in which the corresponding genotype is cultivated. This proposal relies on the fact that plant-beneficial microbial traits (e.g., production of siderophores, hormones, antibiotic molecules, and HCN) can be found in distinct microbial taxa. Finally, it is important to widen the objectives and develop more integrative studies. Potential trade-offs may indeed occur. Breeding programs focused on plant health promotion could be detrimental to plant growth and also impact the plant iron status, and vice versa. The dynamics of iron in the rhizosphere also modulates plant health (Figure 2). Seemingly, increasing plant iron content also more globally impacts the plant ionome (Cohen et al., 1998). This could be favorable to other essential micronutrients like Zn, but could also lead to the accumulation of toxic elements due to the variable specificity of plant iron transporters (Rajkumar et al., 2010; De Valença et al., 2017). Another trade-off probably involves phenolic antioxidant compounds. Research about them is ongoing for improving human health, but they may also act as antinutrients by decreasing iron assimilability. The selection of new genotypes should no longer be oriented toward the production of plants harboring specific characters like enhanced iron content or resistance to a given pathogen. Plant improvement strategies should rather consider the extended genotype formed by the plant and its specific microbiota, and search for combinations allowing the holobiont to quickly adapt to a range of severe biotic and abiotic stresses likely to occur for a particular crop. We should rather tend toward the search for “ideoholotypes.”
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Soil deterioration, low nitrogen use efficiency (NUE), and environmental risks caused by excessive chemical N fertilizer use are key factors restricting sustainable agriculture. It is extremely critical to develop effective N management strategies that consider both environmental and agronomic benefits. From 2017 to 2019, a field experiment was conducted to assess the effects of combinations of organic fertilizers (OF, provided at 30, 50, and 70% of the total applied N) and controlled-release urea (CU) on the NUE, N leaching and wheat yield compared with the effects of urea and CU. The results suggested that OF released N slowly in the early stage and showed a significant residual effect, while CU released N quickly in the first 2 months. The OF substitutes with 30–50% CU increased wheat yield by 4.2–9.2%, while the 70%OF+30%CU treatment showed no significant difference relative to the urea treatment. The average maximum apparent NUE recovery (50.4%) was achieved under the 50%OF+50%CU treatment, but the partial factor productivity was not affected by the N type. As the OF application rate increased, the total carbon content increased, and the total N value decreased. The [image: image]-N and [image: image]-N concentrations in the OF+CU treatments were lower before the jointing stage but higher from the grain-filling to mature stages than those in the urea treatment. [image: image]-N and [image: image]-N were mainly concentrated in the 0–60-cm layer soil by OF substitution, and N leaching to the 60–100-cm soil layer was significantly reduced. Hence, the results suggest that the combination of 30–50% OF with CU synchronizes absorption with availability due to a period of increased N availability in soils and proved to be the best strategy for simultaneously increasing wheat production and reducing N leaching.

Keywords: controlled-release urea, organic fertilizer, nitrogen leaching, nitrogen use efficiency, wheat yield


INTRODUCTION

Wheat (Triticum aestivum L.) is the third most cultivated cereal in the world, and optimizing fertilization practices is the main factor controlling the maintenance of wheat yields and protecting the environment (Hao et al., 2020). China is the largest producer and consumer of agricultural chemicals, amounting to 30% of global fertilizer use (Akhtar et al., 2020). This booming chemical fertilizer consumption has made it possible to produce sufficient amounts of food to feed the increasing population of China (Liu et al., 2013). However, the overuse of chemical fertilizers (especially N) and improper fertilization methods have led to diminishing returns of production and other adverse effects (Humber et al., 2016). Earlier N fertilizer application increases the risk of N loss from the root zone by leaching and denitrification. Split- or late-season applications of N fertilizer are common approaches to improve wheat yield and NUE. Biomass was greater under split N application (applied at the tillering and flag leaf stages) than under full N application at tillering (Velasco et al., 2012). Although split fertilizer application requires additional labor, this fertilization method is typically used on crops under traditional agriculture practices (Hickman et al., 2014). However, this fertilization method is currently inappropriate in China, as the worker population is aging and labor shortages for crop-production activities are becoming increasingly severe (Zhou et al., 2017). Thus, balancing the benefits derived from fertilizers with the associated environmental issues is ultimately indispensable.

When urea is used as basal fertilization, the available N is rapidly mineralized for wheat, but less than half of the total N is effectively utilized and leftover has a negative ecological effect by leaching (Galloway et al., 2008). Controlled-release urea (CU) is designed to disperse N at rates that are synchronous with the N requirements of plants and is used as a beneficial, mitigating fertilizer alternative to reduce environmental pollution (Liu et al., 2019). Some studies have shown that CU decreases residual [image: image]-N in the deep soil layer, decreases N losses resulting from ammonia volatilization, and increases the amount of N taken up by plants (Tang et al., 2021). Additionally, a one-time application of CU was found to save more labor and time than a conventional urea application. Although many CU-associated advantages have been confirmed by a considerable amount of research, large-scale CU applications to cereal crops have been limited, especially in developing countries. Most coating materials are derived from petroleum resources, which are expensive and nonrenewable (Doran, 2002). Moreover, coating shells may pose potential pollution risks to the soil environment.

To lessen the negative environmental and economic impacts of chemical fertilizer use, combining chemical fertilizers with organic fertilizers (OFs) is an essential strategy for sustainable agriculture (Muhammad et al., 2020). The raw materials used for OF preparation are abundant, and the cost of these materials is low. The application of OF can alleviate soil degradation and rebuild healthy soil. A previous study found that OF substitutions reduced the soil bulk density compared with that of non-OF fertilized soil (Blanco-Canqui et al., 2015), promoted soil fertility by increasing the contents of organic matter and other mineral nutrients (Meade et al., 2011), and accelerated the activities of beneficial microorganisms (Yadav et al., 2000). The decomposition of OF releases mainly N, which can increase wheat yields where the soil N supply is limited (Palmer et al., 2017). However, organic carbon sequestration potential can be changed by many factors, such as soil conditions and climate. If organic fertilizer is applied alone, the nutrients are released slowly, and the release period is long (Garzon et al., 2011), leading to the slow and variable short-term effects of OF applications on wheat yields. Thus, most farmers adhere to the use of synthetic fertilizers rather than OF to preserve their crop yields.

Partially substituting N fertilizer with OF makes it possible to take advantage of both the total nutrients and available nutrients, thus promoting biological activities in soils and the physicochemical characteristics of soils. Considering the cost and security of CU and the residual effect of OF, the combined application of OF with CU is hypothesized to improve wheat yields by releasing N synchronously with the N requirements of plants. The major objectives of the 2-year field experiment conducted in this study were to evaluate the effects of different fertilization treatments on wheat yield and NUE, to assess the environmental pollution risk induced by the leaching of inorganic N, and to identify the optimum ratio and feasibility of the applied OF and CU combinations. The experimental results provide a theoretical basis for scientific fertilization practices that consider both environmental and agronomic benefits in winter wheat fields.



MATERIALS AND METHODS


Site and Material Descriptions

A 2-year field experiment was established from October 2017 to June 2019 in the Yimeng Mountain area, Linyi, Shandong Province, China (35°7′4″N, 118°16′50″E). This area is a typical representative northern rocky mountain area with gravel, shallow soil, and low soil water storage capacity, and the soil depth is generally below 80 cm. The total precipitation amounts in 2018 and 2019 were 966.3 mm and 864.6 mm, respectively, and the average temperatures were 14.83°C and 14.43°C during the first and second growing seasons, respectively (Figure 1). The study area has cold winters and hot summers, and the rainy season generally spans from June to August (Yang et al., 2021). Before this study, the field was previously managed as a winter wheat/summer maize rotation system and had been continuously cultivated for more than 6 years. The annual N-P2O5-K2O fertilization rate was 400–300–350 kg ha−1, and no straw returning measures were adopted in this region. By request, the farmer did not implement summer fertilization of maize (N-P2O5-K2O was 210–150–180 kg ha−1) to reduce soil mineral N levels before beginning experiments.

[image: Figure 1]

FIGURE 1. Variations in precipitation and air temperature.


The soil texture is classified as silty clay-loam, and the clay, sand and silt contents are 17.6, 15.8, and 66.6%, respectively. The chemical properties of the cultivated soil layer (0–20 cm) were as follows: total N, 0.88 g kg−1; organic matter, 12.5 g kg−1; total carbon, 10.1 g kg−1; [image: image]-N, 68.4 mg kg−1; [image: image]-N, 39.5 mg kg−1; available phosphorus, 35.0 mg kg−1; available potassium, 104.5 mg kg−1; and pH, 6.3.

The chemical fertilizers applied in the study area included concentrated superphosphate (P2O5, 46%), potassium chloride (K2O, 60%), urea (N, 46%), CU, sulfur-coated urea with a polymer coating, and 35% N, with a longevity of approximately 3 months. The morphology of the material before and after burial in soil was characterized by SEM and is shown in Supplementary Figure S1. The raw organic fertilizer material was cassava (cassava was used to produce ethanol, and the remaining waste residue was sufficiently decomposed to form organic fertilizer), which contained 60% organic matter with average nutrient contents of 2.5% N, 1.2% P2O5, 2.1% K2O and a pH of 6.8. FTIR spectra of organic fertilizer are shown in Supplementary Figure S2. All fertilizers were provided by Jin Yimeng Group CO., LTD, Shandong, China.



Experimental Design and Field Management

The treatments were arranged in a randomized block design and repeated in triplicate. Six treatments were created: no N fertilizer (CK); urea providing 100% of the chemical N (urea); CU providing 100% of the chemical N (CU); organic fertilizer providing 30% of the N and CU providing 70% of the N (30%OF+70%CU); organic fertilizer providing 50% of the N and CU providing 50% of the N (50%OF+50%CU); and organic fertilizer providing 70% of the N and CU providing 30% of the N (70%OF+30%CU). All the fertilization treatments contained the same amount of N-P2O5-K2O (180–150–150 kg ha−1) according to the conventional recommended fertilizer rate in the local region. Before seeds were planted, organic and chemical fertilizers (except urea) were deposited as basal applications, and all fertilizers were incorporated into the soil at a depth of 10–15 cm. Urea (40%) was applied before planting, and urea (60%) was applied during the jointing period. The length and width of each experimental plot were 6 m and 5 m, respectively, and longitudinal and lateral protection areas of 0.5 m were placed around the plots to reduce marginal effects.

The cropping system was a winter wheat–summer maize rotation system, and the wheat and maize cultivars were “Jimai 22” and “Zhengdan 958,” respectively. Summer maize underwent similar treatments as wheat; in contrast, the amount of N-P2O5-K2O was 210–150–180 kg ha−1. Wheat was sown on October 4, 2017, and October 5, 2018, and harvested on June 5, 2018 and May 26, 2019, immediately followed by the sowing of maize in mid-June. Before planting winter wheat, the field was ploughed to a depth of 15–20 cm and rotary-cultivated to prepare the wheat seed bed. Seeds (150 and 165 kg ha−1) were planted in each plot in 2017 and 2018 at sowing depths of approximately 2–3 cm at a row spacing of 15 cm and subsequently flood irrigated. Depending on rainfall events, the field was flood-irrigated again in spring. As the soil moisture content was high in 2019, more wheat seeds were sown to ensure that the seedlings emerged evenly.



Sampling and Analysis


Determination of the Yield, N Uptake, NUE and Economic Benefit Analysis of Wheat

Ten representative wheat plants were collected from each plot by cutting the aboveground portion at the seedling stage, jointing stage, grain-filling stage, and mature stage in 2019. At the mature stage of each year, the grain yield of wheat was determined using a 4 m2 (2 × 2 m) area in the center of each plot (adjusted to a 13% water content), and the thousand-grain weight was randomly calculated from the harvested grain. The straw biomass (stems and leaves) and grain were separated, and each component was dried at 105°C for half an hour and then dried to a constant weight at 75°C. Then, the samples were ground and passed through a 1-mm mesh screen for the following analyses. The total N contents of the straw and grain samples were obtained by digestion with H2SO4-H2O2-miscible liquids and determined by a Kjeldahl nitrogen analyzer (Douglas et al., 1980). The plant N uptake was calculated based on the dry matter weight and N concentration of each plant part.

The fertilizer NUE included the apparent recovery N use efficiency (ARNUE, %), agronomic nitrogen use efficiency (ANUE, kg kg−1) and partial factor productivity (PFP, kg kg−1). These data were calculated as described by Yang et al. (2021) using the following formulas:
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In the above equations, N and Y represent the N uptake and grain yield obtained from N-treated plants, respectively, N0 and Y0 represent the N uptake and grain yield obtained from non-N-treated plants, respectively, and F represents the application rate of N.

The price of fertilizers was as follows: OF—62.5 US $ ha−1, CU—515.3 $ ha−1, potassium chloride—470 $ ha−1, urea—360 $ ha−1, potassium chloride—470 $ ha−1, and concentrated superphosphate—563 $ ha−1. The wheat grain yield was 406.9 $ ha-1, and the labor cost of fertilization one time was 72.5 $ ha−1. The total revenue ($ ha−1) was the product of wheat grain yield and its price, and the net profit was calculated as the total revenue minus the total cost.



Release Characterization of CU

The N release characteristics of CU were detected by the method described by Geng et al. (2015). Briefly, 25 mesh bags (10 × 8 cm) containing 10 g CU granules were buried in the soil before sowing, and 3 bags were randomly selected each month, rinsed with distilled water to remove the loosely adhered soil, and dried. The N release rate from CU was calculated by measuring the weight loss.




Soil Sampling and Analysis

Five soil samples were collected randomly from each plot and thoroughly mixed to produce a composite sample. Soil samples were collected with a soil corer at the seedling stage (on November 5, 2017, and November 11, 2018), jointing stage (on March 18, 2018, and March 16, 2019), grain-filling stage (on May 4, 2018, and May 2, 2019) and mature stage. The cultivated horizon of the 0–20-cm soil layer was sampled in both years, and soil samples were collected at depths of 0–100 cm at an increment of 20 cm at the seedling and mature stages in 2019. Then, the samples were air-dried and passed through 2-mm and 0.25-mm mesh sieves. The soil [image: image]-N and [image: image]-N were extracted with 0.01 mol L−1 KCl (the ratio of solution to soil was 10:1) and analyzed through a flow injection autoanalyzer (Bran-Luebbe, Norderstedt, Germany). The total N and total soil C concentrations were determined through combustion with an automatic elemental analyzer (Vario Micro Cube elemental analyser, Germany).



Statistical Analyses

The raw data were preconditioned using Microsoft Excel 2017, and then the data were submitted to normalization tests and variance homogeneity tests. One-way ANOVA was used to assess the significant differences in total N, total C, [image: image]-N, and [image: image]-N. Two-way ANOVA was adopted to determine the effect of the interaction of year and N treatments on yield, yield component, and NUE. ANOVA and mean separation tests (Duncan’s multiple range test, at the 5% probability level) were performed using Statistical Analysis System package version 9.2 (2010, SAS Institute Cary, NC). All of the illustrations were drawn in SigmaPlot version 12.0 (MMIV Systat Software, Inc., San Jose, CA).




RESULTS


Biomass and Grain Yield of Wheat

The statistical analysis showed that the total biomass strongly increased following N fertilization (Table 1), but the N sources had no obvious effect on the straw biomass. The total biomass, straw biomass, and grain yield showed significant differences between the 2 years, and these indexes were also affected by the interaction of N sources and year. The total biomass measured following the urea treatment was lower than those following the other N fertilization treatments in 2018, and the highest total biomass occurred in association with the 50%OF+50%CU treatment in 2019, but no obvious differences were observed among the other treatments. The effect of N application on the grain yield was greater than that on the straw biomass. Specifically, the straw biomass measured following the CK and urea treatments showed no remarkable differences in the first year, and no significant differences were detected among any N fertilization treatments in the second year. The grain yield decreased progressively with the OF dose in 2018, and the highest yield was observed in association with the 50%OF+50%CU treatment in 2019, reaching 8984.7 kg ha−1, 1.6–9.2% higher than that associated with the urea treatment; no significant differences were observed between the CU and OF+CU treatments. The thousand-grain weights varied from 38.5–42.4 g, and no pronounced difference was observed among treatments. (However, in 2019, the CK treatment resulted in a higher thousand-grain rate than the urea treatment.)



TABLE 1. Grain yields and straw biomass of wheat under different N application treatments.
[image: Table1]



Nitrogen Uptake and N Use Efficiency

The total biomass was higher in 2019 than in 2018, as was the total N uptake by the wheat plants (Figure 2). The combined OF and CU treatments showed some superiority in increasing N uptake compared with the urea and CU treatments, and the highest plant N uptake value appeared in the 50%OF+50%CU treatment in 2019. The ARNUE and ANUE were significantly affected by the N source, year, and the interaction of N source × year, while the PFP was not influenced by the interaction of N source × year (Table 2). The PFP values were not affected by the N fertilizer types, maintaining a wide range from 42.8–49.9 kg grain per kg N. However, the ARNUE was increased by combining OF and CU and was 29.2–58.9% higher in the OF+CU treatments than in the urea treatment. The ARNUE associated with the CU treatment was higher than those measured under the 50%OF+50%CU and 70%OF+30%CU treatments in 2018, but no significant differences were exhibited between the CU treatment and the OF+CU treatments in 2019. The maximum ARNUE values were 42.5% (CU) in 2018 and 66.7% (50%OF+50%CU) in 2019. No significant differences in ANUE were identified among the OF+CU treatments, but the values measured under the 50%OF+50%CU treatment were all higher than those associated with the urea treatment in both years of study.
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FIGURE 2. The total N uptake of wheat plants. The error bars indicate the standard errors (n = 3). The different lowercase letters above error bars indicate significant differences at the p < 0.05 level for each treatment in the same year.




TABLE 2. Nitrogen use efficiencies of wheat plants measured under different N application treatments.
[image: Table2]



Economic Benefit Analysis of Wheat

Urea was used as basal and topdressing fertilizer, leading to double the labor cost of fertilization than the other fertilizers (Table 3). The total revenue and net profit of CK were the lowest in both years. No obvious difference of total revenue was exhibited among the CU, 30%OF+70%CU and 50%OF+50%CU treatments, but it was significant higher in the three treatments than that in the 70%OF+30%CU and urea treatments in 2018; meanwhile, the total revenues of the 50%OF+50%CU and 30%OF+70%CU treatments were higher than that of the urea treatment in 2019. Similarly, the net profit of the 50%OF+50%CU treatment was prominently higher than that of the urea treatment by 11.9 and 12.7%, respectively, in 2018 and 2019, but there was no significant difference between the CU and OF treatments.



TABLE 3. Average cost, total revenue, and net profit of wheat under different N application treatments ($ ha−1).
[image: Table3]



Biomass and Total N Uptake Dynamics of Wheat Plants

The biomass (Figure 3) and total N uptake (Figure 4) increased with increasing growth period, and the two indicators under the CK treatment exhibited the lowest values in each stage. Specifically, the biomass ranged from 579.5 to 681.0 kg ha−1, and no significant difference was found among all N-applied treatments (except CU, which was higher than that in 50%OF+50%CU) in the seedling stage. Although there was 117 d from the seedling stage to the jointing stage, the wheat biomass did not increase much, as it was winter, and the weather was cold. In the grain-filling stage, biomass was significantly increased by OF application, and the values in the OF treatments were higher than those in the CU and urea treatments. Moreover, the values in the CU treatment were larger than those in the urea treatment. At the mature stage, the highest and lowest plant biomass appeared in the 50%OF+50%CU and urea treatments, which reached 22835.2 and 20190.1 kg ha−1, respectively. Total N uptake dynamics showed similar trends with biomass.

[image: Figure 3]

FIGURE 3. Biomass dynamics of wheat plants during the growing season.


[image: Figure 4]

FIGURE 4. Total N uptake of wheat plants during the growing season.




Release Characterization of CU

The N within CU was released quickly in the first 2 months of the study period, with N releases of 14.3, 42.2, and 52.2% measured on the 10th, 30th and 60th days after burial in soil, respectively; only 13.2% of the total N was released from the 60th to the 150th day. Then, the release rate gradually increased from the 150th to the 220th day, and 94.4% of N was released at the time of harvest (Figure 5).

[image: Figure 5]

FIGURE 5. Release characteristics of CU in soil.




Temporal Variations in the Soil Total Carbon Content and Soil Bulk Density

The lowest total carbon level was observed in the CK treatment at each ontogenetic stage in both years (Figure 6). The total carbon content increased with an increasing OF application rate in the first year, but the 50%OF+50%CU treatment yielded the highest value in 2019. The total carbon content associated with the urea treatment was lower than those of the other N application treatments, and CU showed no significant difference from 30%OF+70%CU from the seedling stage to the grain-filling stage. Nevertheless, the total carbon content was lower in the CU treatment than in the OF+CU treatments at the mature stage. No obvious difference in soil bulk density was exhibited among all treatments (Supplementary Figure S3).

[image: Figure 6]

FIGURE 6. Variations in the total carbon concentrations of the 0–20-cm topsoil.




Temporal Variation in the Soil Total Nitrogen Content

Generally, in 2018, the total N content showed a tendency of first increasing from the seedling to the jointing sage and then decreasing; in 2019, it displayed a roughly downward trend (Figure 7). Specifically, in 2018, the total N content measured in the urea treatment was higher than those measured in other treatments in the seedling stage but was lower beginning in the jointing stage. The values decreased with the increasing OF substitution rate in the OF+CU treatments, and 70%OF+30%CU showed no significant difference from CK in the seedling stage. At harvest, the highest value was observed under the 30%OF+70%CU treatment, and no significant difference was found among 50%OF+50%CU, 30%OF+70%CU, or CU. In 2019, the lowest values were still exhibited in association with the CK treatment at each stage of growth, and the greatest levels appeared under the CU, 70%OF+30%CU and 50%OF+50%CU treatments at the seedling, jointing, and grain-filling stages, respectively. In addition, no significant difference was observed among the OF + CU treatments at harvest.

[image: Figure 7]

FIGURE 7. Variations in the total N concentrations of the 0–20-cm topsoil.




Temporal Variations in the Soil NO3– -N and NH4+ -N Contents

In all treatments, the temporal variations in the [image: image]-N and [image: image]-N concentrations showed downward trends throughout the growth stages (Figure 8), and these concentrations were markedly improved by N fertilization compared with the CK treatment. The levels of inorganic N differed significantly among the N-applied treatments. The highest [image: image]-N and [image: image]-N values were yielded under the urea treatment at the seedling stage, reaching 111.9 mg kg−1 and 55.0 mg kg−1, respectively. However, these values dropped dramatically from the jointing stage and were significantly lower than the values measured under other N-applied treatments. Under the CU treatment, the [image: image]-N and [image: image]-N values were lower than those measured under the OF+CU treatments, except in the seedling stage. The [image: image]-N and [image: image]-N concentrations were significantly increased by OF application, especially from the grain-filling to mature stages.

[image: Figure 8]

FIGURE 8. Variations in [image: image]-N and [image: image]-N in the 0–20-cm topsoil in 2018.




Leaching of Nitrate Nitrogen and Ammonium Nitrogen With Time in the 0–100-cm Soil Layer Two Years After Fertilization

The lowest [image: image]-N level was observed under the CK treatment in each soil layer, regardless of the growth stage (Figures 9A,B). In addition, the [image: image]-N level exhibited a general downward trend as the soil depth increased under the CK treatment, except for the peak observed in the 60–80-cm layer. The [image: image]-N concentrations measured under all treatments were higher at the seedling stage than at maturity. In contrast, these values were lower in the OF+CU treatments than in the urea treatment 37 days after fertilization in the 0–40-cm soil layer, but the opposite results appeared at maturity. In the seedling stage, the greatest values in the 60–100-cm soil layers were detected under the urea treatment, and the value measured under the urea treatment was also higher in the 80–100-cm soil layer at maturity. Moreover, at maturity, the amounts of nitrate N in the 0–100-cm soils were higher in the OF+CU treatments than in treatments that used CU alone. The 50%OF+50%CU treatment presented a higher level in the 0–60-cm soil layer than those of 30%OF+70%CU and 70%OF+30%CU.

[image: Figure 9]

FIGURE 9. The distributions of soil [image: image]-N in the 0–100-cm soil profiles at the seedling stage (A) and mature stage (B) in 2019.


With wheat growth, the [image: image]-N content decreased from the seedling stage (Figure 10A) to maturity (Figure 10B). Under each treatment, the variation trend of ammonium N was roughly consistent with that of nitrate N. By using urea, the soil [image: image]-N content in the seedling stage increased at depths of 0–100 cm but was lower at the 0–80-cm depths at maturity. No pronounced difference was found among OF+CU treatments at 0–60-cm depths; nevertheless, all these treatments yielded higher values at 0–40-cm depths at maturity than those measured under the CU treatment.

[image: Figure 10]

FIGURE 10. The distributions of soil [image: image]-N in the 0–100-cm soil profiles at the seedling stage (A) and mature stage (B) in 2019.





DISCUSSION


Combined Effects of OF and CU on Wheat Yield and Nitrogen Use Efficiency

Excessive chemical N fertilization and improper fertilizer application practices intensify N losses and result in low N utilization rates (Pinochet et al., 2018), which can be attributed to the asynchrony between wheat N deficits and N fertilizer applications (Osterholz et al., 2017). In the current experiment, the contribution of the grain weight to the total biomass was remarkable compared with the contribution of the straw weight. The ARNUE was higher in 2019 than in 2018 due to the higher initial fertility of the tested soil; otherwise, the differences in precipitation between the two years also contributed to the difference in results; this result was consistent with the observations reported in previous research (Geng et al., 2016). Compared with CU, the rapid hydrolysis of urea resulted in a higher concentration of inorganic N in the early stage, but this treatment could not produce a sustained N supply until the grain-filling stage (Varinderpal-Singh et al., 2020).

At the early growth stages, the poor absorption and interception abilities of wheat roots restricted N assimilation and may have accelerated the amount of reactive N escaping or leaching from fertilizer N (Oka et al., 2012). Optimal wheat yields depend on the agronomic capacity to synchronize the N availability in soils with the N demands of plants (Clunes and Pinochet, 2020). Wheat can even be successfully grown without N fertilizer use at sowing in soils with indigenous N supplies (Liu et al., 2017). The N within CU was released quickly in the first 2 months of the study and reached 42.2% in the first month, suggesting that the N supply from CU was sufficient for wheat growth at the early ontogenetic stage. The continuous release of N in the later stages also played an important role in increasing the yield, thus increasing the NUE. Moreover, the sulfur polymer-coated films partially degraded, signifying that the CU coating materials did not cause secondary pollution to the soil environment.

The functional groups of OF did not change extensively before or after the composting process, and the absorption peaks observed at 1636 and 3,416 cm−1 can be attributed to the stretching vibrations of the C=C and O-H bonds in the aromatic rings (Kumar et al., 2013). The presence of the C-O(H) group resulted in the observed peak at 1034 cm−1, and CH2 and C-H scissoring vibrations were observed at 2923 and 1,401 cm−1. Intricate functional groups made the residual effects of OF application visible, and the continuous supply of N led to higher nutrient availabilities for wheat growth. Most of the N in OF existed in organic forms, resulting in a slow release of available N, and failed to meet the N requirement of wheat plants, thus leading to lower biomass in the early growth stage. Then, the organic matter from OF gradually decomposed and mineralized more nutrients, such as N, P and K, since the extension of the fertilization period and increased rainfall (Jiang et al., 2020). It continued supplying nutrients to the wheat during the later growth stage or next year of production. Therefore, the increased production is not only caused by N but also depends on the content of organic matter in the soil.

Higher organic carbon contents were yielded by applying OF than by applying conventional urea; these results were analogous with the findings of Sihi et al. (2017). When the amount of organic carbon in soil increases, wheat grain yield production increases concurrently. Integrated fertilization methods using both CU and OF were shown to be effective for improving wheat productivity. Compared with urea, the 70% OF substitution did not further promote the wheat yield compared with the wheat yield measured under the urea-only fertilization treatment. A high OF application rate results in an apparent increasing effect on the wheat yield but a weaker increasing effect than that induced by urea application and an even lower effect than that observed through CU application. These results may be attributed to the residual effect of OF application; the residual effect was found to maintain crop yields for several years in long-term experiments (Shen et al., 2007), while a high OF ratio was not an ideal model for increasing crop yields in short-term management studies. Under field conditions, crop growth depends mainly on available mineral nutrients, and the yield-increasing effect of organic fertilizer was not significant in the studied growth season.

Although the use of OF has contributed prominently to environmental sustainability and increased crop production (Osterholz et al., 2017), OF has not been used extensively in China. The incorporation of OF with CU presents a viable alternative to standard chemical N fertilizer, as the slow and variable short-term effects of OF could be averted and could be made full use of the advantages of CU. Thus, the uptake of N induced by substituting OF could be increased, supporting the achievement of higher biomass and grain yields. Although OF combined with CU spend more input on fertilizer, the 50%OF+50%CU treatment achieved higher net profit by 11.9–12.7% compared with the urea treatment due to its higher grain yield. More importantly, top dressing is avoided, and manual labor is reduced by the combination of OF and CU, as the worker population is aging and labor shortages for crop-production activities are becoming increasingly severe. The interannual variation in precipitation is large both temporally and spatially, leading to different rates of decomposition and mineralization of OF, thus affecting wheat yield and the distribution of [image: image]-N in soil. However, the combined application of OF with CU showed an increasing trend with different increase amplitudes in both years and promoted net profit. The interaction effect will be universal across regions and years, and this result is beneficial for updating the extension policy of OFs in China.



Combined Effects of OF and CU on Nitrogen Leaching

Agriculture intensification and expansion demand high doses of chemical N fertilizer in cultivated lands (Fan et al., 2021), and the unprecedented input of N resulting from these fertilizer applications would increase N availability and cycling and, subsequently, [image: image]-N leaching from agroecosystems (Galloway et al., 2008). The rapid hydrolysis of urea resulted in higher inorganic nitrogen contents being measured at the seedling stage, but root growth was slow at this time, and the wheat plants had small interception areas, thus limiting N uptake from fertilizer (Wu and Ma, 2015). Moreover, high soil [image: image]-N and [image: image]-N concentrations enhance soil fertility but also increase the risk of harmful nitrate leaching to the groundwater. The distributions of soil [image: image]-N and [image: image]-N in the 0–100-cm soil profiles confirmed this phenomenon.

Otherwise, the “luxury” N consumption that occurs when N is taken up by wheat is higher than the critical N concentration required before the reproductive growth stages (Liu et al., 2017), leading to straw biomass not differing prominently among N-treated management practices. For the same N input, the N in the substituted OF must be mineralized, resulting in the slowed release of mineral N (Gutser et al., 2005). Contemporarily, the N supplied by CU was released according to the N demands of wheat, and more mineral N was maintained in the topsoil, thus feeding plants and decreasing the leaching of N (Geng et al., 2016).

Large [image: image]-N accumulation and leaching in the soil profile occurs as mineralized N well exceeds the N demands of crops (Yang et al., 2020). In the current study, [image: image]-N and [image: image]-N were mainly concentrated in the 0–60-cm soil layers in the OF substitution treatments, preventing N from leaching into deeper layers, and their appearance was enhanced as the rate of OF application increased. This may have been because OF can alter N cycling by providing nutrients to N cycling-related soil microbial communities (Thangarajan et al., 2013), improving the physicochemical properties of soil (Muhammad et al., 2020); this process may temporarily immobilize mineral N in the soil and contribute to reduced leaching losses. Otherwise, OF fertilization augmented soil organic carbon, and higher organic matter contents increased the abiotic sorption and biotic degradation processes of synthetic chemicals, resulting in lower chemical leaching (Levanon et al., 1993). In China, soil productivity has declined dramatically, and the environmental impact of reactive N has been evident for some time, as more synthetic N is applied (Hartmann et al., 2015). The economic net benefits in OF treatments were improved by 11.87–12.68% compared with urea, but OF had a residual effect and was beneficial for improving the quality of cultivated land, and the increment of wheat yield was more obvious over time. Meanwhile, for the same N input, the total N contents in topsoil of the OF substitution treatments were higher than those in the urea treatments, which indicated that more N was leached into the environment or deep soil of the urea treatment. Considering the environmental and agronomic benefits together, the combination of 30–50% OF with CU was the most conducive for enhancing wheat production.




CONCLUSION

Combining OF and CU could regulate the continuous release of N from fertilizers to match the corresponding N uptake of wheat. The 30%OF+70%CU and 50%OF+50%CU treatments showed some superiority in increasing the grain yield and N uptake compared with the urea treatment, with increase rates of 4.2–9.2% and 6.7–17.3%, respectively. The net profit of the 50%OF+50%CU treatment was prominently higher than that of the urea treatment by 11.9–12.7%. [image: image]-N and [image: image]-N were mainly concentrated in the 0–60-cm soil layer and reduced N leaching to the 60–100-cm soil layer by the combined application of OF and CU. The application of OF is beneficial to the soil of the Yimeng Mountain area, not only in enhancing wheat productivity while mitigating the environmental pollution induced by N but also due to its residual effect. Undoubtedly, more research via long-term field experiments is still necessary.
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Supplementary Figure S1 | SEM images of the surface morphology of CU films. Panels A1, A2, and A3 show the CU surfaces before fertilization at 5 μm, 10 μm, and 50 μm, respectively. Panels B1, B2 and B3 show the CU surfaces after burial in soil at 5 μm, 10 μm, and 50 μm, respectively.

Supplementary Figure S2 | FTIR spectra of organic fertilizer.

Supplementary Figure S3 | Bulk density of the 0–20-cm topsoil in 2019.
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Arginine plays an important role in the nitrogen (N) cycle because it has the highest ratio of N to carbon among amino acids. In recent years, there has been increased research interest in improving the N use of plants, reducing the use of N fertilizer, and enhancing the tolerance of plants to N deficiency. Here, the function of arginine in the growth of apple (Malus hupehensis) under N deficiency was explored. The application of 100 μmol L–1 arginine was effective for alleviating N-deficiency stress. Exogenous arginine promoted the absorption and use of N, phosphorus (P), and potassium (K) under low N stress. The net photosynthetic rate, maximal photochemical efficiency of photosystem II, and chlorophyll content were higher in treated plants than in control plants. Exogenous arginine affected the content of many metabolites, and the content of many amino acids with important functions was significantly increased, such as glutamate and ornithine, which play an important role in the urea cycle. Half of the metabolites were annotated to specialized metabolic pathways, including the synthesis of phenolic substances, flavonoids, and other substances with antioxidant activity. Our results indicate that arginine promotes the plant photosynthetic capacity and alters amino acid metabolism and some antioxidants including phenolic substances and flavonoids to improve the tolerance of apple to N deficiency, possibly through the improvement of arginine content, and the absorption of mineral.
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INTRODUCTION

Nitrogen (N) is an essential element for plant growth. In addition to being absorbed and utilized by plants, a large amount of N in soil is lost in the form of NO2, NOx, N2O, N2, dissolved organic N (DON), and particulate organic N (PON) (Zhang et al., 2015), which can lead to a gradual reduction of available N in soil. The use of N fertilizer can increase the proportion of N in soil and crop yields. Although the large amount of N fertilizer used in the agricultural industry increases the economic output of farmers, it can also lead to various problems such as water eutrophication and soil acidification (Guo et al., 2010; Liu et al., 2021). Therefore, improving the tolerance of plants to N-deficient conditions is an effective approach for mitigating soil N loss and environmental contamination caused by the excessive application of N fertilizer.

Nitrogen is involved in nearly all metabolic processes in plants. Although some plants use N-fixing microorganisms to obtain N, most plants meet their own growth and development needs by absorbing N from the soil. Therefore, low N availability in the soil can affect the metabolism, resource allocation, growth, and development of plants (Xu et al., 2012; Hsieh et al., 2018). The level of N absorbed by the plant directly affects the activity of enzymes involved in N absorption and transport in plants, and the activity of these enzymes is often closely related to chlorophyll (chl) synthesis. Therefore, chlorophyll is degraded when plants are faced with N deficiency, and plants often exhibit symptoms of leaf chlorosis and experience reductions in photosynthetic rate (Wang et al., 2019; Wen et al., 2019). Some plants also exhibit a decrease in height, the number of nodes, and leaf area (Chen et al., 2018). Previous studies have shown that N affects the activity of enzymes involved in the Calvin cycle, and a limited N supply reduces the CO2 assimilation capacity and decreases the light quantum yield (Φ) (Sun et al., 2016). A low N supply also affects the electron transport efficiency and maximum photochemical efficiency of PSII (Fv/Fm) (Luisa et al., 2018). Liu et al. (2020) found that the Fv/Fm of Malus hupehensis decreases markedly under N deficiency. In maize, Lu and Zhang (2000) also found that N deficiency affects plant PSII.

There are two forms of soil N uptake by plants: inorganic N (nitrates and ammonium salts) and organic N, mainly in the form of amino acids (Torgny et al., 2009). NO3– uptake in plants is primarily achieved by NO3– transporters, a family of transporters that can be divided into the low-affinity system and the high-affinity system based on their transport activity. The low-affinity transport system is mainly mediated by the NRT1 (nitrate transporter 1) protein, whereas the high-affinity transport system is mainly mediated by the NRT2 protein (Fan et al., 2017; Asif et al., 2019). Ammonium transport is also carried out by ammonium transporters (AMTs) (Bai et al., 2010). The transport of nitrates and ammonium salts has been extensively studied, but plants can also absorb and use organic N directly. Amino acid transporters are currently classified into three major groups: ATFs (amino acid transporter superfamily), APCs (amino acid-polyamine-choline transporter superfamily), and UMAMITs (usually multiple acids move in and out transporter superfamily). They are responsible for the absorption and transport of different types of amino acids (Pratelli and Pilot, 2014; Dinkeloo et al., 2018). For example, AtAAP5 (amino acid permease 5) plays an important role in the uptake of arginine and lysine at common concentrations in soil (Svennerstam et al., 2011). In addition, amino acid transporters exhibit some common characteristics, such as broad expression patterns and substrate specificity (Yang et al., 2020).

Arginine has the highest ratio of N to carbon among the 21 amino acids. The anabolism of arginine involves many metabolites and processes. Glutamic acid is the initial substrate for arginine synthesis (Winter et al., 2015); it thus provides a means of N storage and transport and has important functions in plants. Previous studies have shown that arginine metabolism is closely related to N metabolism, and many of the pathways in arginine metabolism show tissue specificity in plants (Gao et al., 2009). Ornithine is both a product and metabolic intermediary of arginine metabolite (Urbano-Gámez et al., 2020). These amino acids also play an important role in N utilization and the urea cycle in plants. Arginine succinate synthase (ASS), a key enzyme in arginine synthesis, has been reported to cause ASS1-deficient cell death in animals (Locke et al., 2016). Arginine can also undergo decarboxylation by arginine decarboxylase (ADC) and be converted to guanidine butylamine and then putrescine and other polyamines (Patel et al., 2017). Nitric oxide synthase catalyzes the conversion of arginine to citrulline and NO, and arginase (ARG) catalyzes the decomposition of arginine to ornithine and urea; urea is the substrate that links arginine metabolism and the urea cycle (Cao et al., 2010). The activity of these enzymes controls the direction of arginine metabolism.

Recent studies have focused on the function of arginine and related genes. Exogenous arginine treatment delays fruit coloring, inhibits fruit ripening, and increases the activity of antioxidant enzymes in strawberry fruits (Lv et al., 2020). Arginine also increases the N content in tomato (Wang et al., 2021) and NO content in wheat seedlings (Karpets et al., 2018). Overexpression of OsARG in rice (cv. Kitaake) increases the number of grains per plant under N deficiency (Ma et al., 2013). Infection of mature Arabidopsis thaliana with Botrytis cinerea up-regulates ARGAH2 expression (Brauc et al., 2011). T-DNA insertional mutants of argah1-1 and argah2-1 and double mutants of argah1argah2 show increased tolerance to abiotic stress, including water stress, salt stress, and low temperature, which is accompanied by the accumulation of NO and polyamines. Overexpression of arginase reduces tolerance to abiotic stress (Teresita et al., 2008; Shi et al., 2013). The adc-silenced line is more susceptible than parental WT plants to infection by Botrytis cinerea (Chávez-Martínez et al., 2020). Salt stress up-regulates the expression of GHASS1 in cotton (Wang et al., 2016), and its expression peaks after 1 day of salt stress, suggesting that GHASS1 might be involved in the early response of cotton to salt stress.

Research on arginine in Malus is still in an incipient stage. Arginine is an N storage substance that can alleviate N-deficiency stress, delay senescence, and reduce the use of N fertilizer. The aim of this study was to characterize changes in the physiological parameters and exogenous substances of Malus hupehensis Rehd. under N deficiency and explore the physiological functions and mechanisms of arginine in plants under low N stress. Overall, the results of our study have implications for the apple industry, especially the development of the green economy, environmental protection, and sustainability.



MATERIALS AND METHODS


Materials and Growth Conditions

The experiment was carried out at Northwest A&F University, Yangling (34° 15′ N, 108° 4′ E) Shaanxi, China. Seeds of M. hupehensis were collected in Pingyi (35° 70′ N, 117° 25′ E), Shandong Province. The seeds were disinfected and stored in sand for 2 months at 4°C to break dormancy. The germinated seeds were seeded in a nursery (12 cm × 12 cm). Plants of similar size were used for hydroponics and grown in 8–10 nurseries. Hoagland nutrient solution was the source of nutrients during hydroponics. The two N concentrations applied were 5 mmol L–1 and 0.2 mmol L–1. N was provided exclusively in the form of NO3–. Arginine was added 3 days before N-deficiency treatment to facilitate the adaptation of plants to the experimental environment. The temperature was maintained at 23–25°C in the daytime and 15–18°C at night. The sodium lamp provided light during the 14/10 h light/dark photoperiod (photon flux density was 160 mmol m–2 s–1). Oxygen was added to the nutrient solution to maintain the oxygen concentration at 8.0–8.5 mg L–1 through the dissolved oxygen controller (FC-680; Corporation of Super, Shanghai, China). The nutrient solution was renewed every 5 days.



Hydroponics Screening

The plants were pre-cultivated for 15 days to permit adaptation to hydroponics conditions. To determine the optimal concentration of exogenous arginine, the plants were divided into seven treatments at 20 days: half-strength nutrient solution (5 mmol L–1) and N-deficiency treatment with 20, 100, 500, 2500, and 10000 μmol L–1 arginine. Arginine was supplemented throughout the entire experiment. The net photosynthetic rate (Pn) was measured at Day 0, 5, 10, 15, 20, and 25 after treatment; the dry weight, fresh weight, and plant height of all groups were measured at 25 days after treatment; and the phenotypic characteristics of the plants were recorded.

According to the optimal arginine concentration, the plants were divided into four treatments: control (1/2 Hoagland solution containing 5 mmol L–1 N, CK), control + arginine (1/2 Hoagland solution containing 5 mmol L–1 N with 100 μmol L–1 arginine, CKA), N-deficiency solution (1/2 Hoagland solution containing 0.2 mmol L–1 N, LN), and LN + arginine (1/2 Hoagland solution containing 0.2 mmol L–1 N with 100 μmol L–1 arginine, LNA). The physiological indexes of each treatment were measured.



Growth Measurements

The shoot height (SH) was measured from the top of the stem to the stem base; the leaf number was counted per plant at 20 days after treatment. On the first and last day of the treatments, the plants were divided into leaves, stems, and roots for weighing. The samples were then washed with tap water, distilled water, and double water, followed by fixation at 105°C for 30 min and drying at 72°C until a constant weight was achieved (at least 72 h). The fresh weight and dry weight were calculated from the weight of the leaves, stems, and roots before and after drying, respectively.



Measurement of Malondialdehyde Content and Root Activity

The malondialdehyde (MDA) content was measured per the instructions provided in an MDA reagent kit (Suzhou Comin Biotechnology Co., Ltd., China). Root activity was measured using triphenyl tetrazolium chloride (TTC) following the method of Joseph et al. (2010).



Determination of Nitrogen, Potassium, and Phosphorus Concentrations

The tissues in the four treatments were collected at 20 days after treatment to estimate the N, P, and K concentrations. After quick-freezing, tissue (0.1 g) was ground and digested with concentrated sulfuric acid (H2SO4, AR, 98%) and hydrogen peroxide (H2O2, GR, ≥30%). The N and P content was measured by an AutoAnalyzer 3 continuous-flow analyzer (AA3; SEAL Analytical, Norderstedt, Germany), and the K content was measured by a flame photometer (M410; Sherwood Scientific, Cambridge, United Kingdom) according to the method of Li et al. (2013).



Determination of Nutrient Uptake Fluxes, Transport, Accumulation, and Partitioning

The formulas for nutrient uptake fluxes (TN) are as follows (Kruse et al., 2007):
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where, RGR is the relative growth rate, DW is the dry weight, and C is the concentration of elements in each tissue. The uptake flux was expressed in units of milligrams per plant per day or micrograms per plant per day.

The transportation of N, P, and K was defined as the total amount of element transported to leaf and stem tissue per gram root DW per day. The accumulation of N, P, and K in the roots was defined as the total amount of nutrient absorbed into root per gram root DW per day. The formula is as follows (Kruse et al., 2002):
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where, M represents the total content of elements, W represents the dry weight of roots, and T is the treatment time.

The element content of each part (root, stem, and leaf) is the product of the dry weight of each part and the element concentration.



Enzyme Activity Assays

The tissues of four treatments were collected at 20 days after treatment. The samples were ground into powder with liquid N and stored at –80°C. Samples were weighed (0.1 g) for each enzyme activity measurement. The activity of nitrate reductase (NR), nitrite reductase (NiR), glutamine synthetase (GS), and glutamate synthase (GOGAT) was measured per the instructions provided by corresponding kits (Suzhou Comin Biotechnology Co., Ltd., China). Absorbance of NR and GOGAT was recorded at 340 nm. Absorbance of NIR and GS was recorded at 540 nm. The standard was based on the instructions provided by the kits. NR activity was expressed as catalytic reduction of 1 nmol NADH per min per g of fresh weight. NiR activity was expressed as the reduction of 1 μmol NO2– per g tissue per hour. GS activity was expressed as 1 μmol of γ-glutamyl hydroxamic acid produced per gram of tissue per ml of reaction system per hour. GOGAT activity was expressed as 1 nmol of NADH consumed per gram of tissue per minute.



Measurement of Photosynthetic Characteristics

Chl was extracted with 80% acetone at 0 and 20 days. The total chl, chl a, chl b, and carotenoid (car) content was measured spectrophotometrically following the procedure of Arnon (1949) with minor modifications.

The Pn, stomatal conductance (gs), intercellular carbon dioxide concentration (Ci), and transpiration rate (Tr) were measured with a portable photosynthesis system (CIRAS3) from 9:00 am to 10:00 am. All measurements were performed at 1000 μmol photons m–2 s–1 and a constant airflow rate of 500 μmol s–1. The cuvette CO2 concentration was set to 400 μmol CO2 mol–1 air, with a vapor pressure deficit of 2.0–3.4 kPa. Measurements were taken from the fully extended leaves located at the same position from five randomly selected plants in each group.

Chl fluorescence was measured by a Dual-PAM-100 Chlorophyll Fluorometer (Walz, Germany). After 30 min of dark adaptation, the minimum fluorescence (F0) and maximum Chl fluorescence yield (Fm) were measured. Fv/Fm was calculated as (Fm−F0)/Fm.



RT-PCR Analysis

Total RNA was extracted from leaves using a Wolact® Plant RNA Isolation Kit (Vicband, HongKong, China) per the manufacturer’s instructions. qRT-PCR was performed on a LightCycler 480 (Roche, Indianapolis, IN, United States) Real-Time System using SYBR Premix Ex Taq II (Takara, Kyoto, Japan) following a previously described method (Gao et al., 2020). Sequences of the primers for MdAMT1;2, MdAMT2;1, MdFd-GOGAT, and MdNADH-GOGAT were designed with Primer Premier 5 software (Biosoft International, Palo Alto, CA, United States) (Supplementary Table 1). MdMDH was used as an internal reference gene.



Metabolomic Analysis

Biological samples were crushed using a mixer mill (MM 400, Retsch). Extraction and detection methods were adjusted following the method of Chen et al. (2013). Briefly, 100 mg of powder was dissolved with 1.2 mL of 70% methanol solution. The solution was vortexed for 30 s every 30 min a total of 6 times. The sample was extracted at 4°C overnight, followed by centrifugation at 12,000 rpm for 10 min. The supernatant was filtrated through a 0.22-μm organic strainer before UPLC-MS/MS (UPLC, SHIMADZU Nexera X2; MS, Applied Biosystems 4500 Q TRAP) analysis. The UPLC was equipped with an Agilent SB-C18 column (1.8 μm, 2.1 mm × 100 mm). The mobile phase consisted of solvent A, pure water with 0.1% formic acid, and solvent B, acetonitrile with 0.1% formic acid. The gradient program was as follows: 0–9 min, 95% A to 5% A and 5% B to 95% B with a linear gradient and hold for 1 min; 5% A to 95% A and 95% B to 5% B in 1.10 min and hold for 2.9 min. The flow velocity was 0.35 mL min–1, the column temperature was 40°C, and the injection volume was 4 μL. The effluent was alternatively connected to an ESI-triple quadrupole-linear ion trap (QTRAP)-MS.

LIT and triple quadrupole (QQQ) scans were acquired on a triple quadrupole-linear ion trap mass spectrometer (Q TRAP), AB4500 Q TRAP UPLC/MS/MS System, equipped with an ESI Turbo Ion-Spray interface, operating in positive and negative ion mode and controlled by Analyst 1.6.3 software (AB Sciex). The ESI source operation parameters were as follows: ion source, turbo spray; source temperature, 550°C; ion spray voltage (IS), 5500 V (positive ion mode)/-4500 V (negative ion mode); ion source gas I (GSI), gas II (GSII), and curtain gas (CUR) were set at 50, 60, and 25.0 psi, respectively; and the collision-activated dissociation (CAD) was high. Instrument tuning and mass calibration were performed with 10 and 100 μmol L–1 polypropylene glycol solutions in QQQ and LIT modes, respectively. QQQ scans were acquired as MRM experiments with collision gas (N) set to medium. DP and CE for individual MRM transitions were done with further DP and CE optimization. A specific set of MRM transitions were monitored for each period according to the metabolites eluted within this period.



Determination of Amino Acids

The amino acids were extracted and detected by LC-MS following the method of Jin et al. (2019). Fresh tissue was ground in liquid N, 500 mg of sample powder was weighed in tubes, and 1 mL of 50% ethanol (containing 0.1 mol L–1 HCl) was added to tubes to extract amino acids. The supernatant was transferred to a new tube after centrifugation at 13,000 g and 4°C for 10 min. The liquid was filtered through a 0.22-μm organic strainer. The filtrate was diluted 20 times with methanol (AR, 98%) to a 1-mL volume. The LC-MS analysis was carried out on an Inertsil OSD-4C18 column (150 mm × 3.0 mm; packing size, 3.5 μm) at 25°C; 0.5% formic acid water (solvent A) and methanol (solvent B) were used as the mobile phase at a flow rate of 0.3 mL min–1. The content was calculated according to the standard curve.



Statistical Analysis

Data on the content of metabolites detected were used for principal component analysis (PCA), hierarchical cluster analysis, and orthogonal partial least squares-discriminant analysis in R1 to analyze the accumulation of metabolites in response to arginine and N deficiency (Wang et al., 2015). The Pearson correlation coefficients were calculated in R to verify the repeatability between classes. Significantly regulated metabolites were filtered using the following criteria: VIP ≥ 1 and Log2FC (fold change) ≥ 2 or Log2FC ≤ 0.5. To avoid overfitting, a permutation test (200 permutations) was performed. To clarify the role of arginine in response to N-deficiency stress, the identified metabolites were annotated using Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. MSEA (metabolite sets enrichment analysis) was then conducted on the pathways with significantly regulated metabolites, and the significance of these pathways was determined by hypergeometric tests. Annotated metabolites were mapped to the KEGG Pathway database.

The data were statistically analyzed by one-way ANOVA. Tukey’s multiple range test was used to determine significant differences between means (P < 0.05) using SPSS 25.0 software (IBM Corp., Armonk, NY, United States).




RESULTS


Hydroponics Screening

The growth rate of apple was significantly inhibited under N-deficiency conditions. The growth of apple treated with 2500 and 10000 μmol L–1 arginine was severely inhibited, as indicated by the lower plant length, wilted leaves, absence of root growth, and even death on the 3rd d with 10,000 μmol L–1 arginine and 6th d with 2,500 μmol L–1 arginine (Figure 1A) under N-deficient solutions. Apple treated with 100 and 500 μmol L–1 arginine had better growth performance, indicating that this concentration of arginine alleviated the inhibition induced by N-deficiency stress (Figure 1).
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FIGURE 1. Effect of N deficiency on the growth parameters of Malus hupehensis. Whole plant and underground phenotypes (A), shoot height (cm) (B), fresh weight (g–1 plant) (C), dry weight (g–1 plant) (D), and net photosynthetic rate (Pn) (E) from 0 to 25 days every 5 days. CK, half-strength nutrient solution; LN, N-deficiency treatment; LN + 20 μmol L–1, N-deficiency treatment plus 20 μmol L–1 arginine; LN + 100 μmol L–1, N-deficiency treatment plus 100 μmol L–1 arginine; LN + 500 μmol L–1, N-deficiency treatment plus 500 μmol L–1 arginine; LN + 2500 μmol L–1, N-deficiency treatment plus 2500 μmol L–1 arginine; and LN + 10000 μmol L–1, and N-deficiency treatment plus 10000 μmol L–1 arginine. The picture was taken on the third d of the experiment). Values are means of ten replicates ± SD. Values not represented by the same letter are significantly different according to Tukey’s multiple-range test (P < 0.05).


Under N deficiency, the dry weight and Pn decreased sharply. However, the dry weight was 59.26% higher in apple plants treated with 100 μmol L–1 arginine than under N deficiency (Figure 1D). Exogenous application of 100 or 500 μmol L–1 arginine resulted in higher Pn values during treatments compared with the control (Figure 1E). Based on these results, 100 μmol L–1 arginine was the optimal concentration used in subsequent experiments.



Exogenous Arginine Enhanced the Growth of Malus hupehensis Under Nitrogen Deficiency

The growth of M. hupehensis plants was inhibited significantly under N deficiency, and growth was restored via exogenous arginine application (Figure 2A). The dry weight and fresh weight of M. hupehensis plants were higher under exogenous arginine application compared with LN (Figures 2B,C); the growth of plants was also enhanced by arginine application under a normal nutrient supply. The SH and number of leaves were lower under N deficiency compared with when a normal level of N was supplied (Figures 2D,E). There were no significant differences observed between CK and CKA.
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FIGURE 2. Analysis of the growth parameters of CK, CKA, LN, and LNA at 20 days. We measured the phenotype (A), fresh weight (g–1 plant) (B), dry weight (g–1 plant) (C), shoot height (cm) (No. plant) (D), and the number of leaves (E) of apple plants from these four treatments. The content of MDA after 20 days (F). Root activity of CK, CKA, LN, and LNA after 20 days of treatment (G). Half-strength nutrient solution (CK); half-strength nutrient solution + 100 μmol L–1arginine (CKA); N-deficiency solution (LN); and N-deficiency solution + 100 μmol L–1 arginine (LNA). Values are means of five replicates ± SD. Values not represented by the same letter are significantly different according to Tukey’s multiple-range test (P < 0.05).


Root vitality of M. hupehensis was significantly affected by N deficiency. Root vitality was higher for plants under LNA compared with plants under LN (Figure 2G).

The MDA content was higher in LN than in LNA, and no clear differences were observed among CK, CKA, and LNA (Figure 2F). This indicated that arginine alleviates oxidative damage to the cell membrane.

These results indicated that exogenous arginine enhanced aboveground growth and root activity under N deficiency and alleviated the damage to cells caused by N-deficiency.



Concentration, Transport, Accumulation, and Partitioning of Nitrogen, Potassium, and Phosphorus

Nutrient concentrations in different tissues were altered at 20 days after N-deficiency treatment. Arginine increased the total N concentration of the leaves, stems, and roots under stress (Supplementary Figures 1A–C). In the leaves and roots (Supplementary Figures 1D,F), the total K concentration was higher under LNA than under LN, but in the stems (Supplementary Figure 1E), the total K concentration was higher under LN compared with CK. The total P concentration in the stems and roots increased after the application of arginine under N stress (Supplementary Figures 1H,I). The leaf P content was lower under LNA than under LN (Supplementary Figure 1G).

The uptake, accumulation, and partitioning of N, P, and K were affected under N deficiency. The uptake of N, P, and K was decreased under N deficiency in M. hupehensis. The use of arginine significantly alleviated this inhibition (Figures 3A–C).
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FIGURE 3. Effects of arginine on N, P, and K in M. hupehensis under low N. The uptake of total N (A), K (B), and P (C) in the leaves, stems, and roots. The accumulation and partitioning of N (D), P (E), and K (F) and transport of N (G), P (H), and K (I) in the leaves, stems, and roots. Values are means of three replicates ± SD. Values not represented by the same letter are significantly different according to Tukey’s multiple-range test (P < 0.05).


The content of N, P, and K was highest in leaves and lowest in stems. The application of arginine significantly increased the content of N, P, and K in the roots, stems, and leaves of M. hupehensis, especially the stems. Compared with LN, arginine also increased the N, P, and K content in tissues of M. hupehensis under low N stress (Figures 3D–F).

Under N deficiency, arginine increased the accumulation of N, P, and K in the roots, as well as the rate of transport of these nutrients in the stems compared with LN. The N and P transport rate to leaves was decreased, and the N and K transport rate was increased (Figures 3G–I). These results indicated that exogenous arginine treatment had a significant effect on nutrient transport, accumulation, and partitioning under N-deficiency stress.



Changes in Nitrogen Metabolism-Related Enzyme Activity and Gene Expression

Given the observed effects of arginine on the absorption and distribution of nutrients, we measured the activity of these four enzymes. The activity of these four enzymes was significantly inhibited under N-deficiency stress, and exogenous arginine alleviated this inhibition (Figure 4). The ammonium transporter genes MdAMT1;2 and MdAMT2;1 and the ammonium assimilation genes MdFd-GOGAT and MdNADH-GOGAT were significantly up-regulated at 12 h after low N stress with arginine application (Figure 5); the NO3– transporter genes MdNRT1;1 and MdNRT2;7 were up-regulated 3.3 and 2.3 times, respectively, at 12 h, and no significant response was observed after 12 h.
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FIGURE 4. The activity of enzymes in the leaves of CK, CKA, LN, and LNA after 20 days. NR activity (A), GS activity (B), NiR activity (C), and GOGAT activity (D). Values are means of five replicates ± SD. Values not represented by the same letter are significantly different according to Tukey’s multiple-range test (P < 0.05).
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FIGURE 5. The expression level of N metabolism enzymes. MdAMT1;2 (A), MdAMT 2;1 (B), MdFd-GOGAT (C), and MdNADH-GOGAT (D), MdNRT1;1 (E) and MdNRT2;7 (F) in CK, CKA, LN, and LNA after treatment. The data are shown up to the fifth day, as no significant responses of the genes were observed after 5 days. Values are means of three replicates ± SD. Values not represented by the same letter are significantly different according to Tukey’s multiple-range test (P < 0.05).




Changes in Photosynthetic Parameters and Chlorophyll

The chl a, chl b, car, and total chl content under N deficiency decreased significantly at 20 days after treatment; chl b was most affected by N deficiency (Figure 6B). The chl a, chl b, car, and total chl content was higher under LNA than under LN (Figure 6).
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FIGURE 6. Analysis of chlorophyll. Chlorophyll a (A), chlorophyll b (B), total chlorophyll (C), and carotenoids (D). Values are means of five replicates ± SD. Values not represented by the same letter are significantly different according to Tukey’s multiple-range test (P < 0.05).


The Pn, gs, and Tr of plants decreased at 20 days after low N treatment (Figures 7A–C). However, Pn was higher under LNA than under LN. Under normal nutrient conditions, Pn was higher under CK than under CKA at 20 days (Figure 7A). Starting on the fifth day, the Tr of LNA was higher than that of LN, and gs was higher under LNA than under LN on the 10 days (Figures 7B,C). Lower Ci aided the ability of plants to cope with stress, and Ci was high under LN (Figure 7D), indicating that plants were under greater nutrient stress; Ci was low under CK, CKA, and LNA.
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FIGURE 7. Changes in the photosynthetic system of M. hupehensis. Net photosynthetic rate (Pn, A), stomatal conductance (gs, B), transpiration rate (Tr, C), intercellular CO2 concentration (Ci, D), and Fv/Fm (E) of CK, CKA, LN, and LNA after 20 days. Values are the means of ten replicates ± SD. Values not represented by the same letter are significantly different according to Tukey’s multiple-range test (P < 0.05).


Fv/Fm measurements indicated that Fv/Fm was significantly lower under LN than under CK and LNA, but no significant differences between CKA and CK were observed (Figure 7E). The application of exogenous arginine alleviated damage to the photosynthetic system under low N stress but had no effect under normal N conditions.



Differential Metabolite Profiling Analysis

We analyzed the differential metabolites of M. hupehensis plants. PCA was used to conduct an unsupervised clustering analysis of the detected metabolites. The replications of the different treatments were clustered, and there was clear separation among the four treatments, indicating that the results were reliable. LN and CK were significantly separated along the first principal component (PC1), accounting for 23.29% of the total variance. LN and LNA were significantly separated along the second principal component (PC2), accounting for 18.45% of the total variance (Figure 8B). Differences between CKA and LNA along PC1 and PC2 were small (Figure 8B).
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FIGURE 8. Differential metabolite analysis. Number of differential metabolites for the comparisons CK vs. CKA, CK vs. LN, CKA vs. LNA, and LN vs. LNA (A). PCA score diagram of each group. PC1 represents the first principal component, and PC2 represents the second principal component (B). Venn diagram of the common metabolites and differential metabolites among the four groups (C). Significantly regulated metabolites were those with fold change ≥ 2 or fold change ≤ 0.5 and VIP ≥ 1.


A total of 59, 58, 22, and 37 differential metabolites were identified in the four comparison groups (CK vs. CKA, CK vs. LN, CKA vs. LNA, and LN vs. LNA, respectively) (Figure 8A). In the CK vs. LN and LN vs. LNA comparisons, 18 and 23 metabolites were up-regulated, and 40 and 14 metabolites were down-regulated, respectively (Supplementary Tables 2, 3). A total of 43 down-regulated and 16 up-regulated metabolites were identified between CK and CKA, and 10 down-regulated and 12 up-regulated metabolites were identified between CKA and LNA (Figure 8A). Venn diagram analysis showed that only one differential metabolite was present in all four comparison groups (Figure 8C).

The differential metabolites detected under N deficiency were annotated to several pathways through KEGG analysis. Most of the metabolites were annotated to the metabolism and biosynthesis of specialized metabolites, which accounted for 82.14% and 60.71% of total metabolites. Approximately, 1/3 of the metabolites were related to amino acid synthesis (Figure 9A). N deficiency also affected lysine synthesis and degradation, as well as histidine, arginine, serine, threonine, glycine, alanine, proline, and ornithine synthesis (Figure 9A). Some metabolites were involved in carbon and sulfur metabolism, the TCA (Tricarboxylic Acid Cycle) cycle, and carbon fixation in photosynthetic organisms, which are important for plant growth. Nicotinate and nicotinamide, oxidative, phosphorylation, anthocyanin, and 2-oxocarboxylic acid metabolism and synthesis were also related to metabolites under N deficiency.
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FIGURE 9. KEGG classification of differential metabolites. CK vs. LN (A) and LN vs. LNA (B). The ordinate shows the KEGG metabolic pathways, and the abscissa shows the number of metabolites annotated to these pathways and the proportion of the number of metabolites to the total number of metabolites annotated.


Thirty-seven differential metabolites were detected in the LN and LNA comparison: a total of 23 up-regulated metabolites, including 14 amino acids and derivatives, 2 nucleotides and derivatives, 3 flavonoids, 2 alkaloids, 1 phenolic acid, and 1 organic acid, and a total of 14 down-regulated metabolites, including 2 amino acids, 3 flavonoids, 1 phenolic acid, 2 lipids, 3 terpenoids, and 3 alkaloids (Supplementary Tables 3, 4). Most were annotated to the metabolism and biosynthesis of specialized metabolites, which accounted for 70.83% and 50% of total metabolites, respectively. Metabolites related to indole alkaloid, linoleic acid, and caffeine were detected in LNA (Figure 9B).

Next, we compared the differential metabolites between CK vs. LN and LN vs. LNA. A total of 17 metabolites detected in both showed opposite expression patterns, including 12 amino acids (L-serine, 5-aminovaleric acid, pipecolic acid, L-asparagine, L-ornithine, L-citrulline, L-cysteinyl-L-glycine, L-arginine, N-monomethyl-L-arginine, homoarginine, glutathione-reduced form, and L-homomethionine), 3 flavonoids (delphinidin-3-O-arabinoside, malvidin-3-O-arabinoside, and kaempferol-3-O-rhamnosyl (1→2) glucoside), 1 organic acid (3-ureidopropionic acid), 1 phenolic acid (4-O-methylgallic acid), 1 alkaloid (diethanolamine), 2 terpenoids (1-oxo-siaresinolic acid, myrianthic acid), and 1 lipid (LysoPC 20:4). These metabolites were up-regulated in LNA and down-regulated in LN, with the exception of terpenoids (Supplementary Table 3). Other metabolites were only related to synthesis under N deficiency (Supplementary Table 2), suggesting that exogenous arginine did not affect these pathways.



Exogenous Arginine Altered the Content of Endogenous Amino Acids

The content of arginine, glutamic acid, proline, serine, threonine, leucine, and valine was decreased (Figures 10A–C,E–H). However, the application of arginine restored the synthesis of these amino acids. The content of amino acids was higher in M. hupehensis growing under normal N conditions after arginine application. The content of histidine showed the opposite pattern: histidine content was high under LN but low when 100 μmol L–1 arginine was added at 20 days after N deficiency (Figure 10D). Under normal N conditions, the content of histidine was similar to that of other amino acids. The content of isoleucine significantly increased only in CKA (Figure 10I).
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FIGURE 10. The content of amino acids. Arginine (A), glutamic acid (B), proline (C), histidine (D), serine (E), threonine (F), leucine (G), valine (H), and L-isoleucine (I) in CK, CKA, LN, and LNA on the 20th day of treatment. Values are means of five replicates ± SD. Values not represented by the same letter are significantly different according to Tukey’s multiple-range test (P < 0.05).





DISCUSSION

Nitrogen plays a prominent role in plant growth and development. Thus, the challenge of improving N use efficiency while reducing the use of N fertilizer has become a major focus of research. Arginine is known to be an important component of the N pool, and previous studies have shown that arginine is involved in the response to stress, including both biotic and abiotic stresses. The aim of this study was to investigate the role of arginine in mediating N-deficiency stress. Consistent with previous studies (Ji et al., 2018; Conceição et al., 2021), we found that the effect of arginine was dose-dependent. The photosynthetic rate of plants was higher under N deficiency when 100 μmol L–1 arginine was applied; these plants also exhibited high SH, dry weight, and numbers of leaves. These results indicate that arginine can alleviate N-deficiency stress.

Nitrogen, potassium, and phosphorus are three essential elements for plant growth. N has been shown to compose macromolecules such as nucleic acids, nucleoprotein, chl, and protein; thus, more N is required compared with other elements during plant growth and development (Wen et al., 2020). The absorption of N and P is coupled and affects plant growth; N and K are important for ensuring plant yields (Clemente et al., 2013; Yan et al., 2015). In our study, the level of P and K was affected by arginine. Increased K and P content was observed following arginine application. Under N-deficiency conditions, N absorption was inhibited, and N accumulated in the roots. However, the use of arginine under N deficiency enhanced the absorption and content of N, as well as the accumulation of N in the leaves and stems. Arginine is closely related to the storage and re-mobilization of N. Arginine dihydrolase AgrE/ArgZ of Anabaena, coupled with bifunctional proline oxidase PutA, mediates the conversion of arginine to glutamate, which provides a more direct route linking the arginine and ammonia pool (Zhang and Yang, 2019). After the genes controlling arginase synthesis were silenced in Arabidopsis, the nitric oxide synthase activity and increase in the NO content caused a decrease in N in plants (Flores et al., 2008). The total N concentration and content in the four treatments increased under arginine application. Arginine also facilitated nutrient transport and partitioning under N deficiency. NR and NiR are important enzymes in the process of nitrate reduction (Jung et al., 2021). GS and GOGAT are important enzymes involved in the process of ammonium assimilation (Esen and Öztürk Ürek, 2014). However, N transformation and key metabolic enzyme genes were up-regulated after arginine application under N deficiency at 12 h. Enzyme activity also increased at 20 days. There was a difference in the timing of the responses of genes and enzyme activity. Our results indicate that arginine can not only be transformed into N for plant absorption and use but can also promote the absorption and use of limited N, P, and K by plants.

Photosynthesis is sensitive to environmental changes; thus, the photosynthetic activity of plants can be altered by stress, including N deficiency. Most N is located in the chloroplasts of leaves and participates in the synthesis of photosynthetic-related substances. Approximately, 80% of the N in C3 plants is in the chloroplasts (Makino et al., 2003; Hiroyuki and Amane, 2018). In poplar, Pn is directly proportional to the N content (Luo and Zhou, 2019). In our experiment, the Pn of plants in low N environments was significantly decreased; gs and Tr also decreased under N deficiency. The application of exogenous arginine significantly alleviated the effect of N deficiency on plant photosynthesis and increased Pn. This effect may stem from the high N to carbon ratio in arginine. Arginine also plays an important role in amino acid metabolism. These amino acids and proteins make up the components of the plant’s photosynthetic machinery (Ma et al., 2013; Huo et al., 2020). Therefore, under N deficiency, the application of exogenous arginine increases Pn, gs, and Tr, which increases the rapidity and efficiency of CO2 assimilation and carbohydrate production under low N stress.

The content of chl b was significantly affected by arginine. Previous studies have shown that chl b functions in the light-harvesting complex (LHC) component of plants, plays an important role in regulating the size of the photosynthetic antenna, and maintains the stability of LHCII (Yamasato et al., 2005). This indicated that arginine helps reverse the negative effect of N deficiency by maintaining the content of chl b. The Fv/Fm results also lead to the same conclusion. These results indicate that exogenous arginine can alleviate the degradation of chl and reduce the damage to PSII to increase photosynthetic efficiency caused by N deficiency, which enhances plant growth.

Arginine plays an important role in many biological processes. It can be broken down into intermediates that participate in the Krebs cycle (Vance et al., 2017). It also participates in the synthesis of amino acids, γ-aminobutyric acid (GABA), and NO (Majumdar et al., 2016). The content of most of the amino acids decreased under N deficiency, and N deficiency had a significant effect on amino acid synthesis. This effect was alleviated by supplementation of arginine, which increased the content of glutamate family amino acids such as the content of arginine, glutamate, proline, and ornithine. Proline is an essential amino acid that contributes to a variety of physiological and molecular responses in plants under stress (Saleem et al., 2020). Glutamate plays an important role in the synthesis of amino acids. It is a precursor in the synthesis of ornithine, as well as an intermediate in the synthesis of proline. Arginine is also a precursor in ornithine synthesis and a substrate of polyamine synthesis. The reactions of amino acids are also related to the TCA cycle, suggesting that arginine can affect the carbohydrate supply (Majumdar et al., 2015). These results were consistent with the metabolite profiling analysis. The fact that the content of amino acids changed significantly after arginine supplementation indicated that arginine is a key biochemical hub in amino acid metabolism.

Arginine affected specialized metabolites, and this might explain why the tolerance of plants to N deficiency increased. Metabolomic fingerprinting and KEGG analysis identified several significantly regulated metabolites, which were mainly divided into four groups: flavonoids, alkaloids, phenols, and amino acid derivatives. Phenols, alkaloids, and terpenoids are the main chemical substances involved in plant defense (Nguyen et al., 2020). Anthocyanins are flavonoids, which are water-soluble plant pigments with strong antioxidant activity (Meng et al., 2019). Gil et al. (2000) found that the remaining phenolic compounds only accounted for 28% of the total antioxidant activity after removing the anthocyanin fraction from pomegranate juice, indicating that anthocyanins can contribute important antioxidant effects. Phenols have been shown to be antioxidants that can remove excess reactive oxygen in cells; they also provide various benefits to human health (Shay et al., 2015; Zhang et al., 2019). In this study, the content of delphinidin-3-O-arabinoside, malvidin-3-O-arabinoside, and kaempferol-3-O-rhamnosyl (1→2) glucoside was up-regulated under LNA but down-regulated under LN. The alkaloids diethanolamine and caffeine were significantly up-regulated. The latter is known to play a role in the tolerance of viruses, bacteria, and pest insects; it is thus often used as an anti-herbivory and allelopathic agent (Kim et al., 2006, 2010). Phenols including 4-O-methylgallate were up-regulated more than 5,000 times under LNA. They are the major product of gallic acid metabolism in vivo. Gallic acid has antioxidant activity. A sharp increase in gallic acid was detected after arginine supplementation under N deficiency, suggesting that phenolic acid plays an important role in mediating the effects of arginine under N deficiency. The jasmonic acid content significantly increased under N deficiency and was not induced by arginine. This indicated that the absorption of exogenous arginine by M. hupehensis can help plants produce more antioxidant substances under N deficiency to reduce the damage caused by reactive oxygen species.

In sum, there are two possible mechanisms by which arginine alleviated the effects of N deficiency. First, arginine can promote the absorption and use of N, P, and K to compensate for the lack of N; it also can be converted into N at the same time, thereby inhibiting chl degradation to improve the efficiency of the photosynthetic system and plant growth. Second, arginine is a biochemical hub in amino acid synthesis and metabolism. Consequently, the application of exogenous arginine altered the content of a large number of amino acids in apple plants. Many intermediates participate in the urea cycle during the conversion and synthesis of these amino acids. Application of arginine affects the content of antioxidant metabolites, such as phenols, alkaloids, terpenoids, and flavonoids, which play a key role in reducing the peroxidation damage experienced by apple plants under N deficiency. The results of this study provided new insights into the mechanisms by which arginine alleviates the effects of N-deficiency stress. Additional studies are needed to further our understanding of these mechanisms.
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Supplementary Figure 1 | Concentration of total nitrogen, phosphorus, and potassium. Nitrogen in the leaf (A), stem (B), and root (C); total potassium in the leaf (D), stem (E), root (F), total phosphorus in the leaf (G), stem (H), and root (I) after 20 days of treatment of the four groups. Values are means of three replicates ± SD. Values not represented by the same letter are significantly different according to Tukey’s multiple-range test (P < 0.05).
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Zinc is an important micronutrient needed for the optimum growth and development of plants. Contrary to chemical zinc fertilizers, the use of zinc-solubilizing bacteria is an environmentally friendly option for zinc enrichment in edible parts of crops. This study was conducted with the objective of selecting potential zinc-solubilizing rhizobacteria from the rhizosphere of chickpea grown in soils of eastern Uttar Pradesh and further assessing their impact on the magnitude of zinc assimilation in wheat crops. Among 15 isolates, CRS-9, CRS-17, CRS-30, and CRS-38 produced net soluble zinc in broth to the tune of 6.1, 5.9, 5.63, and 5.6 μg ml–1, respectively, in zinc phosphate with the corresponding pH of 4.48, 5.31, 5.2, and 4.76. However, the bacterial strains CRS-17, CRS-30, CRS-38, and CRS-9 showed maximum zinc phosphate solubilization efficiency of 427.79, 317.39, 253.57, and 237.04%, respectively. The four bacterial isolates were identified as Bacillus glycinifermentans CRS-9, Microbacterium oxydans CRS-17, Paenarthrobacter nicotinovorans CRS-30, and Bacillus tequilensis CRS-38 on the basis of morphological and biochemical studies and 16S rRNA gene sequencing. Bacterial inoculants significantly colonized the roots of wheat plants and formed a biofilm in the root matrix. These strains significantly increased seed germination (%) and vigor indices in wheat grown under glasshouse conditions. After 30 days of sowing of wheat under microcosm conditions, eight zinc transporter (TaZIP) genes were expressed maximally in roots, with concomitant accumulation of higher zinc content in the bacterially treated plant compared to the absolute control. Out of the four strains tested, two bacteria, B. tequilensis CRS-38 and P. nicotinovorans CRS-30, improved seed germination (%), vigor indices (2–2.5 folds), plant biomass, grain yield (2.39 g plant–1), and biofortificated grains (54.25 μg g–1Zn) of wheat. To the best of our knowledge, this may be the first report on the presence of zinc solubilization trait in B. glycinifermentans CRS-9, M. oxydans CRS-17, and P. nicotinovorans CRS-30.

Keywords: rhizobacteria, wheat, zinc phosphate, biofortification, zinc-solubilizing rhizobacteria


INTRODUCTION

The most important challenge to researchers, scientists, and policymakers is to ensure food and nutritional security for the burgeoning population, which may reach 9.8 billion by the year 2050. Food security entails increasing agricultural productivity and improvement in product quality while reducing the adverse footprints of cultivation practices in natural resources and the environment. Among the 17 sustainable development goals (SDGs), SDGs 1–3 are directly related to sustainable agricultural growth and aim to eliminate poverty and hunger, and ensure good health and well-being, respectively. More than half of the global population suffers from micronutrient malnutrition in developed and developing countries (Bouis, 2003). Among various micronutrients, zinc (Zn) is required for the optimal growth and development of all the organisms (Hafeez et al., 2013). In plants, Zn plays an important role in carbohydrate and auxin metabolism (Alloway, 2004, 2008a,b), protein synthesis, and assimilation of other major nutrients, and it also acts as a significant antioxidant (Singh et al., 2018c). Currently, Zn deficiency is common in plants, human beings, and animals. Zn deficiency in plants causes a reduction in photosynthesis, flowering and fruit development, synthesis of carbohydrate and phytohormones, shoot and root development, and leaf size; it induces chlorosis and susceptibility to heat, light, and fungal infections; it affects water uptake and delays crop maturity, leading to decrease in crop yield and nutritional quality of grains (Alloway, 2004; Tavallali et al., 2010). Zinc deficiency results in yellowing of leaves and stunted growth in wheat plants. Zinc deficiency in humans is due to consumption of zinc-deficient food including wheat grown in Zn-deficient soils. Globally, the widespread occurrence of Zn-deficiency in crops is due to the low solubility of Zn rather than low Zn availability in soil (Iqbal et al., 2010). More than 50% of Indian soils have been estimated to be deficient in Zn (Ramesh et al., 2014a). The total content of zinc in soil ranges from 50–300 μg g–1 soil. Cereal crops grown on these soils are zinc-deficient. Urgent corrective measures are required to eliminate Zn deficiency in edible crops to ensure proper Zn nutrition.

In general, plants have several mechanisms to overcome Zn deficiency. Among them, Zn finger transcription factors are important for the development of floral tissues, flowering, fertilization, and fruiting (Epstein and Bloom, 2005). Zn also plays a vital role in the regulation of uptake and translocation of Zn in plants and modulates several biological pathways during environmental stress. Furthermore, genetic biofortification is time-consuming, and it may not be successful in some different soil environments (Cakmak, 2008). The agronomic strategy of biofortification using zinc as a fertilizer, crop rotation (White and Broadley, 2009; Dimpka and Bindraban, 2016), and application of organic manures (Aghili et al., 2014; Helfenstein et al., 2016) and microbial inoculants (Saravanan et al., 2007a,b; Ramesh et al., 2014b; Wang et al., 2014; Gandhi and Muralidharan, 2016) are gaining momentum. In this context, using plant growth-promoting rhizobacteria (PGPR) with zinc-solubilizing ability as rhizobacterial inoculants is a cost-effective and eco-friendly alternative for zinc biofertilization. Zinc solubilizing bacteria alone or with organic materials may enhance the bioavailability of native and applied zinc in plants through different mechanisms.

Several plant growth-promoting microorganisms (PGPMs) including rhizobacteria have been reported to be effective zinc solubilizers (Fasim et al., 2002; Saravanan et al., 2007a; Abaid Ullah et al., 2015; Singh et al., 2018a,b). These bacteria colonize the rhizosphere and intensify zinc bioavailability by solubilizing complex zinc compounds, thereby improving plant growth and development. Bacteria are endowed with various zinc-solubilizing mechanisms, and acidification is one of the key processes (Ramesh et al., 2014a; Hussain et al., 2015; Naz et al., 2016; Yadav et al., 2020). In soil, bacteria produce organic acids, which sequester zinc cations, resulting in a reduction in pH of nearby soil. Moreover, anions are able to chelate zinc and increase the solubility of zinc (Jones and Darrah, 1994; Yadav et al., 2020). Solubilization probably also takes place through other mechanisms, viz. production of siderophores and proton, oxido-reductive systems in cell membranes, and chelated ligands (Wakatsuki, 1995; Chang et al., 2005; Saravanan et al., 2011). Moreover, several bacilli have been reported to cause modulation of growth- and yield-contributing factors, along with zinc biofortification of wheat and soybean crops (Sharma et al., 2012; Khande et al., 2017; Yadav et al., 2020). Globally, wheat (Triticum aestivum L.) is an important crop, being a source of food, feed, fiber, and fuel (Singh et al., 2019a,b). As against cereals like rye and barley, the importance of bread wheat in human nutrition has jumped up because of changes in its use over the last two millennia, and this has led to an exponential increase in wheat production worldwide including in India. In general, wheat contains 75–80% carbohydrates, 9–18% protein, fiber, many vitamins (especially B group of vitamins), calcium, iron, and many other macro- and micro-nutrients (Igrejas and Branlard, 2020). In the Indian subcontinent, more than one billion people depend on diets containing cereals (rice and wheat), pulses, and oilseeds that are deficient in Zn (Prasad et al., 2010). Keeping the significance of zinc biofortification of wheat and possible role of Zn-solubilizing rhizobacteria in view, this investigation aimed to characterize potential zinc solubilizing rhizobacterial isolates from chickpea rhizosphere and their application in zinc biofortification of wheat crop. Rhizobacteria isolated from chickpea rhizosphere were used in this study, with the assumption that these bacteria are also associated with the wheat crop, because farmers grow either chickpea or wheat crop in the same piece of land during the Rabi season (December to April).



MATERIALS AND METHODS


Chemicals, Bacterial Strains, and Cultural Conditions

General media, glucose, zinc oxide, zinc carbonate, zinc phosphate, hydrogen peroxide, nicotinamide adenine dinucleotide, etc., were purchased from HiMedia Pvt., Ltd., Mumbai (India). Analytical-grade chemicals and standards were procured from Sigma–Aldrich (St. Louis, MO, United States). Bovine serum albumin and high-performance liquid chromatography (HPLC)-grade solvents and chemicals were procured from E. Merck (Mumbai, India), while molecular-grade chemicals were purchased from Banglore GeNi (Bangaluru, India), BioRAD (Gurugram, Haryana, India), and Agilent (Mumbai, India). PCR and qPCR primers were synthesized from Eurofin Private Limited, Bangaluru (India).

In this study, 15 rhizobacterial isolates were retrieved from the rhizosphere of chickpea grown in different agroclimatic regions of eastern Uttar Pradesh, India (Supplementary Table 1). These isolates were designated as CRS-9 (CRS–chickpea rhizosphere soil), CRS-17, CRS-26, CRS-30, CRS-37, CRS-38, CRS-42, CRS-43, CRS-45, CRS-47, CRS-50, CRS-54, CRS-55, CRS-57, and CRS-77, and cultured in a nutrient broth medium at 28oC for 28–48 h with shaking at 120 rpm and preserved in 20% glycerol stock at –80oC in deep freezer.



Selection of Potential Zinc-Solubilizing Rhizobacteria

Screening of the fifteen (15) rhizobacterial isolates was performed for zinc solubilization using a tris-minimal agar medium supplemented with D-glucose and with different insoluble zinc compounds as per the methods of Fasim et al. (2002), with slight modification (Sharma et al., 2011). Specifically, the tris-minimal medium was amended separately with zinc oxide [ZnO] (1.244 g l–1), zinc phosphate [Zn3 (PO4)2] (1.9882 g l–1), and zinc carbonate [ZnCO3.2H2O] (1.728 g l–1), equivalent to the concentration of 0.1% Zn as sole zinc source to find out the ability of rhizobacterial isolates to solubilize zinc oxide, zinc phosphate, and zinc carbonate. After autoclaving (at 121oC for 15 min), the culture medium was transferred to sterilized Petri plates. Freshly grown bacterial cultures were spot-inoculated in triplicates in the medium using sterile toothpicks, followed by incubation of the plates at 28°C for 7 days in the dark to observe Zn solubilization in the form of a clear halo zone around colonies. After 7 days, colony diameter and the diameter of the halo zone (mm) formed around the colony were measured. Afterward, the same plates were flooded with a methyl red solution to observe acid production by bacteria. Change in color of a clear zone from yellow to red following methyl red solution indicates a positive reaction (Garcia and Isenberg, 2007). The extent of zinc solubilization by different isolates was ensured by measuring the zone of solubilization around the colonies. Zinc solubilization index (ZSI) and zinc solubilization efficiency (ZSE) of the isolates were determined (Vazquez et al., 2000; Ramesh et al., 2014b). Isolates showing maximum ZSE were considered to be potential zinc solubilizers.



Quantitative Assay for Zinc Solubilization

Potential zinc solubilizing rhizobacterial isolates were further tested for their ability to release soluble zinc in a liquid medium and their effect on the pH of the medium. The isolates were inoculated in a tris-minimal broth medium supplemented with 0.1% Zn as zinc phosphate. For each isolate, 50 ml of the liquid tris-minimal broth medium supplemented with 0.1% Zn as zinc phosphate was taken in a 100-ml Erlenmeyer flask and autoclaved. One ml aliquot of each culture with a cell load of 108cfu/ml was inoculated in each flask. A tris-minimal broth medium supplemented with zinc phosphate but without bacterial inoculation served as the absolute control. Each treatment was replicated thrice. All the flasks were incubated at 28oC in an orbital shaker at 120 rpm for 10 days. After 10 days of incubation, samples were withdrawn, and aliquots of the liquid broth medium were centrifuged at 10,000 rpm for 8–10 min to remove cell debris, and a clear supernatant was collected and fed directly to an atomic absorption spectrophotometer for determination of released soluble zinc (μg Zn ml–1) in the clear broth, and the pH of each culture and the uninoculated broth was measured (Ramesh et al., 2014b).



Analysis of Gluconic Acid Produced by Zinc-Solubilizing Bacteria Using High-Performance Liquid Chromatography

Gluconic acid is the pre-dominant acid produced during bacterial Zn solubilization. In this study, gluconic acid was quantified using an HPLC system (Separon SGX C18 column; Shimadzu, Kyoto, Japan) equipped with a quaternary pump, an auto-sampler, a DAD detector, and a degasser and according to Larcher et al. (2009) but with slight modifications (Sunithakumari et al., 2016). Specifically, the rhizobacterial isolates were tested for production of gluconic acid. They grew in 50-ml of the tris-minimal broth medium supplemented with 0.1% Zn as zinc phosphate for 10 days. After incubation, the bacterial cultures were centrifuged (12,000 rpm, 20 min, and 4°C), and the supernatant was passed through 0.2-μm membrane filters. A filter-sterilized culture filtrate was collected and analyzed using the HPLC system. Elution was performed with an isocratic flow consisting of acetonitrile:water (30:70v/v) with a flow rate of 1 ml/min at 210 nm using a UV/VIS detector. Retention time was 2.4 min with 10 μl of injection. The detection limit of the instrument is up to 0.5 mg kg–1, and standard gluconic acid is detected in the range of 50 mg kg–1. Pure gluconic acid was purchased from Sigma-Aldrich (Mumbai, India) and used as a reference. Thus, the gluconic acid present in the culture filtrate was determined by comparing the retention time and peak area of the sample with the standards of gluconic acid.



Screening of Plant Growth-Promoting Attributes in Zinc-Solubilizing Rhizobacteria

Plant growth promotion attributes of the isolates, such as phosphate solubilization, potash solubilization, production of siderophore, indole-3-acetic acid (IAA), and ammonia, were also assessed (Dinesh et al., 2018). Phosphate solubilization was determined using a Pikovaskya medium containing 0.1% tri-calcium phosphate, and the release of phosphorus by phosphate solubilization was studied by the method described by Olsen and Sommers (as cited in Penrose and Glick, 2003). However, the K solubilization test was performed according to Rajawat et al. (2016). The chrome azurol S (CAS) agar assay described by Schwyn and Neilands (1987) was followed to screen the bacterial isolates for siderophore production. The test isolates were spot inoculated on CAS agar plates and incubated at 30 ± 2°C for 5 days. Development of yellow-orange halo zones around the growing colonies is an indication of siderophore production. IAA production by rhizobacterial isolates was estimated as per the method of Ahmad et al. (2020). Bacterial isolates were grown for 3 days in a Luria Bertani (LB) broth at 28 ± 2°C and were centrifuged at 8,000 rpm for 30 min. The supernatant (2ml) was mixed with two drops of orthophosphoric acid and 4 ml of the Salkowaski reagent, and incubated in the dark at room temperature for 20 min followed by measurement of absorbance at 530 nm using pure IAA (Sigma-Aldrich, United States) as standard. Ammonia content was detected by adding 1 ml of a Nessler reagent to 72-h old cultures grown in peptone broth. Positive samples showed a yellowish-brown color. Bacterial isolates were screened for ACC deaminase production following the method of Bal et al. (2013).



Characterization of Zinc-Solubilizing Rhizobacteria

Morphological and biochemical characterizations of the four potential zinc-solubilizing isolates were performed as per the methods described in Bergey’s Manual of Determinative Bacteriology. Biochemical characterization includes Gram-reaction, catalase, oxidase, nitrate, H2S, citrate utilization, Voges Proskauer’s, esculin hydrolysis, methyl red, indole, ONPG, lysine, ornithine, urease, phenylalanine, malonate, arabinose, xylose, adonitol, rhamnose, cellobiose, melibiose, saccharose, raffinose, trehalose, glucose, and lactose utilization. Identification of the potential isolates was performed using 16S rRNA gene sequence similarity as per the method described by Singh et al. (2016). Phylogenetic analysis was performed using Molecular Evolutionary Genetics Analysis (MEGA-X), and 16S rRNA gene sequences were submitted to the NCBI GenBank1.



Evaluation of Zinc Solibilizing Rhizobacteria


Planting Materials and Growth Conditions

Microcosm experiments were carried out on wheat (cv. HD-2967) as a test crop in a glasshouse situated at Research Farm of ICAR-Indian Institute of Seed Sciences (ICAR-IISS), Mau, Uttar Pradesh, India (25°53′ 56.99″N 83°29′18.29″E, elevation 74 m) during the winter season (2019 and 2020) to investigate the impact of zinc-solubilizing rhizobacteria on wheat growth and development. The wheat seeds used in the experiments were procured at ICAR-IISS, Mau, Uttar Pradesh. The weather conditions during the growing period were: mean temperature 22–25°C, relative humidity of 70–75% with an 11/13-h photoperiod.



Preparation of Rhizobacterial Inoculants

Four potential rhizobacterial strains, Bacillus glycinifermentans (CRS-9), Microbacterium oxydans (CRS-17), Paenarthrobacter nicotinovorans (CRS-30), and Bacillus tequilensis (CRS-38) were used for the evaluation of their effects on plant growth, rhizosphere properties, zinc acquisition, and mobilization. The bacterial formulations were prepared using a sterile saline solution and employing the methods of Singh et al. (2016). The colony forming unit (CFU) count of the formulations was adjusted to 2 × 108 cfu ml–1 at the time of application.



Root Colonization and Formation of Biofilm

Bio-primed seeds (20 ml kg–1 seeds) were sown in small pots (4 in2 × 5 in2) containing a sterile soil mixture (sand:soil:vermiculite in 1:1:1 ratio) under glasshouse conditions. After 15 days of sowing, plants were uprooted gently and washed in running tap water. Root samples were fixed with an osmium tetraoxide solution (HiMedia) and 2.5% glutaraldehyde (HiMedia) according to Singh et al. (2021). After fixation, the roots were dehydrated using a gradient of ethyl alcohol (5, 10, 20, 50, 70, 90, and 100%) and dried under vacuum. Thereafter, the samples were coated with gold (20 nm) and visualized under a scanning electron microscope (S-3400N; Hitachi, Chiyoda-ku, Tokyo, Japan).



Effects on Seed Germination and Vigor Indices

Effects of seed inoculation on germination and vigor indices of the plants grown in pots after 15 and 30 days of sowing, respectively, were recorded. To see the effects of seed inoculation on germination and vigor indices, seeds were surface-sterilized (1% NaOCl for 60 s) and subsequently rinsed with sterile distilled water thrice to remove NaOCl. The seeds were bioprimed (20 ml kg–1 seeds), incubated overnight at 28°C, and sown in pots containing experimental soil under glasshouse conditions. For the germination test, a set of experiments was conducted following the protocols of the International Seed Testing Association (ISTA, 2003; Singh et al., 2016). Specifically, for the seed germination test, 500 seeds were taken and sown in pots (20 seeds pot–1) containing a sterile soil mixture. The germinated seeds were counted after 15 days of sowing, and the percent seed germination was calculated. To see the effects of seed inoculation on vigor indices (vigor indexes I and II), bioprimed seeds were sown in pots (5 seeds pot–1) under glasshouse conditions. After 30 days of sowing, vigor indexes I and II were calculated according to Singh et al. (2016).



Effects of Seed Inoculation on Plant Growth, Yield, and Zn Content


Experimental Setup

The glasshouse experiment was laid out with six treatments and 10 replications each in a complete randomized block design (CRBD). Treatments were: T1: the absolute control (without zinc phosphate + without bacteria), T2: Zn3 (PO4)2 (without bacteria), T3: Zn3 (PO4)2 + CRS-9, T4: Zn3 (PO4)2 + CRS-17, T5: Zn3 (PO4)2 + CRS-30, and T6: Zn3 (PO4)2 + CRS-38. Soil for the microcosm experiment was collected from the Research Farm of ICAR-IISS, Mau. Characteristics of the experimental soil were: pH 7.7, OC.37%, available N 313.85 kg ha–1, available P 79.36 kg ha–1, available K 599.64 kg ha–1, and DTPA-Zn 6.6 mg kg–1. The soil was mixed with Zn3(PO4)2 (2g kg–1) as Zn source, and each pot contained 3 kg of experimental soil.

Initially, four bioprimed seeds were sown in each pot, and, after germination, two plants per pot were maintained each throughout the experimentation. No additional fertilizers were applied during the experimentation. Moisture in the pots was maintained at field capacity by adding sterile distilled water as and when needed. The experiment was carried out in two sets. In the first set, five replicates of wheat plants were harvested after 30 days and utilized for recording the observations. However, the remaining five replicates were maintained up to the harvest stage, and data were recorded at maturity.



Analysis of Plant Samples

After 30 days of sowing, plants were harvested from the first set of experiments and data were recorded. Shoot length, root length, and dry weight of roots and shoots were recorded using standard agronomic procedures. For estimation of Zn content, plant samples (roots and shoots) were dried, ground to fine powder, and digested in a di-acid mixture containing nitric acid and perchloric acid (5:4 v/v) at 320oC for 1 h, and Zn content (μg Zn g–1 plant material) was measured using an atomic absorption spectrophotometer. For further analyses, plants were sampled from the second set of experiments after 120 days of sowing and brought to the laboratory. Roots and shoots were separated and washed in running tap water. Thereafter, the total length and fresh and dry weight of the shoots and roots were recorded. Seed yield (g plant–1) was also recorded. Zinc content in the shoot, root, and grain samples was estimated using the above-described method.



Expression Analyses of ZIP Transporter Genes

Quantitative real time-PCR (qPCR) analysis was performed to elucidate the expression and accumulation of transcript of ZIP transporter genes in different parts of wheat after 30 days of sowing, as per the method described by Singh et al. (2021). From the first set of experiments, root, shoot, and leaf samples were collected from each treatment in triplicates, brought to the laboratory, and quick-frozen in liquid nitrogen to isolate total RNA. RNA extraction was performed using an RNA isolation kit (Agilent, Mumbai, India) following the instructions of the manufacturer. cDNA synthesis was performed using a cDNA synthesis kit (BioRAD, Gurugram, Haryana, India) following the protocols of the manufacturer. The quality and quantity of cDNA were analyzed using Nanodrop 2000c (Thermo Fisher Scientific, Waltham, MA, United States). The housekeeping genes actin and SuccDH were used as an endogenous standard to normalize the quantitative expression data of TaZIP1, TaZIP3, TaZIP5, TaZIP6, TaZIP7, TaZIP10, TaZIP13, and TaZIP15 genes in wheat. Gene expression was analyzed using gene-specific primers (Supplementary Table 2). A BioRAD Real-Time PCR system (MJ MiniOpticon System; BioRAD) was used for expression analyses, and relative transcription levels were calculated using the 2–ΔΔCT method (Livak and Schmittgen, 2001).





Statistical Analysis

The glasshouse experiments were repeated twice for two consecutive years (2019 and 2020), and a pool analysis was performed. To test the significance of zinc-solubilizing rhizobacterial strains, a one-way analysis of variance was performed using Monitab 170. Means were separated by least significant differences (LSDs) at 95% significance level (p ≤ 0.05). A principal component analysis of strains based on variables was performed using SPSS version 16.0. Data were compared by Duncan’s multiple range test (DMRT) at p ≤ 0.05. Statistical software Origin version 9.0 and Microsoft Excel (Window 10) were used to prepare graphs.




RESULTS


Screening of Zinc-Solubilizing Rhizobacteria

The zinc solubilization efficacy of rhizobacterial isolates was determined by measuring the diameter of halo zones formed in a growth medium supplemented with three different zinc compounds, viz. zinc oxide, zinc phosphate, and zinc carbonate. Among 15 rhizobacterial isolates, 11, viz., CRS-9, CRS-17, CRS-30, CRS-38, CRS-42, CRS-43, CRS-45, CRS-47, CRS-55, CRS-57, and CRS-77 showed varying degrees of zinc solubilization (zone ranging from 12.33 to 25.67 mm) (Table 1). However, all the fifteen rhizobacterial isolates did not solubilize zinc oxide and zinc carbonate. Out of the 11 zinc-solubilizing bacteria, four isolates, i.e., CRS-9 (21.33 mm), CRS-17 (25.67 mm), CRS-30 (24.33 mm), and CRS-38 (23.67 mm) were selected as potential zinc solubilizing rhizobacteria, and these isolates were chosen for further study (Supplementary Figure 1). Based on ZSI and ZSE, the most efficient bacterial isolates were CRS-17, CRS-38, CRS-30, and CRS-9 (Table 1). Furthermore, the rhizobacterial strains, viz., CRS-17, CRS-30, CRS-38, and CRS-9 showed maximum zinc phosphate solubilization efficiency (427.79, 317.39, 253.57, and 237.04%, respectively) (Table 1). The isolates, namely, CRS-17, CRS-30, CRS-9, and CRS-38 produced net soluble zinc a 6.1, 5.9, 5.63, and 5.6 μg ml–1, respectively, in zinc phosphate, and in broth, with corresponding pH decline to 4.5, 5.3, 5.2, and 4.8, respectively, from pH 6.7 (Table 1). Considering both qualitative and quantitative assays, the study indicated that all the four isolates are efficient zinc solubilizers. In general, the pH declined because of inoculation from 6.7 to 4.5 in zinc phosphate as against the absolute control. Maximum release of soluble zinc occurred in the liquid medium supplemented with zinc phosphate at the lowest mean pH value of 4.5, suggesting that solubilization is dependent on reduction of pH either by organic acid production or proton extrusion by bacteria (Table 1). Furthermore, the production of gluconic acid as one of the organic acids was measured with the assumption that it was a predominant organic acid that plays a crucial role in zinc solubilization.


TABLE 1. Efficacy of rhizobacterial isolates in insoluble solubilize zinc compounds under laboratory conditions.
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Production of Gluconic Acid by Zinc Solubilizing Rhizobacteria

Production of gluconic acid in the presence of zinc phosphate by the bacterial isolates used in the study was determined by HPLC. The retention time for the gluconic acid standard was 2.187 min (Figure 1). It was observed that all the isolates produced gluconic acid in the medium supplemented with zinc phosphate, as depicted by peak and retention times. Peak height and area of gluconic acid in the chromatograph of P. nicotinovorans CRS-30 were found to be more compared to the other isolates. HPLC results revealed that a significantly higher amount of gluconic acid was produced by CRS-30 (189.41 μg ml–1) followed by CRS-38 (174.66 μg ml–1) and CRS-9 (153.29). However, the least amount of gluconic acid (144.4 μg ml–1) was recorded for CRS-17.
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FIGURE 1. High-performance liquid chromatography (HPLC) chromatogram depicting the peaks of gluconic acid secreted by zinc-solubilizing rhizobacteria. Chromatograph of gluconic acid as standard (top) for a comparative study on its retention time (2.18 min) with the selected strains. Chromatographs of the samples of strains (A) CRS-30, (B) CRS-17, (C) CRS-9, and (D) CRS-38 of the 10-day cultured supernatant. Peak identified as gluconic acid is indicated through circle.




Plant Growth-Promoting Traits

The selected zinc-solubilizing rhizobacterial isolates were further characterized for PGP traits, viz., P solubilization, K solubilization, IAA production, ACC deaminase activity, siderophore production, and ammonia production (Supplementary Table 3). All the four isolates, CRS-9, CRS-17, CRS-30, and CRS-38, exhibited strong PGP traits and solubilize P and K except CRS-17, which lacks potassium solubilization ability. Similarly, all the isolates were found to produce varying levels of IAA in culture filtrate wherein CRS-30 showed highest IAA production (17.16 μg ml–1) followed by CRS-38 (8.61 μg ml–1), CRS-9 (6.16 μg ml–1), and CRS-17 (6.43 μg ml–1). Except for CRS-38, the other three isolates were found to be negative for ACC deaminase activity. All the bacterial isolates produced siderophore except CRS-9, and only two isolates, viz., CRS-9 and CRS-38, produced ammonia in the respective media (Supplementary Table 3).



Biochemical and Molecular Characterization of Isolates

Four rhizobacterial isolates, viz., CRS-9, CRS-17, CRS-30, and CRS-38, were characterized on a cultural basis as per Bergey’s Manual of Determinative Bacteriology (Supplementary Table 4). All the strains tested showed different colony morphology, were Gram-positive, and rod-shaped, and two of them (CRS-9 and CRS-17) formed endospores. All the strains showed different reactions for catalase, oxidase, nitrate, H2S, citrate utilization, Voges Proskauer’s, esculin hydrolysis, methyl red, indol, ONPG, lysine, etc. (Supplementary Table 4).

Based on 16S rRNA gene sequencing, these isolates were identified as Bacillus glycinifermentans CRS-9 (MH497203; 1,412 bp, 99.5% similarity), Microbacterium oxydans CRS-17 (MH497204; 1,368 bp, 100% similarity), Paenarthrobacter nicotinovorans CRS-30 (MH497212; 1,378 bp, 99.1% similarity), and Bacillus tequilensis CRS-38 (MH497217; 1,407 bp, 99.7% similarity) (Figure 2). Percent similarity, E-score, query coverage, etc., are presented in Supplementary Table 5. All the cultures were deposited in the National Agriculturally Important Microbial Culture Collection (NAIMCC), a microbial resource center of ICAR-NBAIM, Kushmaur, India (Supplementary Table 5).
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FIGURE 2. Neighbor-joining tree derived with CLUSTAL W and MEGA 5.0 by analysis of 16S rRNA gene sequences. The numbers at nodes indicate bootstrap support values, as calculated with MEGA 5.0. Bacterial strains used in this study are presented in highlighted box.




Root Colonization and Biofilm Formation

Upon inoculation, the bacterial strains start colonizing radicals and grow along with the primary and secondary roots. Scanning electron microphotographs clearly indicated that the selected strains have a potential to colonize wheat roots. All the strains were found to colonize and formed biofilm in wheat roots. Results indicated that bacterial strains produced an ample amount of extracellular polysaccharides (EPSs) which facilitate the initial attachment and biofilm cells that are embedded in the EPS matrix along with root surface (Figure 3).
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FIGURE 3. Scanning electron microphotographs showing root colonization and biofilm formation by selected strains under glasshouse conditions, (A) Absolute control, (B) Bacillus glycinifermentans CRS-9, and (C) Microbacterium oxydans CRS-17, (D) Paenarthrobacter nicotinovorans CRS-30, and (E) Bacillus tequilensis CRS-38.




Effects of Inoculation on Seed Germination and Vigor Indices

The results revealed that maximum seed germination (in%) was recorded in seeds treated with CRS-38 (89.10%) followed by CRS-30 (86.25%). However, least germination was recorded for the absolute control (76.29%) after 30 days of sowing (Table 2). Similarly, a significant increment in vigor index I was recorded in plants inoculated with CRS-38 (4,868.26) followed by CRS-30 (4,249.25), and CRS-17 (4,075.14) compared to the other treatments and absolute control (2,237.84). More or less similar trends were recorded in the case of vigor index-II (Table 2 and Supplementary Figure 2).


TABLE 2. Effect of seed inoculation on germination and vigor indices of wheat grown in pots under glasshouse conditions after 30 days of sowing.
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Plant Experiments

Of the three zinc sources tested, only zinc phosphate was solubilized by the selected rhizobacterial isolates. Hence, zinc phosphate was selected as a source of zinc in plant experiments under microcosm conditions. Based on zinc phosphate solubilization and multiple PGP traits, the four potential rhizobacterial strains were selected for plant experiments. In these experiments, each treatment was replicated ten times.


After 30 Days of Plant Growth


Plant Growth Attributes

The first set of plant experiments showed that all the strains considerably increased the parameters of root and shoots as compared to plants from absolute control (Figures 4A–F). Maximum shoot length was recorded for B. tequilensis CRS-38-inoculated plants; B. glycinifermentans CRS-9, P. nicotinovorans CRS-30, and M. oxydans CRS-17 showed minor differences (Figure 4A). Inoculation with B. tequilensis CRS-38 significantly increased the fresh and dry weight of shoots compared to that with absolute control and control + Zn3 (PO4)2. All the other isolates significantly increased the fresh and dry weight of shoots of the inoculated plants compared to the absolute control, but this increase was not significant when compared to control + Zn3 (PO4)2 (Figures 4B,C). Seed treatment with B. glycinifermentans CRS-9 and P. nicotinovorans CRS-30 resulted in a substantial increase in root length. However, M. oxydans CRS-17 and B. tequilensis CRS-38 seem to increase the root length of the plants significantly compared to the absolute control and control + Zn3 (PO4)2. Maximum root length was observed in plants that emerged from the seeds treated with CRS-17 followed by those treated with CRS-38, and minimum root length was recorded for plants that emerged from the seeds treated with CRS-9 compared to other inoculants (Figure 4D). Inoculation with B. glycinifermentans CRS-9 and M. oxydans CRS-17 significantly increased the fresh and dry root weight of the plants compared to that with the absolute control and control + Zn3 (PO4)2. A non-significant increase was observed in the fresh and dry root weight of plants inoculated with P. nicotinovorans CRS-30 and B. tequilensis CRS-38 compared to the absolute control and control + Zn3 (PO4)2 (Figures 4E,F).
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FIGURE 4. Effect of zinc solubilizing rhizobacteria on growth parameters of plants harvested after 30 days (first set). (A) Shoot length, (B) Fresh weight of shoots (C) Dry weight of shoots, (D) Root length (E) Fresh weight of roots and (F) Dry weight of roots in comparison with absolute control. Data are mean (n = 5) and vertical bar represents standard deviation. Data with different letters show significant difference in column data in randomized block design test at p < 0.05 under Duncan’s multiple range test.




Zinc Content

Inoculation with different zinc-solubilizing rhizobacterial strains significantly increased the zinc content in shoots and roots of the inoculated plants as compared to the absolute control plants (Figures 5A,B). Maximum zinc content was found in shoots of the plants inoculated with B. tequilensis CRS-38 (64.26 μg g–1) followed by those inoculated with P. nicotinovorans CRS-30 (45.25 μg g–1), M. oxydans CRS-17 (33.33 μg g–1), and B. glycinifermentans CRS-9 (31.26 μg g–1). However, least zinc content was recorded in shoots of the control plants (24.1 μg g–1) after 30 days of sowing (Figure 5A).
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FIGURE 5. Estimation of zinc content in (A) shoots and (B) roots of inoculated and un-inoculated plants harvested after 30 days. Data are mean (n = 5), and vertical bar represents standard deviation. Data with different letters show significant difference in column data in the randomized block design test at p < 0.05 under Duncan’s multiple range test.


The zinc content of the roots was significantly higher than that of the shoots across the treatments (Figure 5B). The highest zinc content in the roots was recorded in plants treated with Bacillus tequilensis CRS-38 (77.50 μg g–1) followed by those treated with B. glycinifermentans CRS-9 (71.46 μg g–1), P. nicotinovorans CRS-30 (71.25 μg g–1), and M. oxydans CRS-17 (57.1 μg g–1). Least zinc content was found in roots of the absolute control plants (42.5 μg g–1) and plants supplemented with Zn3 (PO4)2 (44.25 μg g–1) after 30 days of sowing (Figure 5B).



Expression of ZIP Transporter Genes

In this investigation, 9 TaZIP transporters genes were taken for an expression study, and out of the 9 TaZIP transporters, 8 TaZIP transporter genes (TaZIP1, TaZIP3, TaZIP5, TaZIP6, TaZIP7, TaZIP10, TaZIP13, and TaZIP15) were found to be expressed in different parts of the plants after 30 days of sowing. The results revealed that significantly higher expression of all the 8 TaZIP transporters was recorded in the bacteria-inoculated plants supplemented with Zn3 (PO4)2 compared to the Zn3 (PO4)2 and absolute control plants (Figure 6). Interestingly, the expression of all the 8 TaZIP transporters genes was significantly higher in the roots than in shoots and leaves of the same plants across the treatments. In general, the expression of the 8 TaZIP transporters genes was higher in leaves than in stems but lower in roots of the same plants. Furthermore, it was observed that plants treated with bacterial inoculant CRS-38 + Zn3(PO4)2 showed maximum transcript level followed by CRS-30 + Zn3 (PO4)2. However, least expression was recorded in untreated control plants followed by plants amended with Zn3 (PO4)2 alone (Figure 6).
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FIGURE 6. Effects of seed bioinoculation on expression profile of TaZIP transporter genes (fold change) in the wheat root, shoot and leaves grown at 30 days of sowing. (A) Relative expression (fold change) of TaZIP1, (B) Relative expression (fold change) of TaZIP3, (C) Relative expression (fold change) of TaZIP5, (D) Relative expression (fold change) of TaZIP6, (E) Relative expression (fold change) of TaZIP7, (F) Relative expression (fold change) of TaZIP10, (G) Relative expression (fold change) of TaZIP13, and (H) Relative expression (fold change) of TaZIP15.





In Harvest Stage (120 Days of Sowing)


Plant Growth Attributes

Harvesting of the wheat crop was done after 120 days of sowing, and data for shoot and root length, fresh and dry weight, Zn content in roots, shoots, and grains, and yield plant–1 were recorded (Figure 7). Significantly higher shoot length was recorded for plants inoculated with B. tequilensis CRS-38 + Zn3 (PO4)2 (62.5 cm) followed by B. glycinifermentans CRS-9 + Zn3 (PO4)2 (58.25 cm), and M. oxydans CRS-17 + Zn3 (PO4)2 (55.62 cm). Least shoot length was recorded for the absolute control (48.33 cm) and plants supplemented with Zn3(PO4)2 alone (49.1 cm) after 120 days of sowing (Figure 7A). Similarly, all the bacterial isolates showed a significant increase in root length of the plants whereas B. glycinifermentans CRS-9 + Zn3 (PO4)2 showed maximum increment in root length (39.25 cm) followed by P. nicotinovorans CRS-30 + Zn3 (PO4)2 (36.25 cm), B. tequilensis CRS-38 + Zn3 (PO4)2 (31.35 cm), and M. oxydans CRS-17 + Zn3 (PO4)2 (31.33 cm) when compared to the root length of the absolute control plants (25.66 cm) after 120 days of sowing (Figure 7D).
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FIGURE 7. Effect of zinc-solubilizing rhizobacterial inoculation on growth parameters of plants harvested after 120 days (second set). (A) Shoot length, (B) fresh weight of shoots, (C) dry weight of shoots, (D) root length, (E) fresh weight of roots, (F) dry weight of roots in comparison with absolute control. Data are mean (n = 5), and the vertical bar represents standard deviation. Data with different letters show a significant difference in column data in the randomized block design test at p < 0.05 under Duncan’s multiple range test.


Similar trends were recorded for shoot and root fresh weight. Significantly higher fresh biomass of shoots and roots was recorded in plants inoculated with B. tequilensis CRS-38 + Zn3(PO4)2 (3.1 and 2.38 g plant–1, respectively) after 120 days of sowing (Figure 7B). Moreover, maximum dry weight accumulation in shoots was observed in plants inoculated with B. tequilensis CRS-38 + Zn3(PO4)2 (2.19 g plant–1). Least shoot dry weight was recorded for absolute control plants (1.05 g plant–1). However, maximum root dry weight was observed in B. glycinifermentans CRS-9 + Zn3(PO4)2 and B. tequilensis CRS-38 + Zn3(PO4)2 (0.94 and.93 g plant–1, respectively) compared to the other treatments after 120 days of sowing (Figures 7C,F).



Zinc Content

The zinc content of shoots, roots, and grains was recorded in plants inoculated with different zinc-solubilizing rhizobacterial isolates after 120 days of sowing (Figure 8). Significantly higher Zn content in shoots was recorded in plants inoculated with P. nicotinovorans CRS-30 + Zn3 (PO4)2 (54.25 μg g–1) followed by B. tequilensis CRS-38 + Zn3 (PO4)2 (43.5 μg g–1), and M. oxydans CRS-17 + Zn3 (PO4)2 (38.62 μg g–1) (Figure 8A). However, maximum Zn content in roots was observed in plants inoculated with B. tequilensis CRS-38 + Zn3 (PO4)2 (61.25 μg g–1), while it was least with the absolute control (20.33 μg g–1) after 120 days of sowing (Figure 8B). In general, plant roots have higher Zn content than shoots across the treatments including the absolute control.
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FIGURE 8. Estimation of zinc content in (A) shoots, (B) roots, (C) grains, and (D) grain yield of inoculated and un-inoculated plants harvested after 120 days (second set). Data are mean (n=5) and vertical bar represents standard deviation. Data with different letters show significant difference in column data in randomized block design test at p < 0:05 under Duncan’s multiple range test.


Similar to Zn content in the shoot, significantly higher Zn content in grain was observed in the plant inoculated with B. tequilensis CRS-38 + Zn3 (PO4)2 (53.25 μg g–1) followed by P. nicotinovorans CRS-30 + Zn3 (PO4)2 (49.82 μg g–1), M. oxydans CRS-17 + Zn3 (PO4)2 (46.98 μg g–1) and B. glycinifermentans CRS-9 + Zn3 (PO4)2 (44.50 μg g–1) as against the absolute control (33.76 μg g–1) and the plant supplemented with Zn3 (PO4)2 alone (36.35 μg g–1) (Figure 8C). The significant increase in zinc content of grains of the inoculated plants showed the importance of bacterial inoculants across the treatments. These results indicate the efficacy of the selected zinc solubilizing-rhizobacteria in enhancing the bioavailability of zinc and mobilizing it toward wheat grains. Inoculation with B. glycinifermentans CRS-9, M. oxydans CRS-17, P. nicotinovorans CRS-30, and B. tequilensis CRS-38 significantly increased grain yield compared to that with the absolute control and supplementation with Zn3 (PO4)2 alone. Maximum grain yield was recorded for plants inoculated with B. tequilensis CRS-38 + Zn3 (PO4)2 (2.39 g plant–1) followed by P. nicotinovorans CRS-30 + Zn3 (PO4)2 (2.33 g plant–1) compared to the other treatments (Figure 8D).

The position of different plant growth attributes, such as fresh and dry weight of root and shoot, and Zn content as influenced by rhizobacterial strains in the four zones of biplot of PCA are depicted in Figure 9. The PCA comprising two principal components (PC1 74.76% and PC2 17%) accounted for 91.76% of the variance (Figure 9A). The interpretation among the different plant growth parameters and Zn content was more evident through the projection of PC1 and PC2. All plant growth attributes occupied a position solely in the right upper part of the biplots and showed a positive correlation among them. However, they were negatively correlated with root zinc content. Furthermore, it was observed that rhizobacterial strains + Zn3 (PO4)2 formed a separate group, and that Zn3 (PO4)2 alone and the absolute control formed separate groups in both mid stage (30 DAS) and harvest stage. However, two separate clusters formed during the mid-stage and harvest stage. PC1 and PC2 indicated that CRS-38 and CRS-30 showed a highly significant correlation compared to the other two rhizobacterial strains in the mid stage with respect to PC2. In contrast, CRS-38 and CRS-30 showed higher significance than the other two rhizobacterial strains in the harvest stage with respect to PC1 (Figure 9B). It is evident that the rhizobacterial strains did not express their potential completely in the mid stage, and the full potential of the bacterial strains was recorded only in the harvest stage. However, factors responsible for this differential effect of rhizobacteria on wheat crops need to be identified.


[image: image]

FIGURE 9. (A) Grouping of variables of wheat crops based on principal component scores (PC1 and PC2) and (B) grouping of rhizobacterial strains based on principal component scores (PC1 and PC2) derived from variables (SWD, RWD, RL, SL, RFW, R_Zn, S_Zn, and G_Zn) of wheat crop after 30 and 120 days (harvest stage) of wheat crop sowing.







DISCUSSION

Zinc is an essential micronutrient required for the overall growth and development of a plant. Zinc deficiency is prevalent globally in crops, leading to considerable economic losses. Alleviation of zinc deficiency through the application of zinc fertilizers may not be environmentally friendly and cost-effective. Many strategies are available that help in enhancing zinc levels in plants without harming the environment (Cakmak, 2008; White and Broadley, 2011). One such strategy is harnessing the potential of rhizobacteria that can mobilize unavailable zinc and increase assimilation of zinc, and accelerate growth and yield of plants. Rhizobacteria play an important role in environmental geo-cycling processes, such as solubilization of immobilized metal ion forms, which can be suitably taken up by plants. Zinc-solubilizing rhizobacteria can be used as an alternative strategy for enhancing zinc uptake by plants because of their ability to solubilize Zn through secretion of organic acids, protein extrusion, and production of chelating agents (Nahas, 1996; Seshadri et al., 2002). Thus, nowadays, scientific interest has increased in utilization of zinc-solubilizing rhizobacteria because of their role in increasing zinc uptake in plants. Therefore, the main focus of this study was to characterize potential zinc-solubilizing rhizobacterial isolates and their application for overall plant growth, with special reference to zinc biofortification in wheat.

In this study, different rhizobacteria were isolated from chickpea rhizospheric soils of the Indo-Gangetic plains of Northern India. These bacteria were evaluated for their ability to solubilize zinc using different zinc compounds. Out of 15 rhizobacterial isolates, only 11 showed zinc-solubilizing potential in a medium supplemented with zinc phosphate Zn3 (PO4). The variation in the diameter of halo zone formation indicated a variation in the degree of solubilization. Various studies have reported variation in solubilization by bacterial strains (Sharma et al., 2011; Ramesh et al., 2014a; Khande et al., 2017). In this investigation, the isolates showed varying levels of ZSI and ZSE ranging from 8.22 to 11.87 and 148 to 427%, respectively. These findings are corroborated by the study of Ramesh et al. (2014b), wherein they found ZSE of up to 175% by strains of Bacillus aryabhattai. In this study, it was found that different rhizobacterial strains produced a varying level of zinc content in a liquid medium that ranged from 2.47–6.1 μg/ml. The results obtained in this study are consistent with the findings of Sharma et al. (2011), wherein they showed that the zinc concentration of different Bacillus spp. ranged between 2.23 and 4.87 μg/ml. This study showed that zinc-solubilizing rhizobacterial isolates were able to decrease pH from 7 to 4.5. The reduction in pH of the liquid media suggested that these rhizobacterial isolates produce organic acids. This finding is in consonance with reports by other workers (Saravanan et al., 2004) who reported a reduction in the pH of liquid media by rhizobacteria owing to their ability to produce different organic acids. Similar observations have been reported by several other workers (Desai et al., 2012; Kumari et al., 2016) who reported that gluconic acid is the main organic acid besides other organic acids in solubilization of insoluble minerals.

Promising zinc-solubilizing bacterial isolates, viz., CRS-9, CRS-17, CRS-30, and CRS-38 were identified as B. glycinifermentans, M. oxydans, P. nicotinovorans, and B. tequilensis, respectively. Scanning electron microphotographs clearly showed that all the four strains tested colonized wheat roots and developed biofilm in the root matrix. These bacterial genera have also been reported to colonize plant rhizosphere and increase plant growth (Çakmakçı et al., 2017; Singh et al., 2018a). Various species of Bacillus have been extensively studied for their potential plant growth-promoting activity (Mumtaz et al., 2017; Dinesh et al., 2018). In this study, B. tequilensis CRS-38 and B. glycinifermentans CRS-9 have been found to possess significant zinc solubilization activity and PGP traits. However, to the best of our knowledge, this is the first report on zinc solubilization and PGPR activity by B. glycinifermentans, although the selected rhizobacteria have been previously isolated from Ohio soil and soybean food in Korea (Zeigler, 2016). Similarly, species belonging to Microbacterium have also been found to exhibit multiple plant growth-promoting characteristics (Ouertani et al., 2020). In this study, M. oxydans CRS-17 has shown numerous plant growth-promoting activities (Supplementary Table 3) and has also been found to solubilize zinc in its insoluble form (Table 1). Reports have shown that the plant growth-promoting strain of M. oxydans increases the overall biomass of rape plants grown on metal-contaminated soil (Ren et al., 2019). However, reports on zinc solubilization by M. oxydans are lacking elsewhere. Paenarthrobacter spp. has been reported to produce siderophores and indole acetic acid, and fix nitrogen. P. nicotinovorans (formerly known as Arthrobacter nicotinovorans) was previously known for its ability of P solubilization, IAA production, and ACC deaminase activity, and enhances P uptake and plant biomass in maize (Pereira and Castro, 2014). In this study, P. nicotinovorans CRS-30 also showed multiple PGPR traits along with solubilization of zinc, phosphorus, and potassium (Supplementary Table 3).

To the best of our knowledge, the three strains, B. glycinifermentans CRS-9, M. oxydans CRS-17, and P. nicotinovorans CRS-30 utilized in this study have not yet been reported for their zinc-solubilizing ability, zinc biofortification, and contribution in promoting growth of wheat plants. Inoculation of wheat plants with these strains resulted in a significant positive difference in root and shoot length, biomass, and zinc content compared to that with the absolute control. At 30 DAS, B. glycinifermentans CRS-9 and P. nicotinovorans CRS-30 were found to significantly increase zinc concentration in the shoots, while the maximum increase in zinc content in the roots was recorded for inoculation with B. tequilensis CRS-38 followed by that with P. nicotinovorans CRS-30 and B. glycinifermentans CRS-9. However, zinc concentration in the shoots and roots was maximally increased by P. nicotinovorans CRS-30 and B. tequilensis CRS-38 at the time of harvesting (120 DAS). B. glycinifermentans CRS-9, P. nicotinovorans CRS-30, and B. tequilensis CRS-38 were found to be promising when the zinc content of wheat grains was analyzed at the time of harvest (120 DAS). These observations support that these PGPR genera have significantly contributed to enhancement of the bioavailability of zinc in the shoots, roots, and grains of the wheat plant and provide it with more available zinc as against absolute control.

The ZIP (Zn-regulated, iron-regulated transporter-like protein) transporter family is one of the key gene families regulating the uptake, transport, and accumulation of Zn and Fe in plants (Singh et al., 2017, 2018a,b). It is a widely studied transporter playing an important role in several developmental processes, such as plant growth, uptake, and translocation of key microelements, tissues differentiation, biofortification, etc., in plant systems (Velmourougane et al., 2017). Although the ZIP protein family has been widely and perhaps systematically studied in Arabidopsis, a model plant, and many other plant species, the significance of this family in wheat upon inoculation of B. glycinifermentans CRS-9, M. oxydans CRS-17, and P. nicotinovorans CRS-30 is not well-understood at present. The results of glasshouse experiments with B. glycinifermentans CRS-9, M. oxydans CRS-17, and P. nicotinovorans CRS-30 clearly showed the significance of these inoculants on uptake, translocation, and bioaccumulation of Zn in wheat. The expression analysis clearly showed that the TaZIPs genes were significantly upregulated and highly expressed in the roots, and that nine TaZIP genes were up-regulated in the roots, stems, and leaves of plants bioprimed with selected microbial inoculants in the presence of zinc phosphate after 30 days of sowing.

Enhanced zinc content in the roots and shoots as against absolute plants is in line with the previous reports wherein inoculation of plants with PGPR led to enhanced yield, plant growth, and improved nutrition. Besides the increase in the overall yield of the plant, PGPR have been reported to be useful in countering nutrient deficiencies and have received attention for their use as biofertilizers. Ramesh et al. (2014b) reported increased mobilization of zinc by zinc-solubilizing Bacillus aryabhattai in wheat and soybean. Furthermore, the application of PGPR boosted the translocation of zinc toward wheat grains, and this is because of the ability of rhizobacteria to successfully execute plant-microbe interactions, viz., induction of physiological processes, mineralization, and solubilization (Lucas et al., 2014; Wang et al., 2014). Zinc solubilization is important in improving plant growth and cannot be overlooked. Zinc solubilization by PGPR is a comparatively new approach, but not many strains have yet been reported for this activity. This investigation explored the potential of B. tequilensis and P. nicotinovorans for their use as biofertilizers to overcome zinc deficiency in wheat crops.



CONCLUSION

Our study on zinc-solubilizing, plant growth-promoting rhizobacteria in wheat revealed that their inoculation is an effective method for enhancing the growth of wheat and maintaining nutritional quality. Out of four rhizobacteria, B. tequilensis CRS-38 and P. nicotinovorans CRS-30 inoculation improved the expression of eight TaZIP transporter genes in the roots after 30 days of wheat growth and increased grain yield and grain with zinc in wheat crop. The zinc solubilization potential of B. glycinifermentans CRS-9, M. oxydans CRS-17, and P. nicotinovorans CRS-30 has been reported for the first time in this study. These bacteria could be used as bio-input for improving productivity while combating nutrient deficiency in wheat as an option both in conjunction with and without chemical fertilizers, and such practice would help in achieving the objectives of SDG1, SDG2 and SDG3 of the United Nations by 2030.
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Digestate from biogas production high in plant-available macro- and micro-nutrients could replace mineral fertilizer in protected (soilless) horticulture. Previous uses of digestate have shown that low concentrations of plant-available phosphorus (P) and sulfur (S) may be limiting factors for growth when using digestate as the sole fertilizer. In this study, digestate collected from a municipal biogas plant in Sweden was nitrified in a moving-bed biofilm reactor prior to its use as fertilizer. A greenhouse pot trial with pak choi grown in peat-based growing medium was established to assess the (i) macro- and micro-nutrient availability in the digestate, with particular focus on P and S and (ii) the effect of amending the digestate solution with nutrients considered to be lacking [P, S, magnesium (Mg), manganese (Mn), boron (B), and molybdenum (Mo)]. The results showed that plants fertilized with raw digestate suffered from S and B deficiency and early P deficiency. Supplementing the digestate with nutrients originating from mineral salts resulted in sufficient plant tissue concentrations of all elements except S. The marketable yield was similar to that achieved using standard mineral fertilizer and the dry matter yield was 17% higher. In the light of the present results, the use of nitrified digestate in soilless plant production seems like a fruitful way forward to recycle organic nutrients from waste streams. In the case where a strict organic protocol is not needed, amendment with inorganic nutrients may be a way to increase the utilization of organically derived nutrients.

Keywords: bio-based society, biogas residues, hydroponics, nutrient solution, organic fertilizer, phosphorus, sulfur


INTRODUCTION

Anaerobic digestion of organic residues in biogas plants produces renewable energy and a residue containing nutrients essential to plant growth which is known as digestate. The digestate can be used as a plant fertilizer directly or after further processing, contributing to the closing of global energy and nutrient cycles (Alburquerque et al., 2012; Möller and Müller, 2012). According to Jain et al. (2019, and references therein), digestate could replace 5–7% of the inorganic macro nutrient fertilizer currently used globally if the potential of the biogas industry were fully utilized. Digestate is generally spread directly onto fields, like manure (Odhner et al., 2015). However, due to the high share of plant-available macro- and micro-nutrients, e.g., the nitrogen (N) content in a digestate from a mixed feedstock may typically be around 0.5% of the dry weight as was the case in the digestate used in this study (see “Materials and Methods” section), digestate also has the potential to replace mineral fertilizers in protected horticulture (soilless systems). This would increase the nutrient composition requirements for digestate because, unlike fertilizers in soil-based systems, fertilizers in soilless systems must provide the crop with all essential macro- and micro-nutrients at sufficient levels during the whole cropping cycle. To date, research on digestate fertilizers in protected horticulture has been scarce and the results are conflicting. The nutrient use efficiency and harvest when digestate was used compared to commercial fertilizers have been reported to be both higher and lower due, e.g., to different origins of the digestates (Guilayn et al., 2019) but also often dependent on the control treatment used in different studies (Liedl et al., 2004a,b; Ronga et al., 2019; Pelayo Lind et al., 2020). Other findings where results conflict are, e.g., the benefit of the nitrification of the digestate (Uchimura et al., 2014; Pokhrel et al., 2019; Cheong et al., 2020), availability of phosphorus (P) in the digestate (Stoknes et al., 2018), and the effects of adding inorganic nutrients to the digestate (Liu et al., 2009, 2011).

During anaerobic digestion, biogas, primarily composed of methane (CH4), and carbon dioxide (CO2), is produced through bacterial degradation of organic matter. The resulting digestate is a complex matrix of partially degraded organic matter, inorganic compounds, and microbial biomass (Möller, 2015) in proportions depending on the composition of the biomass feedstock and process parameters, e.g., operating temperature and average retention time (Alburquerque et al., 2012; Risberg, 2015). According to a review by Möller and Müller (2012), most plant nutrients in the raw feedstock are retained during the digestion process, and digestate normally contains all essential macro- and micro-nutrients in varying proportions, reflecting those in the feedstock. Due to mineralization and carbon removal during microbial anaerobic digestion, digestate is characterized by high ammonium nitrogen (NH4-N) to total nitrogen ratio, alkaline pH (7.3–9.0), and increased solubilization of essential plant nutrients (Möller and Müller, 2012).

The alkaline pH in digestate can decrease the bioavailability of P and calcium (Ca), due to the formation of insoluble, complex Ca-P compounds, mainly hydroxylapatite (HAp, Ca5(PO4)2OH) (Güngör et al., 2007; Marti et al., 2008). The amount of HAp formed in relation to more reactive plant-available compounds, such as struvite (NH4MgPO4⋅6H2O) and simple calcium phosphates, is partly determined by the amount of magnesium (Mg)2+ and Ca2+ present in the solution (Nelson et al., 2003; Hjorth et al., 2010; Vanden Nest et al., 2021). Multiple studies have shown that low levels of available P are a factor limiting growth when digestate alone is used as fertilizer (Svensson et al., 2004; Liu et al., 2011; Abubaker et al., 2012; Losak et al., 2014; Stoknes et al., 2018; Pokhrel et al., 2019). To deal with low P availability, some researchers have supplemented digestate nutrient solutions with mineral P, resulting in increased yields of lettuce and kohlrabi (Liu et al., 2011; Losak et al., 2014).

Anaerobic digestion has also been shown to decrease the sulfur (S) content of the feedstock through emissions of hydrogen sulfide (H2S) and other volatile S-containing compounds (Massé et al., 2007; Peu et al., 2011; Wahid et al., 2018; Fontaine et al., 2020). Hydrogen sulfide has corrosive properties and must be removed from the biogas stream using one of the varieties of techniques available (Moestedt et al., 2013). In large-scale plants, S-containing gases are commonly removed through the addition of iron (Fe) salts to the digester, resulting in the precipitation of dissolved sulfides with ferric or ferrous iron, which limits the formation of H2S (Moestedt et al., 2013). Iron sulfides are insoluble in water and strongly decrease the plant availability of S.

In addition to P, S, and Ca, other nutrients in digestate may also be present in insufficient levels or forms not available to plants depending on the composition of the feedstock to the biogas plant and process parameters. For example, low levels of potassium (K) in digestate have been reported, as well as significant losses of the plant available micronutrients manganese (Mn), zinc (Zn), and copper (Cu) during digestion (Bloomfield and McGrath, 1982; Massé et al., 2007; Marcato et al., 2009; Abubaker et al., 2012; Zirkler et al., 2014). The yield of lettuce and tomatoes has been found to increase after the addition of Fe and Mg, respectively, to digestate (Liedl et al., 2004b; Liu et al., 2011).

When digestate is used as fertilizer in systems lacking nitrifying microbiota from the soil, the high NH4+-N content in the digestate can result in NH4+ toxicity, with negative impacts on growth and biomass production. The toxicity to NH4+ is mainly found when soilless- or various hydroponic production systems are used (Liedl et al., 2004a; Neal and Wilkie, 2014; Ronga et al., 2019). Accordingly, the bacterial oxidation of NH3 (in equilibrium with NH4+) to nitrate (NO3–) in bioreactors prior to application or in integrated biofilters in the system is recommended and is reported to result in yields similar to those produced using commercial fertilizers in e.g., tomato, lettuce, and pak choi (Stoknes et al., 2018; Pelayo Lind et al., 2020).

In the present study, the plant availability of macro- and micro-nutrients in liquid anaerobic digestate was determined. The digestate was collected from a municipal biogas plant and nitrified in a moving bed biofilm reactor (MBBR) prior to use as fertilizer in the production of pak choi grown in limed peat. Plant growth, quality, and physiological parameters were studied and compared with those of pak choi plants produced with standard fertilization using mineral nutrients only. Special attention was given to the plant uptake of P and S. The experiments were designed to compare the growth performance of plants fertilized with an anaerobic digestate to plants in a mineral fertilizer made to resemble the nutrient composition in the digestate. In another comparison, the anaerobic digestate was amended with mineral nutrients: P, S, magnesium (Mg), Mn, boron (B), and molybdenum (Mo), considered low when compared to the concentrations in commercial mineral fertilizer. The questions to be answered by the study were if the minerals, especially P and S, were taken up as effectively by the plants from the organic fertilizer as from the mineral one; or if a less effective uptake of these elements was the case, due to the reasons discussed above. Also, the overall performance of the plants i.e., growth and mineral content was a question of interest since the presence of several organic compounds may interfere with the plant’s physiology and biochemistry as well as on the availability of nutrients. The hypothesis, based on the intention to measure the plant-available nutrients, is that the plants given the organic fertilizer will perform equally well as the ones receiving a mineral fertilizer, despite the different origin of the fertilizers and the different complexity of the matrices in the solutions.



MATERIALS AND METHODS


Plant Material and Growing Conditions

A greenhouse study was conducted between May and June at the Department of Biosystems and Technology, Swedish University of Agricultural Science, Alnarp, Sweden. On April 30, pak choi (Brassica rapa, ssp. chinensis, “Joy Choi,” Olssons Frö AB, Helsingborg, Sweden) seeds were sown in a plug tray, with one seed per plug in the same growing media as described below. The emerging plantlets were sub-irrigated and fertilized with half-strength commercial inorganic fertilizer for soilless production (0.5 + 0.5 g L–1, respectively, of Calcinit™ and Kristalon™ Indigo; Yara, Oslo, Norway). Two weeks after sowing, the plantlets were transferred to 2-L pots with trays. A growing medium of peat moss (0–25 mm, H2-4, H5-7; SW Horto AB, Sweden) with 5.5 kg m–3 dolomite lime [CaMg(CO3)2], (54% liming effect compared to pure CaO, Björka mineral AB, Sweden) giving a pH (H2O) of 6.1, was used in all treatments. The dry bulk density was 284 g L–1 and the porosity was 72%. To get the same amount of growing medium to each pot, it was weighed to give two L based on the peat bulk density (EN13040:2007). The pots were kept in a greenhouse compartment where the temperature was set to 18°C and the roof ventilation was opened at 20°C. The greenhouse shading screen was closed when the outdoor light intensity was above 1,200 W m–2 s–1. Only natural light was provided, giving a weekly mean of 150 MJ (PAR) m–2 (Priva Intégro v. 730 + Priva Office, Priva, De Lier, the Netherlands). The plants were irrigated with tap water according to need, which was every seventh day at the beginning of the experiment and once a day by the end of the experiment. Water was manually slowly added into each pot until the drained water covered the trays with 5 mm water. The water was later sought up by the plants and no water was lost through drainage. The plants were harvested on 19 June, 51 days after sowing.



Fertilization Strategy

The N requirement of B. rapa “Joi Choi” was calculated using an estimated shoot fresh matter (FM) yield of 250 g per plant, 30% weight addition for root FM, 95% water content, and 3.5% N content in dry matter (DM), resulting in an estimated N assimilation of 570 mg plant–1 for the whole cultivation time. It was assumed that 15% of the added N remained unavailable to the plants (30% of the original digestate consisted of non-mineralized N, as can be seen by the Kjeldahl analysis, an assumption was made that half of this could be mineralized during the nitrification process and later in the growing medium), resulting in an estimated N requirement of 650 mg plant–1. Thus, the common basis for the four different fertilizer solutions used in the experiment was the total N addition to the treatments, with all receiving a total of 650 mg N plant–1. The plant-available N content in the peat was 20 mg L–1. Beginning 3 days after planting, the plants were fed a nutrient solution every second or third day for a total of 13 occasions. The nutrient dose was increased stepwise during the cultivation period, with a starting dose that was half the final dose. The nutrient solutions were stored at 5°C before being used as fertilizers.



Mineral Fertilizer

A slightly modified version of Sonneveld and Straver’s (1994) nutrient solution, formulated to optimize the growth of Asiatic vegetables including pak choi in hydroponic systems, was used as a reference (M2 in Table 1; Sonneveld and Straver, 1994; Bergstrand and Hultin, 2014). The relative proportions of the nutrients by weight, with the total N set to one, were: NO3-N 0.93, NH4-N 0.07, P 0.2, K 1.37, Ca 0.64, Mg 0.15, S 0.18, Fe 0.012, Mn 0.003, Zn 0.0017, B 0.00014, Cu 0.0002, and Mo 0.00024 (Sonneveld and Straver, 1994; Bergstrand and Hultin, 2014). The solution was diluted to give a final concentration of 250 mg N L–1 to match the concentrations in the digestate treatment. The final amounts added to the treatments are shown in Table 2.


TABLE 1. Fertilizer treatments in the soilless production of pak choi and the main variables tested.
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TABLE 2. Total amounts of nutrients (mg) supplied to each plant during the cultivation time, as nitrified digestate (D1 and D2) or mineral fertilizer (M1 and M2), in the different treatments (in total, 2.6 l of respective nutrient solution per plant).
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Anaerobic Digestate

Biogas digestate was collected at the Karpalund municipal biogas plant in southern Sweden in February. The feedstock entering the biogas plant consisted of 37% organic household waste, 29% manure (2/3 pig manure and 1/3 cattle manure), 21% slaughter waste, 5% fat from grease separators, 8% other food waste, and < 0.3% iron chloride and iron sludge as processing aids. The average temperature during digestion was 44°C; and the retention time in the reactor was 50 days.

After sieving through a 0.8 mm mesh, the nutrient content in the digestate was analyzed by an accredited laboratory (Eurofins Environment Testing, Sweden AB, Lidköping) using the Kjeldahl and Devarda methods for the total-N, the Kjeldahl method for NH4-N (Standard Methods 4500-N mod.) (APHA, 1998), silver nitrate titration for Cl, and, for the remaining substances, extraction with aqua regia (HNO3 + 3 HCl) and determination of concentrations by inductively coupled plasma atomic emission spectroscopy (ICP-AES), in accordance with International Organisation for Standardisation (ISO) 11466. The nutrient content in the digestate per kg–1 (fresh weight) was as follows: in g kg–1 total-N 5.3, NH4-N 3.7, P.25, K 1.5, Ca 0.7, Mg 0.045, S 0.28, Na 0.8, and Cl 1.8 and in mg kg–1: Fe 325, Zn 9.25, Mn 5.25, Cu 3.25, B.6, Mo 0.1225, and Co 0.05. The total solids content was 2.5% and the pH was 8.1.

The digestate was sieved through a 0.8 mm mesh and nitrified in an aerated small-scale MBBR prior to the experiment, in order to lower the NH4-N/NO3-N ratio, as described by Bergstrand et al. (2020). A 120 L plastic container served as a reactor. It was filled with 70 L distilled water and 18 L biofilm carriers (K3, AnoxKaldnes, Lund, Sweden) taken from an ongoing nitrification with the same digestate as used in this experiment. The digestate was loaded automatically into the reactor in addition, portioned to keep the NH4+-N concentration below 2 mg L–1. The pH was kept at 5.6–5.8 by the addition of the raw digestate or K2CO3 when the pH fell below 5.6. A Hach DR1900 spectrophotometer was used to monitor the concentrations of NH4+, nitrite (NO2–) and NO3– during the nitrification process (Hach Lange tests LCK 303 for [NH4+], LCK 342 for [NO2–], and LCK 340 for [NO3–]) (Hach, Loveland, CO, United States). The maximum conversion of NH4+ to NO3– (11.7 g N m–3 d–1) was found on day 28 of the process. The nitrification process lasted for 51 days. At the end of the process, water and concentrated un-nitrified digestate was added to reach a final Nmin concentration of 250 mg Nmin L–1, resulting in 35% NH4+-N and 65% NO3– -N. The occurrence of NO2– was checked throughout the nitrification process and in the final solution, it was below the detection limit,0.6 mg L–1. The final fertigation solution was odorless, clear in appearance, and light brown in color.



Experimental Set-Up

The experiment was set up as a completely randomized design consisting of five treatments (including the negative control) with eight replicate pots per treatment with one plant per pot. The pots were randomly placed on a greenhouse table and re-randomized twice during the experiment. Four treatments were compared: nitrified digestate (D1); nitrified digestate with the addition of minerals to resemble the nutrient levels in the standard mineral nutrient solution used in the experiment (D2); a mineral nutrient solution designed to mimic the nutrient levels in the nitrified digestate (M1); standard mineral nutrient solution (M2). In addition, a negative control without fertilization was included (W). The treatments and variables tested are listed in Table 1. The treatments were formulated based on their mineral N (Nmin, NO3-N + NH4-N) content, and all pots (except the negative control) received the same amount of Nmin (650 mg plant–1). Minerals were added to the digestate treatment D2 in the form of the mineral salts MgSO4 × 7 H2O, CaSO4 × 2 H2O, H3PO4, MnSO4 × H2O, H3BO3, and Na2MoO4 × 2 H2O. The final concentration was set to equal the concentration in treatment M2. The total amount of nutrients added to the treatments, analyzed by the accredited laboratory (Eurofins, Kristianstad, Sweden) with the standard methods as described above, is shown in Table 2.

The mineral nutrient solutions (M1 and M2) were mixed separately for each treatment and diluted to 250 mg N L–1. Sodium hydroxide (NaOH) was used to adjust the pH in M2.



Analysis

The following data were collected on growing days 45 and 46 using the youngest mature leaf of each plant: (1) Chlorophyll content, using an MC-100 Chlorophyll Meter from Apogee Instruments, Logan, UT, United States and (2) chlorophyll fluorescence, measured with a Pocket PEA Chlorophyll Fluorimeter from Hansatech Instruments, Norfolk, United Kingdom. The chlorophyll content was measured using the method described by Parry et al. (2014). The chlorophyll fluorescence, expressed as the maximum yield of photosystem II (Fv/Fm), was measured after 20 min of dark adaption. The maximum yield of photosystem II (Fv/Fm) was calculated as (Fm – F0)/Fm, where Fm is the maximum fluorescence and F0 is the minimum fluorescence (Maxwell and Johnson, 2000).

The following data were collected after the harvest of each plant: (1) fresh and dry weight (after 3 days at 60°C) of shoots, (2) number of leaves > 10 mm in length, (3) total area of leaves > 10 mm in length, measured with an LI-3100 Area Meter from Li-Cor, Lincoln NE, United States, (4) concentrations of minerals in the shoot plant sap, (5) total mineral content in the shoot DM, and (6) nutrient content, electrical conductivity (EC), and pH in the used growing medium. Measurements 4–6 were performed by an accredited laboratory (LMI AB, Helsingborg, Sweden), using inductively coupled plasma- optical emission spectrometry (ICP-OES) to determine the concentrations of elements. The leaves for the sap samples were taken in the morning from fully turgid plants. The samples were kept in closed plastic bags in the dark until they were analyzed. The plant sap was sampled by pressing the sap out of 100 g of the oldest but fully vital leaves and analyzed after filtration. The nutrient content of the growing medium was measured in Spurway extract, a weak acetic acid (0.018 mol L–1) solution (Spurway and Lawton, 1949).

The uptake efficiency of fertilizer P and S (PUE and SUE) was calculated using the partial balance method, i.e., as the ratio of nutrients removed by crop harvest (nutrient content in shoots) to fertilizer nutrients supplied (Fixen et al., 2015). The uptake efficiency of digestate fertilizer P and S as compared to the readily available orthophosphate in the mineral solutions was determined as the ratio of the nutrients taken up from the nitrified digestates to the rate of nutrients taken up from the respective mineral control (D1/M1, D2/M2 denoted PUED/M and SUED/M).



Statistical Analysis

One-way ANOVA and Tukey’s honestly significant difference (HSD) test for differences of means, with the CI set to 95%, were used for the statistical analysis of the data from the experiment. Normality was tested by the Anderson-Darling test for normality and homoscedasticity was tested by Levene’s test. Transformation to the square root of the response factor was needed for one set of results, shoot FW in Table 3. The software used was Minitab Express version 15.1.


TABLE 3. Growth and quality parameters at harvest of the pak choi grown in a soilless system fertilized with anaerobic digestate (D1, D2) or mineral nutrient solution (M1, M2).
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RESULTS


Plant Growth: Visual Observations

At harvest, the plants in all fertilized treatments had reached a height of about 30 cm and showed no signs of nutrient deficiency (Figure 1). There were no obvious visible differences between the plants in the different treatments. The plants in the unfertilized negative control, only irrigated with tap water, had grown to about 10 cm in height at harvest and showed severe symptoms of nutrient deficiency.


[image: image]

FIGURE 1. One representative plant from each treatment at harvest. D1, digestate; D2, digestate with amendments; M1, mineral nutrient solution designed to have the same nutrient composition as D1; M2, mineral nutrient solution designed for optimal growth.




Plant Yield and Physiological Parameters

The plain digestate (D1) and its mineral equivalent (M1) resulted in the same DM yield, the same FM yield, and the same chlorophyll content (Table 3). However, D1 resulted in lower FM yield than the standard mineral nutrient solution (M2). The addition of P, S, Mg, Ca, Mn, B, and Mo to the digestate, giving the D2 treatment, was found to increase the FM yield by 10%, but it did not increase the DM yield significantly. It was also found to decrease the chlorophyll content. The supplemented digestate (D2) performed as well as M2 with respect to FM yield and outperformed it with respect to DM yield (17% higher).

The chlorophyll fluorescence (calculated as Fv/Fm) did not differ between the fertilizer treatments at harvest (Table 3). There were also no differences in the total leaf area between the treatments or in the number of leaves between digestate and mineral treatments (Table 3).



Nutrient Uptake

The concentration of P in the shoots in D1 was significantly lower than that in its mineral equivalent, M1. In D1, 65% of the applied P was found in the shoots at harvest, compared with 83% in M1, which corresponded to the P uptake from the digestate/uptake from the mineral fertilizer (PUED/M) of 75% (Table 4). The addition of P to the digestate solution significantly increased the shoot P concentration from 2.8 g (D1) to 3.9 g kg–1 (D2) (Table 5). This resulted in P recovery similar to that in M2 and a PUED/M value of 93% (Table 4). The nutrient solutions with the highest P content (D2 and M2) resulted in the highest P-values for the shoots and plant sap (Tables 5, 6). The P content in the nutrient solution did not reflect the P content in the growing medium at harvest (Table 7). The M2 treatment resulted in significantly lower residual plant-available P levels in the growing medium at harvest than D2 (1.8 mg L–1 compared with 3.3 mg L–1).


TABLE 4. Nutrient uptake efficiency of phosphorous (P) and sulfur (S) (PUE and SUE), calculated as the ratio of nutrients taken up by crop (content in shoots) to fertilizer nutrients applied (n = 4 ± SD).
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TABLE 5. Concentration of nutrients in shoot dry matter at harvest of pak choi grown in soilless system fertilized with anaerobic digestate (D1, D2) or mineral fertilizers (M1, M2).
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TABLE 6. Concentrations (mg L–1) of macro- and micro-nutrients in plant sap at harvest of pak choi grown in soilless system fertilized with anaerobic digestate (D1, D2) or mineral fertilizers (M1, M2).
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TABLE 7. Plant-available nutrients in mg L–1 growing medium.
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The total uptake of S and shoot-tissue S concentrations were significantly lower in D1 than in M1 (Table 4), with recovery SUE of 65 and 95% in D1 and M1, respectively. The corresponding SUED/M in D1 was 71%. The addition of CaSO4 and MgSO4 to the digestate nutrient solution significantly increased the shoot S concentration from 1.62 g kg–1 (in D1) to 3.45 g kg–1 (in D2) (Table 5). It also resulted in an SUE similar to that in M2 (Table 4). The nutrient solutions with the highest S content (D2 and M2) resulted in the highest plant-tissue and plant-sap S concentrations (Tables 5, 6). The growing media did not differ significantly in S content at harvest (Table 7).

Overall, the shoot concentrations increased for all nutrients that were added to the digestate, comparing D1 and D2 (Table 5). The exceptions were Ca and Mg, for which the concentrations were already high in all growing media due to the liming material content. The shoot concentrations in the amended digestate treatment (D2) came closer to the mineral equivalent (M2), but P and S concentrations were still slightly higher with the mineral fertilizer. The shoot sap concentrations of the nutrients at harvest showed similar results to the total shoot concentration, on comparing both D1–D2 and D2–M2 (Table 6).




DISCUSSION


Phosphorus


Phosphorus Use Efficiency as Influenced by Magnesium and Calcium

The total P content in the digestate used in the experiments was in the same range as that normally found in mineral nutrient solutions designed for high yielding soilless production (N:P molar ratio of 6.7:1). For comparison, the commonly used Hoagland lettuce solution for hydroponics has an N:P ratio of 7:1 (Smith et al., 1983) and the mineral reference solution in this trial, M2, had an N:P ratio of 5:1. However, a fraction of the P in the digestate was not readily plant-available, as the PUED/M in D1 was 75% of that in M1, where P was added to the pots as plant-available orthophosphate (HPO42–). The Phosphorus Use Efficiency (PUE) value was also lower than that in previous studies on soil, where the PUE close to that of TripleSuper-P has been observed in laboratory incubation trials and pot experiments with digested (but not nitrified as in the present study) animal slurries, energy crops, and mixtures of the two (Loria and Sawyer, 2005; Bachmann et al., 2016, 2011; Vanden Nest et al., 2021). The PUE in the digestate treatment in this trial was also lower than that determined in a hydroponic trial by Pelayo Lind et al. (2020), in which pak choi plants were fertilized with nitrified digestate. In that study, the P shoot concentrations in the digestate treatments were similar to those in the mineral fertilizer reference treatment, but the N:P ratio in the digestate was 3.5:1 and P was probably present in excess amounts.

The reason for the low PUE obtained for the digestate used in the present study might be its low content of Mg and relatively high content of Ca, with a P:Mg, Ca:Mg, and Ca:P molar ratio of about 4, 9, and 2, respectively. The amount of Mg and Ca:Mg ratio is partly decisive for whether more struvite or HAp is formed (Vanden Nest et al., 2021). Despite its low water solubility, struvite is an efficient P fertilizer, resulting in crop PUE comparable to that of water-soluble mineral P fertilizers (e.g., reviewed by Möller et al., 2018 and reported by Vanden Nest et al., 2021). Hydroxylapatite, on the other hand, has low P solubility and plant availability, e.g., a study comparing TripleSuper-P, struvite, and HAp for their P-fertilizing properties in soil found 6.0, 5.4, and 0.7% P recovery, respectively, in the shoots of ryegrass and fescue (Achat et al., 2014). Studies on struvite precipitation in wastewater have revealed that an increased Ca content severely restricts struvite precipitation in favor of HAp formation when the Ca:Mg molar ratio exceeds 1–2.5 (Yan and Shih, 2016; Daneshgar et al., 2018; Liu and Wang, 2019). In manure compost, the formation of HAp is reported to occur when the molar Ca:P ratio exceeds 2 (Toor et al., 2005). For a range of organic fertilizers, including digestate, Vanden Nest et al. (2021) observed a significant negative correlation between P plant availability and molar Ca:P ratio exceeding 2–3, and attributed this to the formation of HAp. Accordingly, it is likely that the low Mg content and relatively high Ca content in the digestate in this study enabled the formation of HAp, with negative impacts on PUE. Two previous studies on the speciation of P precipitates in digestate with relatively low Ca:Mg molar ratio (1.2–1.3) found that, although struvite constituted the major fraction, HAp was present in considerable concentrations. Güngör et al. (2007) found that 78.2% of P in the 25–53 μm size fraction of a dairy manure digestate was present as struvite, and 21.8% as HAp (Ca:P = 2.1), while Marti et al. (2008) found that 58% of precipitated P in anaerobic digestate from a pilot plant was present as struvite and 15% as calcium phosphates, forming mainly HAp (Ca:PO4 = 1.6).



Phosphorus Use Efficiency as Affected by Fe Supplementation

The addition of Fe-salts for desulfurization in anaerobic digesters can negatively influence plant P availability, as Fe can form insoluble precipitates with P (Krogstad et al., 2005; Möller et al., 2018). Accordingly, increasing the Fe:P ratio has been observed to negatively influence the PUE of organic fertilizers (Vanden Nest et al., 2021). In a trial on P recovery from wastewater, Yan and Shih (2016) concluded that when ferric ions (Fe3+) were added at an Fe:Mg molar ratio of 1:5 and in concentrations above 100 ppm, the formation of struvite crystals was negatively affected at pH 7.5 and pH 9.0, probably largely due to the precipitation of ferric phosphates. In the present study, the Fe concentration in the raw digestate was 325 mg Fe L–1 digestate and the Fe:Mg molar ratio was 3:1. However, due to the reducing conditions in the biogas process, and an Fe:S molar ratio of about 1:1.5, a large proportion of the Fe added in this study was most probably precipitated as Fe2+ with sulfide and present as low-solubility Fe-S compounds (Yekta et al., 2014).



Phosphorus Use Efficiency as Affected by Nitrification in a Moving Bed Biofilm Reactor

The precipitation of P as plant-unavailable forms might have continued during storage, due to the slightly alkaline pH (8.1) of the digestate. However, the nitrification treatment in the MBBR decreased the pH to levels where the P solubility is at its maximum (pH 5.5–6.5) for an extended period of time (Hjorth et al., 2010). This potentially allowed for the solubilization of compounds that would otherwise not solubilize within the timeframe of the experiment. Moreover, during MBBR treatment, P speciation is under the influence of microbial processes such as immobilization/mobilization and mineralization. However, the fate of P during nitrification treatments in small-scale reactors or integrated biofilters in hydroponic systems is not well documented and needs further investigation.



Risk of Phosphorus Deficiency

The lower uptake of P in treatment D1 resulted in a plant tissue P concentration of 0.28%, which is just within the recommended range (0.3–0.5%) for the optimal growth of B. oleracea crops (broccoli, cabbage, cauliflower) (Magnusson et al., 2006). Accordingly, P was not limiting for growth in the digestate treatment. However, the value was just on the verge of potential P shortage, so there may be a risk of P deficiency when using a digestate with a similar or higher N:P ratio than that in this study. The result is in accordance with the findings by Stoknes et al. (2018), who observed the risk of P limitation in tomatoes even after maximizing the P levels by using digestate solids as the growing medium (N:P ratio 1.4:1) and the whole digestate instead of the liquid fraction as the nutrient solution (N:P ratio 6:1). Losak et al. (2014) also observed P limitation of growth when using digestate with an N:P ratio of 6:1 as fertilizer. However, that trial was performed in a soil low in P, where P fixation could be expected (Menezes-Blackburn et al., 2016).



Effect of Phosphorus Addition

A straightforward approach to avoid limitations on plant growth and quality when using a digestate with a low content of plant-available P as fertilizer is to supplement the digestate with inorganic P [e.g., phosphoric acid (H3PO4)]. However, the plant availability of added P is difficult to predict due to the complex matrix in the digestate together with the potentially suboptimal and unstable pH after nitrification due to ongoing nitrification/denitrification processes. Still, active nitrification bacteria will decrease pH when NH4+ is present but at the same time, anaerobic pockets may form in the growing medium giving suitable circumstances for pH-increasing denitrification (Kremen et al., 2005). The slightly alkaline pH of the digestate nutrient solution in this study (7.6), the relatively high content of Ca (Ca:P ratio 2.1), and the low content of Mg (Ca:Mg ratio 9), posed a risk of precipitation of the added P to poorly soluble compounds such as HAp (Daneshgar et al., 2018; Vanden Nest et al., 2021). However, the recovery of the added P in this study was > 100% (adding 31 mg of extra P per pot resulted in an average increase in shoot P uptake of 32 mg) (Table 3), showing that the (bio)chemical properties of the digestate did not negatively influence the plant availability of the added P. Competing ligands in the digestate, such as the organic ligands citrate and oxalate, which influence the extent to which P ions can bind to metal ions, might have influenced the high recovery (Hinsinger, 2001).

The decrease in digestate pH after application to the pots was probably an important factor for the high P recovery rate. In D2, the growing medium pH was 6.5 at harvest (Table 7). The solubility of P is at its maximum around this pH, as the concentrations of aluminum (Al) and Fe ions on one hand, and Ca ions on the other, are minimized (Lindsay, 1979). There may also have been synergistic effects of P and the other added nutrients. For example, Mo fertilizer is reported to increase P accumulation in the shoots of B. napus (Liu et al., 2010). The significantly increased shoot P concentration and P recovery after the addition of P confirm the results obtained by Liedl et al. (2004b), who reported the positive effects of adding H3PO4 to a pig-slurry digestate. The direct addition of K2HPO4 into diluted digestate has also been reported to be successful (Liu et al., 2011).




Sulfur


Low Sulfur Content

The total S content relative to N in the digestate was lower than that needed for most crops; the N:S ratio was 12:1, which was twice as high as that in the inorganic control (6:1). In comparison, a hydroponic lettuce solution recipe recommended by various fertilizer companies has an N:S ratio of 7:1 (AkzoNobel, Eurofins Agro, Nmi, Sqm, and Yara, 2016). For Brassica crops, which have high S demand and are sensitive to S deficiency (Haneklaus et al., 2007), the optimal ratio is lower. For the B. oleracea crops, cabbage, broccoli, and cauliflower, the recommended N:S ratio in the aboveground parts at harvest range between 2:1 and 7.5:1 (Magnusson et al., 2006). If all nutrients are supplied with the fertilizer, a similar ratio of plant-available N and S in the fertilizer is required.

Sulfur (S) and N are both introduced into biogas reactors mainly as a constituent of proteins (Straka et al., 2007). The reactor feedstock in this study consisted of 21% protein-rich slaughterhouse waste and relatively protein-rich pig- and cattle manure and organic household waste. However, due to S losses during anaerobic digestion caused by H2S volatilization and/or iron sulfide precipitation, feedstock with a relatively high S content can still result in a digestate with an N:S ratio that is too high to meet the needs of crops in soilless systems (Massé et al., 2007; Peu et al., 2011; Wahid et al., 2018; Fontaine et al., 2020). The S content may also be decreased by volatilization during storage and handling, as digestate can contain potentially volatile S compounds not precipitated with the added Fe (Möller and Müller, 2012).



Sulfur Recovery

The use efficiency of S in the digestate fertilizer was 71% of that in the mineral equivalent SUED/M (Table 4). Considering the reported S-speciation in the digestate, this is a remarkably high value. Yekta et al. (2014) investigated the chemical speciation of S in the digestate from five industrial biogas reactors in southern Sweden which, like the Karpalund reactor, digest mixtures of different organic wastes and use Fe-salts as process additives. They found that the S speciation in the digestate was dominated by insoluble iron sulfides (27–57%), followed by reduced organic S (22–46%) and zero-valent S (6–16%). Inorganic sulfate (SO42–), i.e., the form in which plant roots can assimilate S was found in some samples, but only at low concentrations (Yekta et al., 2014). It has been reported that SO42– only makes up 3–8% of the total S in the digestate from anaerobic fermentation of cover crops and straw mixtures (Suzuki, 1999; Fontaine et al., 2020). The amount of iron sulfides entering the Karpalund biogas reactor and the amount leaving the reactor with the digestate used in this study are not known. However, due to the small particle size of iron sulfides, some were probably retained in the digestate.

The mobilization and mineralization of organic S and oxidation of sulfide and elemental S to SO42– are enzyme-driven processes dependent on microbial activity (Edwards, 1998; Suzuki, 1999). The 71% SUED/M obtained in this study shows that the microflora in the MBBR biofilter, which was transferred to the peat substrate with the digestate, was probably capable of the net mineralization of organic S and oxidizing sulfide and elemental S to SO42–. However, it seems unlikely that the oxidation of iron sulfides at any relevant rate took place during the experiment, considering its short duration and the absence of soil microflora (Freney, 1967).

This result is in sharp contrast to the findings in other studies on digestate application to soil, where the S recovery rate has been found to be very low and similar to unfertilized controls, even with the digestate with a relatively high S level and low C:S ratio (Assefa et al., 2013; Fontaine et al., 2020). This has been attributed to high SO42– immobilization after the application of digestate to soil at C:S ratios which are usually related to net S mineralization (<200) (Fontaine et al., 2020).

The high SUE observed in this study supports the findings by Pelayo Lind et al. (2020) of the high uptake of S by pak choi plants grown with nitrified digestate as fertilizer in a hydroponic setup. In that study, the digestate-fed plants outperformed the inorganic control in the uptake of S. Similar to the digestate in this trial, the digestate was from a large-scale biogas plant using iron chloride as a process additive and was nitrified by MBBR. However, their digestate had a lower N:S ratio (6.7:1) than the presently used digestate, probably due to plant-based feedstock with less N. This lower ratio resulted in higher total S application, which explains the higher S uptake compared to that in the present study. However, the reason for the higher uptake may also lie in the hydroponic setup, as the peat growing medium and pot culture in this study allowed for a larger microbial community and thus higher S immobilization, although microbial growth was probably limited by low C availability.



Risk of Sulfur Deficiency

The low total S content and the presence of non-plant-available S in the digestate resulted in low plant-tissue concentrations of S in D1 (0.16%) (Table 5). According to Teuber et al. (2020), an adequate S supply is reflected by tissue concentrations of S between 0.17 and 0.40% for most crops. For Brassica crops, which are considered particularly sensitive to S deficiency (Haneklaus et al., 2007), the optimum range is higher. For example, Haneklaus et al. (2007) recommended 0.75% for Brassica vegetable crops and Magnusson et al. (2006) recommended an S content of 0.4–1.3% in plant tissues for the optimal growth of B. oleracea crops. Low levels of S in Brassica crops have been found to result in lower yields and lower concentrations of valuable S-containing metabolites such as glucosinolates (Scherer, 2001). Accordingly, the S content in the D1 plants can be considered very low and in the deficiency range, with potential negative effects on yield and quality. The low S availability in the digestate treatments might also explain the lower N concentrations observed in the plants in these treatments, as S interacts closely with N uptake in plants (Eriksen et al., 2001).

Doubling the total S content in the digestate by adding MgSO4 and CaSO4 to D2 (Table 2) significantly increased shoot-tissue concentration levels of S from 0.16 to 0.36%, which is close to the minimum level recommended by Magnusson et al. (2006) (0.4–1.3%). The recovery of the added S in the shoots was 79% (adding 61 mg of extra S per pot resulted in an average increase in S uptake by shoots of 48 mg). Considering this, a higher S addition rate (e.g., tripling the total S content in the digestate) would have been more beneficial. The sap concentration of S (Table 6), reflecting the vacuolar content of S, was also largely increased by S addition to the digestate, indicating elevated cell S status (Marschner, 1978).




Effects of Adding Magnesium, Manganese, Boron, and Molybdenum

No correlation was found between the Mg content in nutrient solution and Mg plant uptake, which was probably a result of the high Mg levels in the growing medium due to its dolomite content.

The addition of the micronutrients B, Mn, and Mo to the digestate resulted in significant increases in the shoot mineral content of these micronutrients, e.g., the B concentration increased from 10 to 33 mg kg–1 in supplemented plants. For most dicotyledonous species, the critical deficiency range for B is 20–70 mg kg–1 (Broadley et al., 2012). For the B. oleracea species broccoli and cauliflower, 30–100 mg kg–1 B in the shoots has been recommended for optimal growth (Magnusson et al., 2006). Based on these values, the D1 plants suffered from B deficiency and the supplemented D2 plants were just within the range recommended for optimal growth. One of the most rapid responses to B deficiency is the inhibition of root elongation, which results in stubby and bushy roots (Broadley et al., 2012). The low tissue concentrations of B in D1 and M1 (10.1 and 8.6 mg kg–1, respectively) may therefore explain the distinctly shorter (but not bushy) roots observed in those treatments (data not shown). However, no aboveground symptoms of B deficiency were detected. Further, there were no differences in DM yield between treatments D1 and D2. This was unexpected, as inhibited shoot growth is a typical early symptom of B deficiency (Broadley et al., 2012). However, the fresh matter yield was significantly higher in D2, which could be explained by an increase in root volume when B was supplied at sufficient levels, allowing for the increased uptake of water. The tissue concentrations of Mn and Mo were above the threshold level for deficiency (10–20 mg kg–1 for Mn and 0.1–1.0 mg kg–1 for Mo) in both D1 and D2 (Broadley et al., 2012), showing that these nutrients were present in sufficient levels in the digestate.



General Observations

The sap concentration of all elements added to the digestate (including P and S) increased in D2 compared to D1 (Table 6). In contrast to the total tissue concentration, the sap nutrient concentration is believed to reflect the vacuolar concentration, indicating a larger cellular nutrient buffer when increased, as was the case comparing D1–D2 (Marschner, 1978). The amended digestate in D2 also had the same or higher sap nutrient concentrations compared to the mineral equivalent M2. This could indicate an increased deliverance of nutrients from D2 compared to M2 at the end of the culture time.

The overall good performance by the plants given the digestate, despite the lower uptake efficiency of P and S, may indicate the positive effects of digestates on plant growth beyond the nutrient effect such as the presence of suggested biostimulants such as auxin-like compounds (Scaglia et al., 2017) and humic substances (Guilayn et al., 2020). As a result of the anaerobic digestion of the feedstock, digestates contain a complex mixture of partially degraded organic matter and inorganic compounds, including monosaccharides, free amino acids, fatty acids, polypeptides, nucleic acids, vitamins, phytohormones, as well as compounds of higher molecular weight (Möller and Müller, 2012; Scaglia et al., 2017). The same compounds, when derived from other organic sources, have been reported to act as bio-stimulants on plant growth (du Jardin, 2015).

The chlorophyll fluorescence is often used as a measurement of possible physiological stress affecting plants. All the fertilized treatments had an Fv/Fm at 0.81, showing that they probably were not stressed by any of the treatments or at least all to the same degree. An average value for unstressed vascular plants of various origins has been found to be 0.83 (Demmig and Björkman, 1987).




CONCLUSION

As hypothesized, the growth performance in the digestate resembled the growth in the mineral solutions made to mimic the digestate. This was also the case when the digestate was amended with nutrients to resemble a commercial nutrient solution. This suggests that the availability of the nutrients in the digestate is high and that the digestate fully can substitute the mineral fertilizer and with the minor addition of selected nutrients perform even better.

This study made the promising finding that after the addition of macro- and micro-nutrients, nitrified digestate can be used successfully as a fertilizer in the production of leafy vegetables on peat-based growing media. Supplementing the digestate with nutrients increased the FM yield of pak choi by 10% and resulted in similar marketable yields as when using standard mineral fertilizer. Further, plants fertilized with the supplemented digestate had a 17% higher dry weight than plants treated with standard mineral fertilizer. This weight increase was probably a result of P, S, and/or B addition, as shoot-tissue concentrations of these nutrients were low (in the deficiency range for S and B) in plants fertilized with the not amended digestate. However, this study was not replicated over time and thus indicative. More research is needed to identify the factors determining the recovery of P and S in digestate fertilizers. Since struvite is reported to be a readily plant-available P source in organic fertilizers, it would be interesting in future studies ahead to investigate supplementation of digestate with struvite recovered from other waste streams, e.g., sewage sludge or industrial effluents, thus contributing to recirculation of P and closing of global nutrient cycles.
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In this work, we studied the direct and indirect plant protection effects of an Artemisia absinthium essential oil (AEO) on tomato seedlings against Fusarium oxysporum sp. oxysporum radicis lycopersici (Fol). AEO exhibited a toxic effect in vitro against Fol. Additionally, tomato seedlings germinated from seeds pretreated with AEO and grown hydroponically were protected against Fol. Plant disease symptoms, including, water and fresh weight loss, tissue necrosis, and chlorosis were less pronounced in AEO-treated seedlings. AEO also contributed to plant defenses by increasing callose deposition and the production of reactive oxygen species (ROS) on seed surfaces without affecting seed germination or plant development. The essential oil seed coating also primed a durable tomato seedling defense against the fungus at later stages of plant development. RNA-seq and metabolomic analysis performed on seedlings after 12 days showed that the AEO treatment on seeds induced transcriptomic and metabolic changes. The metabolomic analysis showed an induction of vanillic acid, coumarin, lycopene, oleamide, and an unknown metabolite of m/z 529 in the presence of Fol. The StNRPD2 gene, the second largest component of RNA polymerases IV and V directly involved in de novo cytosine methylation by RNA-directed DNA methylation (RdDM), was highly induced in the presence of AEO. The host methionine cycle (MTC) controlling trans-methylation reactions, was also altered by AEO through the high induction of S-adenosyl methionine transferases (SAMts). Our results suggest that AEO treatment could induce de novo epigenetic changes in tomato, modulating the speed and extent of its immune response to Fol. The EO-seed coating could be a new strategy to prime durable tomato resistance, compatible with other environmentally friendly biopesticides.

Keywords: Fusarium, tomato, essential oil, plant priming, seed coating, Artemisia absinthium, biopesticide, epigenetics


INTRODUCTION

Worldwide policies to decrease dependence on toxic pesticides means that new environmentally friendly biopesticides need to be developed. These natural compounds will also help protect the aquatic and agroforestry environment, soil health and biodiversity. According to European Commission policy, the development of new strategies and natural sources of biopesticides is one of the challenges that must be addressed to diminish levels of pesticide residue in food and feed and the corresponding risks for human health (European Commission, 2021; Montanarella and Panagos, 2021). Aromatic plants, studied for their fungistatic, insecticidal, larvicidal, and bactericidal compounds, are currently one of the main sources of natural compounds in the biosphere. The biopesticide potential of the millions of compounds acting directly to protect crops is growing exponentially in tandem with agricultural requirements around the globe (Montanarella and Panagos, 2021).

The plant defense response is accompanied by an extensive transcriptional reprogramming of defense-related genes. The well-known processes which enable systemic acquired resistance (SAR) (Durrant and Dong, 2004), pathogen triggered immunity response (PTI) and enhanced triggered immunity (ETI) (Macho and Zipfel, 2014; Nishimura and Dangl, 2014; Zipfel and Oldroyd, 2017), form part of the priming process in plants. Priming is “the physiological state that enables cells to respond to very low levels of a stimulus in a more rapid and robust manner than non-primed cells.” A transgenerational and non-transgenerational or short term-inheritance of defense-related priming, improving the stability of this priming effect, has recently been shown in plants (Molinier et al., 2006; Pastor et al., 2013; Gully et al., 2019).

Essential oils (EOs) can act as priming molecules both in biotic and abiotic plant stress responses (Bertrand et al., 2021). EOs can be an effective and sustainable tool to control seedborne diseases (Klein et al., 2017; Spadaro et al., 2017). Seed priming prior to sowing is a promising strategy insofar as it makes seed more tolerant to disease and increases the yield and quality of high-value crops such as tomato. Seed priming alleviates stress at germination thus increasing seedling emergence and successful establishment of the seedling. Successful germination determines the vigor of seedling growth at later stages (Acharya et al., 2020). To date, few studies have been conducted on the transcriptomic and metabolomic responses of tomato seeds coated with essential oil to combat phytopathogens or on the assumed “de novo” molecular synthesis of immunity-related compounds for priming effect of such treatments (Kaplan et al., 2006; Ben-Jabeur et al., 2015; Rocha et al., 2019).

In this work we studied the transcriptomic and metabolomic responses of tomato seeds coated with an antifungal EO against the phytopathogen Fusarium oxysporum. The interaction between tomato and Fusarium oxysporum f. sp. lycopersici (Fol) serves as a model to study the molecular basis of disease resistance and susceptibility. Gene-for-gene interactions in this system have provided the basis for the development of tomato cultivars resistant to Fusarium wilt disease. Fol is one of the phytopathogens with the greatest impact on the agroforestry environment, producing damping-off disease and reducing tomato (Solanum lycopersicum) productivity worldwide (Windels, 2000; Carvalho et al., 2006; Berrocal-Lobo and Molina, 2008; Ma et al., 2013; Edel-Hermann and Lecomte, 2019).

Artemisia absinthium is a medicinal plant distributed principally throughout temperate regions in Europe, Asia, and Africa (Bora and Sharma, 2011). Artemisia species are current used in industry making them good candidates as a source of new biopesticides to protect plants (Bailen et al., 2013; Kundu et al., 2021). As part of our ongoing project on the sustainable production of biopesticides, thujone-free Spanish populations of Artemisia absinthium were domesticated, giving rise to a new plant variety (candial) with cis-epoxyocimene, chrysanthenol, chrysanthenyl acetate, trans-caryophyllene, and linalool as the main components of its essential oil. (−)-cis-Chrysanthenol has been identified as the chemical indicator of the antifungal effects of A. absinthium (candial) oil (Arraiza, 2017). However, the indirect effects of this EO against pathogenic fungi (such as plant priming) are still unknown.

Here we describe new metabolites and molecular changes associated with the short- and long-term protection of tomato plants germinated from AEO-coated seeds against the high impact phytopathogenic fungus Fol. The effects of the EO are discussed based on metabolomic and RNA-seq analysis. This work proposes new uses of EOs as a source of environmentally friendly biopesticides and biotechnological tools.



MATERIALS AND METHODS


Biological Material

Flowering plants of Artemisia absintium var. Candial were harvested in 2019 and their essential oil (AEO) extracted by vapor pressure in a stainless steel semi-industrial plant equipped with two 3,000 L vessels as described (Julio et al., 2015).

Untreated tomato seeds (Solanum lycopersicum L., var. marmande), were kindly provided by Ramiro Arnedo S.A (La Rioja, Spain). Seeds were dried, stored, and maintained at 4°C until use. Fusarium oxysporum sp. oxysporum radicis lycopersici (Fol) was provided by CECT (# 2715), Valencia, Spain. The fungus was grown on potato dextrose broth medium (PDB) at 28°C for 8 days in darkness as previously described in Berrocal-Lobo et al. (2002). Spores were collected in sterile water, filtered, quantified with a Neubauer chamber and stored in 20% (v/v) glycerol at −80°C until use.



Fungicidal Activity of Artemisia absinthium Essential Oil Against Fusarium oxysporum sp. oxysporum radicis lycopersici Phytopathogen

The assay to determine AEO fungicidal activity was prepared as previously described with little modification (Bailen et al., 2013). Briefly, the conidial concentration of a potato dextrose agar (PDA) was measured using a Neubauer chamber and diluted to a final concentration of the suspension being determined as 105 spores/ml. Spore susceptibility was tested in a 96-well plate using 100 μl Roswell Park Memorial Institute medium (RPMI) to support spore viability, 80 μl DMSO (1%) was used as a negative control (solvent- and drug-free); 80 μl Amphotericin B (5 μg/ml) as positive control. AEO was tested at different concentrations (5, 50, 500, and 1,000 μg/ml). After 24 h of incubation, antifungal activity was determined by an MTT (Thiazolyl blue tetrazolium bromide staining) assay measuring spore viability, proliferation, and cytotoxicity (Berrocal-Lobo et al., 2009). Menadione 1 mM and 25 μl RPMI medium were added per well incubated for 3 h at 37°C. and then removed prior to the addition of 200 μl isopropanol acid (95% isopropanol with 1 M HCl) After 30 min, the resulting-colored solution was quantified by measuring absorbance at 630 nanometers using a multi-well spectrophotometer and the Gen2.01 program. Data was analyzed with the Stat-graphics Centurion 18 program, using a Variance check (p > 0.05) and a non-parametric Kruskal-Wallis test.

The mycelial growth inhibition test was performed in 12-well plates. Ethanol was used as a negative control (2% final concentration). 1,950 μl PDA medium, 10 μl of MTT (5 mg/ml), and 40 μl ethanol were mixed in a sterile Falcon tube, shaken in a vortex, and then poured into each well. AEO stock was prepared at 50 mg/ml and serially diluted (0.1, 0.25, 0.5, and 1 mg/ml). Four replicates were used for each treatment. The plates were covered with aluminum foil and incubated at 27°C for 5 days (Morales-Sánchez et al., 2021). The fungal growth was quantified with the ImageJ program by measuring two perpendicular diameters of the grown area (cm2) which was calculated using the formula:
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Data was analyzed using the Stat graphics Centurion 18 program, using a Variance check (p > 0.05) and the non-parametric Kruskal-Wallis test.



Plant Growth Conditions

Tomato seeds were germinated, and seedlings grown for 12 days in an Aralab chamber (Lisbon, Portugal), at 50% humidity (v/v), temperature of 24°C during the day and 18°C during the night, with a 16-h light/8-h dark photoperiod and light intensity of 150 μE⋅m–2 per second for all experiments. Seeds were germinated in sterilized distilled water on paper filter discs in 12 well plates with 12 seeds per well. Plants were irrigated with regular water supply.



Absinthium Essential Oil Seed Coating

A 10 mg/ml AEO solution was prepared in 100% ethanol (Sigma-Aldrich, St. Louis, MO, United States) and serially diluted (1.0 and 0.5 mg/ml) for seed coating. Fresh tomato seeds previously stored for 24 h at 4°C were dipped in the solution one by one and then air dried on sterilized aluminum foil under sterile conditions until use. Control seeds were treated with corresponding 100% ethanol dilutions to AEO dilutions in sterilized water for each assay.



Plant Inoculations

Coated seeds were kept in constant contact with the fungus in a hydroponic system containing 500 μl of Fol (106 spores/ml) in water. Control samples were treated with 500 μl of sterilized distilled water with the corresponding dilution of glycerol. Inoculated plants were placed in the growth chamber (Aralab S.L, Lisbon, Portugal) under the growth conditions specified above. Infection was monitored by measuring the disease parameters specified for each assay.



Disease Symptoms

Disease symptoms of tomato seedlings (var. marmande) were measured considering the different seed germination start and finish times (between 4 and 9 days, respectively) and growth stages. Disease symptoms observed after 7 days were rated as follows: “0” normal seed germination and root emergence; “1” delayed seed germination and root emergence compared to 0; “2” germinated seeds with roots shorter than 2 cm compared to control; “3” germinated seeds with roots shorter than 1 cm; “4” no germination and seeds covered in fungus. Disease symptoms observed after 12 days were rated as follows: “0” no disease symptoms on seedlings; “1” delayed growth observed for shoots and roots with no apparent necrosis or chlorosis; “2” light chlorosis and necrosis on aerial part, including main leaves and shoots; “3” high chlorosis on main leaves and necrosis on shoots; “4” failed seedlings. Trypan blue staining was performed as previously described to detect seedling tissue cell death and necrosis (Lichtenthaler and Wellburn, 1983). Briefly, trypan blue solution is prepared: 10 ml lactic acid (85% w:w), 10 ml phenol (TE balanced buffer, pH 7.5–8.0), 10 ml glycerol (≥99%), 10 ml distilled water, 40 mg trypan blue (final concentration of 10 mg/ml). Seedlings were stained for 20 min and rinsed with 100% ethanol overnight and preserved in 60% glycerol until microscopy observation. Diamino-benzidine (DAB) staining performed as described in the literature was used to stain reactive oxygen species (ROS) production on coated and inoculated seeds (Livak and Schmittgen, 2001). Briefly, seeds and seedlings were placed in ethanol (100%) for 24 h. Tissue was treated with DAB solution (1 mg/ml) for 2 min under vacuum and covered with aluminum foil for 2 h at room temperature. The DAB solution was removed and Ethanol (100%) was added for 2 h before placing in glycerol 60%. DAB staining was performed at 30 min, 1 h, 24 h, 7, and 12 dpi. Callose deposition was measured by aniline blue staining of seedlings. Briefly, seeds or leaves previously treated with ethanol 100% for 24 h were stained in darkness using a 0,1 mg/ml water solution of aniline blue (Sigma-Aldrich, St. Louis, MO, United States) at for 30 min. Tissue was then rinsed with distilled water and placed in 60% glycerol at 4°C and mounted on microscopy slides. DAB and trypan blue were detected by bright light and aniline blue was detected using a DAPI/UV filter by fluorescence microscopy using a stereomicroscope (A292/21 Microscopy iScope IS.3153-PLFi/6 with Fluorescence—IS.3153-PLi/6,nEWF 10x/22, with Plan Fluarex PLFi, 4×, 10×, 20×, 40×, and 100× oil lenses including fluorescence: Blue, Green, UV-DAPI, and Red filters, Microsercon SLU, Madrid, Spain) with a charge-coupled device (CCD) digital cooled camera (A292/21 Euromex 20 MP USB 3.0 with 1 inch CMOS sensor), to obtain digital photos. Image processing and quantification of aniline blue (callose) and DAB signals was performed using ImageJ Software and specific plug-in tools for DAB detection (Schneider et al., 2012).

To measure water content and loss, the fresh and dry weight of seedling tissue was measured, fresh plants were oven-dried at 85°C for 2 days and weighed. The moisture content of individual samples was calculated as follows.
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Where WC is the water content of individual plants or seedlings, FW is the fresh weight and DW is dry weight.

Total chlorophyll A, B and carotenoid content was determined according to Lichtenthaler and Wellburn (1983), with little modification. Briefly, 500 mg of fresh leaves were collected in a sterilized Eppendorf with borosilicate glass boils in liquid nitrogen. Samples were then ground in 5 ml of acetone (90%) and centrifuged at 3,000 g for 10 min. The supernatant was collected, and the absorbance of samples was measured using a spectrophotometer (Hach DR 2000, Hach Co., Loveland, CO, United States) at three wavelengths: 662, 644, and 470 nm. Pigment content was then calculated following authors’ specifications and expressed as mg 100 g–1, related to fresh weight (fw).
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Where Ca is Chlrolophyl a, Cb is Chlrolophyl b, and Ct is Carotenoids.



Statistical Analysis

The Stat Graphics Centurion XVI.II program (Stat Point Technologies, Inc., Warrenton, VA, United States) was used for all data analysis relating to plant growth and disease parameters. A one-way analysis of variance (ANOVA) and Duncan’s mean comparison test were performed for all experiments and t-tests with a significance level of 0.05%. In the case of non-homogeneous variance, a non-parametric Kruskal–Wallis test was used.



RNA Quantitative Real-Time-PCR Analyses

Quantitative Reverse Transcription-PCR analysis was performed for RNA-seq data validation. Total RNA was isolated from frozen tomato tissue, separately analyzing roots and aerial parts corresponding to shoots. TRIzol Reagent (Invitrogen®, Carlsbad, CA, United States) was used according to the manufacturer’s protocol along with chloroform. RNA samples were then treated with High pure RNA isolation kitto remove trace amounts of genomic DNA (Roche, Manheimm, Germany). RNA samples were analyzed to check quantity using a NanoDrop (UV-Vis ACTG Gene UVS—99. 200 a 850 nm) and quality was checked using Qubit 4.0 (Thermo Fisher Scientific, Madrid, Spain). RNA samples were visualized in 1% agarose gel before next step staining with GelRed (Nippon, Japan). First-strand cDNA synthesis was primed using a hexanucleotide random primer, and cDNA was synthesized using a First-Strand Synthesis Kit (Amersham-Pharmacia, Rainham, United Kingdom) according to the manufacturer’s protocol. A 1.5 μl aliquot of the first-strand synthesis reaction was used as the template for PCR amplification. The program consisted of 3 min at 95°C, 40 cycles of: 30 s at 95°C, 30 s at 60°C, with a final extension step consisting of 7 min at 72°C and dissociation melting curves. The quantitative real-time (qRT-PCR) experiments were performed using a SYBR® Green qPCR master mix (Nzytech, Lisbon, Portugal) with reactions at a final volume of 10 μl per well. Samples were run in a DNA Engine One-Step QRT-PCR machine (Thermo Fisher Scientific, United States). Gene-specific primers were designed using the Primer Express 2.0 program (Applied Biosystems, Foster City, CA, United States), and minimal self-hybridization and dimer formation of primers were determined using the Oligo 6.0 program (Molecular Biology Insights, West Cascade, CO, United States). Primers with annealing temperatures of 58–60°C that amplified products with lengths of about 150 bp were selected and then verified for specificity using a Basic Local Alignment Search Tool (BLAST). The amplification efficiency for each pair of oligonucleotides was calculated as recommended by the manufacturer (Bio-Rad, Hercules, CA, United States) selecting only oligonucleotides with efficiencies above 90% for assays. Gene specific primers used for quantitative real-time PCRs are detailed in Supplementary Table 1. Data was acquired using the One-Step PCR Applied Biosystem Analysis software (Version 2.01), and changes in transcript levels were determined using the 2–ΔΔCT method (Livak and Schmittgen, 2001). Data points were compared using t-tests. Three independent biological replicates from different assays were used with three technical replicates in each experiment.



Construction of RNA-Seq Libraries

Total RNA from three independent biological replicates was extracted as detailed previously. For each sample, 1 μg of total RNA was used to construct the Illumina sequencing libraries according to the manufacturer’s instructions (TruSeq Stranded mRNA LT Sample Prep Kit). Libraries were sequenced using the Illumina HiSeq 2500 platform (Biomarker Technologies) and 150 bp paired-end reads were generated.



Analysis of RNA-Seq Data

About 4 Gb of high-quality 150-bp paired-end reads were generated from each library and the quality of the clean reads was checked using the Q < 20 threshold. To reduce analysis bias, artifacts such as low-quality reads, adaptor sequence, contaminant DNA, and PCR duplicates were removed using Cutadapt.1 Trimmed reads were mapped to the reference genome with HISAT2 splice-aware aligner (Pertea et al., 2016). The tomato reference genome and gene model annotation files were downloaded from the genome website browser (SGN release version SL2.50).2 Known genes and transcripts were assembled using String Tie with aligned reads (Kovaka et al., 2019) based on the reference genome model (SL2.50). After assembly, gene/transcript abundance was calculated in the read count and normalized values obtained, i.e., FPKM (Fragments Per Kilobase of transcript per Million mapped reads) and TPM (Transcripts Per Kilobase Million) for each sample using the feature counts function of the Bioconductor (Huber et al., 2015) package R subread (Liao et al., 2019) (strand Specific = 0, is Paired End = TRUE, require Both Ends Mapped = TRUE, primary Only = TRUE, ignore Dup = TRUE). Differentially expressed genes (DEGs) between samples were identified using the DESeq2 package (Love et al., 2014) with standard parameters (fold-change was ≥ 1 and FDR-adjusted P-value < 0.05). Average gene expressions in the three biological replicates were used for DEG identification (Supplementary Tables 2, 3).



Gene Ontology Enrichment Analysis and Kyoto Encyclopedia of Genes and Genomes Pathway Analysis

Panther GO3 was used for Gene Ontology (GO) enrichment. The GO enrichment analysis provided all the GO terms which were significantly enriched in the DEGs relative to the genomic background, and DEGs were filtered according to cellular components, molecular functions and biological processes. Kyoto Encyclopedia of Genes and Genomes (KEGG)4 is a main pathway-related database. Based on the comparison of the DEGs to the genomic background, pathway enrichment analysis pinpointed the enriched pathways.



Validation of RNA-Seq by Quantitative Real-Time-PCR

To validate RNA sequencing reading data, 1 μg total RNA was reverse transcribed into cDNA following the previously described protocol for first strand synthesis using oligo (dT) primers. A Quantitative real-time PCR (qRT-PCR) was performed as previously described under the following conditions: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 30 s. The fluorescence signal was monitored automatically in each cycle. Relative expression levels of specific mRNAs were measured as previously described using the 2(–ΔΔCt) analysis method (Livak and Schmittgen, 2001), and expression values were normalized using the β-Actin gene. A regression line was calculated to analyze the correlation between Log2 RNA-seq readings and quantitative real-time PCR Ct results from 12 independent RNA samples and five genes for each tissue (Supplementary Figure 1). Three independent biological replicates were analyzed for each sample. Primers used in this study are listed in Supplementary Table 1.



Metabolomic Analysis


Tomato Extract Preparation

Treated and untreated tomato seedlings (12 days old, 12 seedlings per replica with three biological replicas) were frozen in liquid N and then extracted with MeOH. Extracts were filtered and kept at −20°C until HPL-MS analysis. For GC-MS, the MeOH extracts were partitioned with dichloromethane (DCM), filtered and the solvent evaporated prior to GC-MS analysis.



Gas Chromatography Coupled With Mass Spectrometry Analysis of Essential Oil and Tomato Extracts

The essential oil and DCM fractions of MeOH tomato extracts were analyzed by gas chromatography coupled with mass spectrometry (GCMS) using a Shimadzu GC-2010 gas chromatograph coupled to a Shimadzu GCMS-QP2010 Ultra mass detector (electron ionization, 70 eV). Sample injections (1 μl) were performed using an AOC-20i and equipped with a 30 m × 0.25 mm i.d. capillary column (0.25 μm film thickness) Teknokroma TRB-5 (95%) Dimetil- (5%) diphenylpolisiloxane. Working conditions were as follows: split ratio (20:1), injector temperature 300°C, temperature of the transfer line connected to the mass spectrometer 250°C, initial column temperature 70°C, then heated to 290°C, at 6°C/min intervals. Electron ionization mass spectra and retention data were used to assess the identity of compounds by comparing them with those found in the Wiley 229 and NIST Mass Spectral Database. All extracts (4 μg/μl) were dissolved in 100% DCM for injection. Pure compounds (salicylic acid, chlorogenic acid, and methyl jasmonate from Sigma-Aldrich) were injected and analyzed under the same conditions just described.



LCMS Analysis of Tomato Extracts

Methanolic tomato extracts were analyzed by liquid chromatography coupled with mass spectrometry (HPLC-MS) in a Shimadzu apparatus equipped with an LC- 20AD pump and a CTO-10AS VP column oven coupled to a mass spectrometer with a simple quadrupole analyzer LCMS-2020 QP, with an electrospray ionization source (ESI). An ACE 3 C18 column (150 mm × 4.6 mm, 3 μm particle size) with an ACE3 C18 analytical pre-column was used for separation. The compounds were eluted with Methanol (LC-MS grade) (MeOH): MiliQ water with 1% acetic acid 5% MeOH for 5 min, followed by a gradient 5:100% MeOH for 30 min, 100% MeOH for 10 min and 100:5% MeOH for 8 min, with a flow rate of 0.5 ml/min. The nitrogen flow (drying gas for solvent evaporation) was 15 L/min. Electrospray capillary potential was + 4.50 kV and a Full Scan was used in positive mode (m/z 100–700) with a potential of 1.40 kV and a capillary temperature of 250°C. Stock solutions of extracts were injected at 0.25 mg/ml with a 5 μl injection through an automatic injector (SIL-20A XR). All extracts (0.25 μg/μl) were dissolved in 100% MeOH for injection. Pure compounds (lycopene, carotene, salicylic acid, chlorogenic acid, and methyl jasmonate from Sigma-Aldrich) were injected at 0.2 mg/ml and analyzed under the same conditions as described above.





RESULTS


Artemisia absinthium Essential Oil

Table 1 shows the chemical composition of A. absinthium var. Candial (AEO). The oil was characterized by cis-epoxyocimene (35%), followed by cis- chrysanthenol (9,04%), chrysanthenyl acetate (8,40%), chamazulene (5,01%), and t-caryophyllene (4,74%). The composition was like the one previously reported for other crops, highlighting the chemical stability of this plant variety (Julio et al., 2015).


TABLE 1. Chemical composition of the Artemisia absinthium var. candial essential oil tested.
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Fungicidal Activity of Artemisia absinthium Essential Oil Against Fusarium oxysporum sp. oxysporum radicis lycopersici Phytopathogen

We tested increasing concentrations of AEO (0, 0.005, 0.05, 0.5, and 1 mg/ml) to test spore germination rate. AEO exhibited strong fungicidal activity against Fol spores in vitro with a significant spore germination inhibition rate of 44.25% ± 1.72, compared to controls at 0.5 mg/ml, with an EC50 of 109.91 as shown in Table 2. Moderate or no fungicidal effects on spore germination were observed at concentrations below 0.005 mg/ml.


TABLE 2. In vitro analysis of toxic activity of AEO on Fol spores.
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Artemisia absinthium Essential Oil Effect on Seed Germination and Tomato Seedling Growth in Presence of Fusarium oxysporum sp. oxysporum radicis lycopersici

To test for physiological effects of the AEO coating, seeds were treated with 0.5 mg/ml and 1 mg/ml of AEO and germinated in presence (+), or absence (−), of Fol (106 spores/ml). Germination rates were determined at 7 dpi, before seed germination was complete, and after 12 days once germination was finished.

Figure 1A (−) shows that, in absence of the fungus, there were no significant differences in seed germination rate between AEO treated seeds with 0.5 mg/ml (light blue bars), 1 mg/ml (dark blue bars), or control watered seedlings (white bars).
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FIGURE 1. AEO and Fol effects on germination rate and growth of tomato seedlings. (A) Germination rate measured in non-inoculated (–), or inoculated (+) seedlings, with Fol (106 spores/ml), after seed coating with AEO at 0.5 mg/ml (light blue bars), AEO at 1 mg/ml (dark blue bars), or watered controls (white bars), according to section “Materials and Methods”. (B) Shoot length (green bars), and root length (brown bars), measured in non-inoculated (–), and inoculated (+) with Fol (106 spores/ml), on 7-day-old seedlings, in absence of AEO (“0”), or presence of AEO 0.5 mg/ml (0.5). (C) Percent of growth inhibition of shoots (green bars), and roots (brown bars), 7 dpi with Fol (+), related to non-inoculated seedlings, in presence of AEO 0.5 mg/ml (0.5) or in watered controls. (D) Shoot length (green bars), and root length (brown bars), measured in non-inoculated (–), and inoculated (+) with Fol (106 spores/ml), on 12-day-old seedlings, in absence of AEO (“0”), or presence of AEO 0.5 mg/ml (0.5). (E) Percent of growth inhibition of shoots (green bars), and roots (brown bars), 12 dpi with Fol (+), related to non-inoculated seedlings, in presence of AEO 0.5 mg/ml (0.5) and in watered controls. The * denotes a statistically significant difference using variance check (P-value ≤ 0.05) and Duncan test, between bracket samples at (B,C), or (P-value ≥ 0.05) and Kruskal-Wallis test at (D,E). The * on (D) denotes a statistically significant difference related to all the other treatments.


However, Figure 1A (+), shows that in presence of Fol (+), the fungus severely inhibited germination in non-coated seeds (white bars), compared to the AEO treated ones with 0.5 mg/ml (light blue bars) and 1 mg/ml (dark blue bars). This shows that AEO contributed to seedling germination both at 7 and at 12 dpi in presence of Fol. Based on these results, the 0.5 mg/ml concentration of AEO, was chosen for further assays.

Seedling root and shoot length was determined after 7 and 12 days in presence (+) and absence (−) of Fol (106 spores/ml) from pre-treated seeds with an AEO coating of 0.5 mg/ml (0.5), or 1 mg/ml (1). Figure 1B (−) shows that, at control plants, after 7 days, AEO did not affect shoot growth (dark green bars) or root growth (brown bars), in absence of the fungus (−). However, Figure 1B (+) shows that, in presence of the fungus (+), AEO raises plant tolerance to Fol as determined by increased root and shoot length, compared to controls. Figure 1C represents the percent of growth inhibition of shoots (dark green bars) and roots (light green bars) compared to controls in presence of the fungus (+). Growth inhibition of roots and shoots was higher for inoculated plants in absence of AEO.

Figure 1D (−) shows that after 12 days, into control non-inoculated plants (−), AEO did not affect shoot growth (dark green bars) or root growth (brown bars). Furthermore, as shown in Figure 1D, in presence of the fungus (+), an increase in root and shoot length happens, in AEO coated seedlings, showing that AEO contributes to plant tolerate to Fol. Figure 1E shows the percent of growth inhibition of shoots (dark green bars) and roots (light green bars) compared to controls in presence of the fungus (+). The inhibition observed on growth, was higher on inoculated plants in absence of AEO, in roots but was not observed in shoots.



Artemisia absinthium Essential Oil Effect on Tomato Seedlings Disease Parameters

The disease parameters of the seedlings were studied under hydroponic conditions in the presence and absence of Fol. Disease ratios were measured considering the different stages of germination and development of tomato at 7 and 12 days. After 7 days, disease ratios were measured completion of seed germination and after 12 days during heterotrophic growth. A quantitative analysis of disease symptoms indicated that the AEO treatment diminished the disease ratio both at 7 dpi (Figures 2A,C) and 12 dpi (Figures 2B,D).
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FIGURE 2. Disease ratio under AEO treatment of seedling inoculated with Fol. The effect of AEO (at 0 and 0.5 mg/ml) protecting tomato against F. solani. (A,C) Disease ratio 7 days after inoculation (+) with Fol (106esp/ml), measured as percent of plants with different disease ratios, where: 0: no symptoms and normal germination (shoots and roots longer than 2 cm); 1: Delayed germination, showing radicle with no shoot; 2: Shoot and root measuring less than 2 cm; 3: Necrotic germinated seeds; 4: necrotic ungerminated seeds. (B,D) Disease ratio 12 days after inoculation (+) with Fol where: 0: no symptoms; 1: growth inhibition of shoots and roots and leaf chlorosis; 2: leaf necrosis and chlorosis; 3: leaf chlorosis and root necrosis; 4: decayed seedlings. Bars: (1 cm).


AEO increased plant water content (15%, Figure 3A), and reduced fresh weight loss (FWL) (30%, Figure 3B). AEO also reduced other disease symptoms such as leaf necrosis (Figure 3C) and pigment content measured as total content of chlorophylls A and B (Figures 4A,B), and carotenoids (Figure 4C). Levels of all 3 pigments increased after 12 dpi compared to the corresponding controls into AEO treated seedlings (Figure 4D).
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FIGURE 3. Disease symptoms produced by Fol in AEO treated tomato seedlings. (A) Water content (WC), (B) Fresh weight loss (FWL), (C) Trypan blue (TB) staining showing necrosis induced by Fol (106esp/ml). Measurements taken after 12 dpi. Amplification of TB staining of seedlings are shown in circles. AEO treatment at concentrations of 0 (Controls at the top) and 0.5 mg/ml (at the bottom), and in absence (at the left) and in presence (at the right) of Fol. Bars (1 cm).
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FIGURE 4. Pigment content of AEO treated seedlings. (A) Total content of Chlorophyll A (CHLA). (B) Total content of Chlorophyll B (CHLB). (C) Total content of carotenoids. (D) Pigment increases compared to respective controls. Absorbance (see section “Materials and Methods”) by leave tissue was measured after 12 days on non-inoculated (–) and inoculated (+) seedlings with Fol (106 sp/ml), pretreated with AEO at concentrations of 0 (Control) and 0.5 mg/ml. Total pigment content is expressed in (unit/g).




Artemisia absinthium Essential Oil Seed Coating Effect on Reactive Oxygen Species Production and Callose Deposition on Seeds After Germination

To specifically determine how AEO might protect seeds and seedlings against Fol, a kinetic of seed response to AEO treatment (0.5 mg/ml) was performed. Coated seeds were stained with DAB and aniline blue to determine the reactive oxygen production (ROS) of seeds throughout the germination process and the effect of AEO on the callose deposition process, respectively. Staining intensity was measured after 30 min, 1 h and at 1, 4, 7, and 12 days after the coating treatment in the presence and absence of Fol, AEO or both treatments. As shown in Figure 5A, the AEO coating treatment increased callose deposition during the germination period, between days 4 and 7. Callose quantification (see section “Materials and Methods”), confirmed the observed increase in callose deposition. The increase in callose was maintained up to 12 days in the AEO treated, inoculated and non-inoculated seedlings (Figure 5B). A high level of ROS production was also observed before germination in all seeds, as was a reduction in ROS production during seed germination (between 4 and 7 days) in control and AEO treated seeds in absence of the fungus (Figure 6A). The ROS level was high, on infected with Fol, even after the germination state. However, ROS levels in control seeds, seeds treated with AEO and AEO pre-treated and infected seeds, decreased once the germination process started (Figure 6A). The quantification of DAB confirmed those data (Figure 6B). A similar staining analysis was performed on seedling leaves but no ROS or callose depositions were observed in that tissue (data not shown).
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FIGURE 5. Kinetic of callose deposition on seeds. Kinetic of callose deposition. The * denotes a statistically significant difference using variance check (P-value ≥ 0.05) and Kruskal–Wallis test. Tomato seeds were coated with 0.5 mg/ml of AEO. (A) Production of callose on seed surfaces was followed by fluorescence staining of callose with aniline blue (see section “Materials and Methods”) after 30 min, 1 h, 24 h, 4, 7, and 12 days (see section “Materials and Methods”), on non-inoculated (–) and inoculated (+) seeds with Fol (106 sp/ml), pretreated with AEO concentrations of 0 (Controls) and 0.5 mg/ml. (B) Histogram showing quantification of yellow pixels produced by callose measured with Image J program (see section “Materials and Methods”). Bars (1 mm).
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FIGURE 6. Kinetic of Reactive Oxygen Species Production (ROS) on seeds. In day 4, the * denotes a statistically significant difference using variance check (P-value ≤ 0.05) and Duncan test. In day 12, the * denotes a statistically significant difference using variance check (P-value ≥ 0.05) and Kruskal–Wallis test. Tomato seeds were coated with 0.5 mg/ml of AEO. (A) Production of ROS on seed surfaces was followed by DAB staining of ROS production (see section “Materials and Methods”), after 30 min, 1 h, 24 h, 4, 7, and 12 days, on non-inoculated (–) inoculated (+) seeds with Fol (106 sp/ml), pretreated with AEO at concentrations of 0 (Controls) and 0.5 mg/ml. Bars (100 pixel). (B) Histogram showing quantification of DAB signal measured with Image J program (see section “Materials and Methods”). Bars (1 mm).




Analysis of Seedling Response to Artemisia absinthium Essential Oil by RNA-Seq and Metabolomics

While the short-term compounds involved in tomato’s recognition of Fol have been described, (Kaplan et al., 2006; Berrocal-Lobo and Molina, 2008; de Lamo and Takken, 2020) studies characterizing the long-term and “de novo” synthetized molecular compounds involved in plant tomato defense against Fol are still scarce. This work focuses on characterizing the effect that AEO has on tomato’s long-term defense response to Fol. RNA-seq sequencing of plant genome after 12 days of inoculation with the fungus enabled us to determine the longer-term transcriptional changes produced by AEO in terms of the immunity response of tomato seedlings (see section “Materials and Methods”). A volcano Plot performed based on DEG analysis allowed us to determine that the number of genes transcriptionally upregulated or downregulated was substantially higher in shoots than in roots, 1,061 being induced in shoots compared to 526 in roots, 1,174 genes repressed in shoots compared to 323 in roots (Figures 7A–D). DEG analysis of shoot tissue showed a significant number of genes that are transcriptionally induced or repressed by the AEO treatment, 925 genes upregulated and 1,059 repressed, respectively (Figure 8A). A small number of genes was sufficient to perform a DEG analysis of the roots. The KEGG analysis determining pathway enrichment (see section “Materials and Methods”) enabled us to identify the metabolomic pathways involved in the biosynthesis of secondary metabolites, linolenic acid, phenylpropanoids, monoterpenoids (McGarvey and Croteau, 1995), amino acid degradation, and plant-pathogen interactions, i.e., the main pathways induced as part of the long-term defense response of tomato seedlings (Figure 8B, left panel). Significant inhibition of other metabolic pathways was repressed, including the biosynthesis of secondary metabolites, the primary metabolism of carbon and glyoxylate and dicarboxylate metabolism, showing a transcriptional plant response to AEO affecting some specific metabolic pathways but not others (Figure 8B, right panel). Raw data were submitted, GEO accession number GSE186754.
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FIGURE 7. Comparison of RNA-seq data between shoot and root assays. (A,C) Volcano plots made on shoots (upper) and roots (lower). Up-and downregulated DEGs are reported as red and blue dots, respectively. No DEG contribution represented as gray dots. (B,D) Number of induced or transcriptionally repressed genes corresponding to volcano analysis.
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FIGURE 8. Analyses of RNA-seq data from seedlings (shoots). (A) Identification of differentially expressed genes (DEGs) between different types of treatments using Venn diagram software (VENNY 2.1; https://bioinfogp.cnb.csic.es/tools/venny/index.html). Correspondences are (CS, control plants; SE, plants treated with AEO 0.5 mg/ml; SF, seeds inoculated with Fol 106 sp/ml; and SFE, AEO coated seeds 0.5 mg/ml inoculated with Fol. (B) KEGG pathway enrichment analysis of DEGs obtained from Venn diagram in RNA-seq. Gene number corresponds to the number of target genes in each pathway. Fold enrichment is the ratio (observed/expected) of the number of DEGs in a certain pathway. FDR-value is corrected P-value. The color and size of the dots represents the range of the –log10(FDR)-value and the number of DEGs mapped to the indicated pathways, respectively. Top enriched pathways are shown in the figure.




Metabolomic Effects of Artemisia absinthium Essential Oil on Tomato Seedlings

The mass ions of 12-day-old tomato seedlings analyzed by LC-MS showed induced metabolites of mass ions compatible with vanillic acid (179, M+H), coumarin (147, M+H), lycopene (537, M+H), and an unknown metabolite of m/z 529 that could be related to lycopene (Table 3). All these compounds were induced in the presence of AEO and Fol, with the compound of m/z (529) giving the strongest response (Figure 9). GCMS analysis of the dichloromethane fraction of the MeOH extracts (Figure 10) showed a strong induction of the lipid oleoamide also in the presence of AEO plus Fol.


TABLE 3. LC-MS m/z adducts of main metabolites detected in tomato seedlings extracts analyzed by LC-MS.

[image: Table 3]

[image: image]

FIGURE 9. Metabolomic analysis in AEO tomato seedlings. Metabolite induction is represented by arbitrary units. Correspondences are (CS, control plants; SE, plants treated with AEO 0.5 mg/ml; SF, seeds inoculated with Fol 106 sp/ml; and SFE, AEO coated seeds 0.5 mg/ml, inoculated with Fol).
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FIGURE 10. GC-MS analysis of the DCM-soluble fraction of AEO tomato seedlings. The analyzed compounds are palmitic acid methyl ester (MP), linoleic acid methyl ester (ML), oleic acid methyl ester (MO), stearic acid methyl ester (MS), and oleoamide (OA). CS, corresponds to control plants; SE, plants treated with AEO 0.5 mg/ml; SF, seeds inoculated with Fol 106 sp/ml; and (SFE, AEO coated seeds 0.5 mg/ml, inoculated with Fol).





DISCUSSION

In this work we have demonstrated the antifungal effects of A. absinthium var. candial vapor pressure essential oil (AEO) against Fusarium oxysporum conidia. Previous reports have shown that A. absinthium var. candial collected in previous years (2008–2013), was moderately antifungal against the mycelium of Fusarium species (F. moniliforme and F. solani), with stronger effects against Botrytis cinerea. Fractionation of the AEO resulted in the identification of (−)-cis-chrysanthenol as the main antifungal compound, followed by linalool (Julio et al., 2015).

The coating of tomato seeds with a vapor pressure essential oil from A. absinthium var. candial (AEO) protected seed germination and seedling growth against Fol. Our results indicate that AEO protected seeds by directly affecting the fungus but also by the induction of a long-term response in terms of ROS production and callose deposition after germination. These effects were not detected in untreated seeds, where callose and ROS production increased during germination and decreased in the absence of the fungus. There are previous results describing effects of coated seed priming on tomato (Król et al., 2015; Gonçalves et al., 2021).

A long-term response from AEO seed treatment was detected, which maintained higher levels of ROS and callose up to 12 days. Few studies describe callose deposition on tomato seed in the presence of phytopathogens (Zhang et al., 2015; Crespo et al., 2017) and this is the first work to date that describes callose deposition on tomato seeds induced by Fol and an essential oil. Our results indicate that AEO might penetrate the seeds once the testa is broken inducing molecular modifications in seeds and undifferentiated embryonic cells, contributing to the long-term tolerance observed in seedlings after 12 days. Our RNA-seq results suggest that the AEO coating treatment might induce specific “de novo” molecular changes detected at transcriptional level after 12 days in contact with the fungus. However, the molecular mechanism that might be involved in these effects remain unknown.

This work measures several of the hormones involved in the activation of the short-term signaling pathways related to tomato plant defense (Hernández-Aparicio et al., 2021) such as salicylic acid, jasmonate, methyl-jasmonate, and ethylene. However, the signal levels were not changed significantly compared to controls (data not shown), indicating that they are not the principal molecules involved in the long-term tolerance of tomato seedlings responding to Fol. The RNA-seq analysis showed that some other genes related to plant defense responses might also contribute to this tolerance, including genes involved in fatty acid metabolism, peroxidases, terpene synthases (Sun et al., 2016; Zhou and Pichersky, 2020), methyltransferases, and enzymes involved in gene silencing. Transcriptomic analysis showed enriched transcriptional induction on specific secondary metabolism pathways. The terpene synthases were transcriptionally induced. Lycopene and carotenoid synthesis was also transcriptionally induced by AEO in our DEG analysis as previously described for wheat (Colasuonno et al., 2017).

The metabolomic analysis showed that the coating of tomato seeds with a vapor pressure essential oil from A. absinthium var. candial (AEO) induced several metabolites in tomato seedlings when infected with Fol, including the polar compounds vanillic acid and coumarin and the apolar ones lycopene, a metabolite of M+ 528, and the fatty acid derivative oleamide, these latter two being the most highly induced compounds. These results agree with the transcriptional induction of carotenoids and fatty acid metabolic pathways detected by RNA-seq analysis, and the increase in total chlrolophyl A and B and carotenoids found in the pigment analysis. These results might suggest that AEO treatment induces de novo changes that remained in the presence of the fungus for long-term plant tolerance.

Vanillic acid is a phenolic allelochemical reportedly present in tomato plants (Méndez and Brown, 2011) which significantly improves salinity tolerance and plant growth performance when externally applied to tomato seedlings (Parvin et al., 2020). Coumarin is an antioxidant, antimicrobial, and growth promoter in plants (Saleh et al., 2015; Nduche et al., 2019; Santra and Banerjee, 2020) and also mitigates salt stress in tomato plants (Parvin et al., 2020). Lycopene is a red carotenoid pigment of M+ (536) found in fruits and vegetables, including tomatoes (Stahl and Sies, 1996). Carotenoids are involved in photosynthesis and photoprotection in plants (Tao et al., 2007). Lycopene has an antimicrobial effect against bacteria and fungi such as Candida albicans by inducing apoptosis via ROS production and mitochondrial dysfunction (Choi and Lee, 2015). However, this is the first report on the induction of an apolar compound of M+ (528) in tomato plants treated with AEO and Fol. Oleamide (an oleic acid derivative) content increased with UV-B2 treatment in an olive cultivar (Celeste Dias et al., 2018). The role played by oleamide in plants remains unclear, but could be involved in growth/development regulation, stress response, and pathogen interactions (Kim et al., 2013) as shown here.

Additional assays are needed to determine the specific genetic modifications that enable the transcriptional and metabolic changes responsible for the long-term tolerance of tomato observed in this work. The possibility that epigenetic modifications are taking place in seeds resulting in “de novo” molecular modification for long-term tolerance of aerial parts opens new perspectives for the use of priming tools. The RNAseq analysis, also detected an inhibition of genes related to redox stress associated to ROS production during photosynthetic electron transport in the chloroplast. This response probably relates chloroplast stress with immunity response to Fol. Similarly, mitochondrial stress induced plant resistance, through chromatin changes, against phytopathogenic fungi and bacteria in Arabidopsis (López Sánchez et al., 2021). Therefore the stress produced in organelles involved into primary metabolism, might contribute to plant immunity. Furthermore, the interactions between metabolomics, transcriptomics, redox regulation, and epigenetics as shown here, are under current study in other plant systems (Shen et al., 2016). Future assays will be necessary to dilucidated our hypotheses. Our RNA-seq results, confirmed by quantitative real time PCR, show that NRPD2 (López et al., 2011) mediating in de novo cytosine methylation by RNA-directed DNA methylation pathway (RdDM), is highly induced after 12 days of treatment with AEO in Fol infected seedlings (Supplementary Data). NRPD2 was involved in efficient immunity response to Botrytis cinerea (López et al., 2011) and Pseudomonas syringae pv tomato DC3000 in Arabidopsis thaliana (Zhang et al., 2021), and was necessary for reactive oxygen species (ROS) production, and activation of jasmonic acid and salicylic acid signaling pathways. Alterations in chromatin structure were necessary for efficient resistance to that fungus (Walley et al., 2008). To our knowledge, this is the first report relating NRPD2 to tomato immunity response regulation to Fol. NRPD2 was also highly induced at transcriptional level by cucumber mosaic virus (CMV) in Arabidopsis being essential for plant immunity and demonstrating the importance of the induction of that gene during plant defense response (Kanazawa et al., 2011). In line with our results, a previous work demonstrated in Arabidopsis that DNA methylation is involved in immunity against Fol (Le et al., 2014) since RdDM-related mutants showed enhanced susceptibility to this fungus, suggesting that de novo methylation process contributes to Fol immunity. In addition, in this work the WRKY33 transcription factor, involved in the epigenetic control of plant defense against necrotrophs (Espinas et al., 2016; Ramirez-Prado et al., 2018; Alvarez-Venegas et al., 2019), was also induced specifically by AEO in presence of Fol in this work (Supplementary Data). This transcription factor showed increased levels on H3K4me3 on its promoter during Botrytis cinerea tomato infection (Crespo-Salvador et al., 2018). We also observed a significant increase in two S-adenosyl-L-methionine-dependent methyltransferases, one induced by real time PCR more than one hundred times (Supplementary Data), on AEO infected tomato seedlings after 12 days of treatment. S-adenosylmethionine transferases (SAMts) are responsible for maintaining the plant’s methionine cycle (MTC) in the plant (Mäkinen and De, 2019). MTC connects ethylene and methylation pathways, where SAMs are DNA cytosine methylation markers for transcriptional RNA silencing (RGS), (Pooggin, 2013). The overexpression of SAMs in tomato increased tolerance to ROS stress (Gong et al., 2016) and prevented ROS accumulation in Arabidopsis (Jang et al., 2012). Our results detected very high levels of 1-aminocyclopropane-1-carboxylate oxidase 2 (ACCO), specifically involved in MTC cycle, for the synthesis of ethylene.

Considering that our RNA sequencing results indicate that MTC cycle is altered by AEO primed tomato plants in presence of Fol, a molecular analysis including histone epigenetic marks and effects on the offspring will be necessary to characterize this de novo long-term tolerance, produced by A. absinthium AEO.



CONCLUSION

This work demonstrates that the essential oil from Artemisia absinthium var. candial primed tolerance in tomato seedlings against phytopathogens such as Fusarium oxysporum sp., protecting not only seed germination, but also seedling growth and producing long term effects on plant tolerance after germination by inducing metabolomic and transcriptomic changes. Therefore, this work demonstrates that seed priming might be a useful tool to induce “de novo” non-transgenerational epigenetic changes in crops, modulating later responses of aerial parts of the plant, allowing crops to grow and improve tolerance against high impact phytopathogens.
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The integration of biochar and deficit irrigation is increasingly being evaluated as a water-saving strategy to minimize crop yield losses under reduced irrigation in arid and semi-arid regions such as West Texas. A 2-year (2019 and 2020) open-field study evaluated the effect of two types of biochar amendments (hardwood and softwood) and three irrigation rates [100, 70, and 40% crop evapotranspiration (ETc) replacement] on the physiology, plant growth, and yield of sweet corn in semi-arid West Texas. All experimental units were replicated four times in a split-plot design. The chlorophyll content (ChlSPAD) in 40% ETc dropped significantly compared to 100% ETc and 70% ETc during the reproductive phase. Although water stress under 40% ETc decreased photosynthesis (Pn) to limit transpiration (E) by stomatal closure, it improved intrinsic water use efficiency (iWUE). The above-mentioned gas exchange parameters were comparable between 100% ETc and 70% ETc. Both biochar treatments increased ChlSPAD content over non-amended plots, however, their effect on gas exchange parameters was non-significant. All growth and yield-related parameters were comparable between 100% ETc and 70% ETc, but significantly greater than 40% ETc, except water productivity (WP). Both deficit irrigation treatments improved WP over full irrigation in 2019, but in 2020, the WP gains were observed only under 70% ETc. Hardwood biochar decreased soil bulk density and increased soil porosity, but it had a marginal effect on the water retention characteristics. These results suggest that 70% ETc can be used as an alternative to full irrigation to save water with a minimal yield penalty for sweet corn production in the West Texas region. The hardwood biochar application improved the vegetative biomass significantly but yield marginally during the first 2 years of application. A long-term study is required to test the effect of biochar under deficit irrigation beyond 2 years.

Keywords: water productivity, water holding capacity, drought stress, semi-arid, physiology, photosynthesis, plant available water


INTRODUCTION

The High Plains region of Texas in the United States is water-stressed like many arid and semi-arid regions of the world (Nielsen-Gammon et al., 2020). Global climate change, increasing population, and water use have exacerbated the uncertainty of water availability in the future and increased the vulnerability to drought events. Drought is the most critical abiotic stress, which impairs the plant’s physiological processes, growth, and causes heavy yield losses (Seleiman et al., 2021). Therefore, the availability of an irrigation source is necessary to ensure future food security. The average yearly reference evapotranspiration (ETo) of 1,500 mm in the Lubbock County of West Texas is higher than the 469 mm of average rainfall (TAMU, 2021). This necessitates the need for supplemental irrigation to meet crop water requirements and maintain high-crop yields. The Ogallala aquifer is the primary source of water on the Texas High Plains and more than 90% of the water derived from this aquifer is being used for irrigation purposes (McGuire, 2017). The high water extraction rate has caused a serious decline in the water levels, especially in West Texas (Daher et al., 2019). Hence, strategies promoting the efficient use of irrigating water are required to sustain the water resources and ensure food security in the future.

Crop yields are generally the highest under optimal water application, but crops can adapt and produce reasonably under limited water (FAO, 2002). Deficit irrigation (DI), a strategy of applying less water than the evapotranspiration demands, is generally employed to increase water productivity (WP). However, water stress can induce several physiological and biochemical changes in the plant, ultimately affecting its morphology. Water stress reduces stomatal conductance (gs), which in turn moderates the transpiration (E) and leaf gas exchange (Seleiman et al., 2021). Transpiration plays an important role in regulating metabolic activities by moderating the leaf temperature (Sterling, 2005). The reduction in gas exchange decreases CO2 assimilation. The loss of turgor due to moisture stress retards cell elongation and division causing reduced leaf expansion. Thus, water stress can adversely affect net photosynthesis by reducing the leaf-level photosynthesis (Pn) and decreasing the leaf area. The reduction in net photosynthesis ultimately reduces biomass production and yield. However, plants can adjust to a maintain high Pn with a moderate reduction in the gs, and Pn is generally less sensitive to water stress than gs (Liu et al., 2005; Pazzagli et al., 2016; Parkash, 2020). Thus, the leaf-level intrinsic water use efficiency (iWUE), defined as the ratio of Pn and gs, is expected to increase under moderate water stress. It is important to quantify iWUE gains at different DI levels and evaluate if these are translated into WP at the crop level. A few researchers have investigated the feasibility of DI in sweet corn (Zea mays L. var. rugosa) in terms of yield and biomass production (Stone et al., 2001; Farsiani et al., 2011; Saberi et al., 2012; Motazedian et al., 2019) but studies assessing the DI effects on sweet corn physiology are lacking.

Sweet corn (Zea mays L. var. rugosa) is a warm-season crop relished for its tastefulness, high-sugar concentration, soft kernels, and thin shell (Oktem et al., 2003). Sweet corn is considered sensitive to water stress due to its shallow root system (Laboski et al., 1998). Oktem (2008) observed a 6, 22, and 37% decline in the sweet corn yield with 10, 20, and 30% reduction in the irrigation compared to full irrigation, respectively. Ertek and Kara (2013) suggested that 85% of full irrigation could serve as an alternative without a significant decrease in the sweet corn yield. These conflicting results suggest that water stress can lead to dramatic fluctuations in the sweet corn yield, especially in drought-prone semi-arid regions like the Texas High Plains.

The plant responses to water stress vary with climate and soil (Singh et al., 2021). Soil organic amendments have been suggested to improve the soil’s physiochemical and microbial properties (Ding et al., 2016; Blanco-Canqui, 2017; Atkinson and Aitkenhead, 2018). Biochar, a carbon-rich product of pyrolysis of organic matter is increasingly being studied as a soil amendment to mitigate drought stress. Previous literature suggests that biochar application generally decreases the bulk density, and increases soil porosity and water retention (Blanco-Canqui, 2017), although responses vary with biochar feedstock, pyrolysis conditions, and soil type (Spokas et al., 2012).

Reviewing the available reports, Blanco-Canqui (2017) noted an increase in plant available water with biochar application in 72% of the cases. Several recent studies revealed the improvement in yield and WP of various crops with integrated use of biochar application and DI (Ali et al., 2018; Faloye et al., 2019; Singh et al., 2019; Alfadil et al., 2021). In a greenhouse tomato experiment, using 25 t ha–1 wheat straw biochar, Agbna et al. (2017) observed significant improvement in transpiration and photosynthesis rate and obtained comparable yield between water-stressed and full irrigation treatments. Gavili et al. (2019) observed an increase in stomatal conductance, water use efficiency (WUE), growth, and yield of greenhouse-grown drought-stressed soybean plants treated with 1.25% (w/w) cattle manure biochar compared to untreated plants. Similarly, an open-field study conducted by Langeroodi et al. (2019) suggests that soil amendment using 10 t ha–1 maize straw biochar improved chlorophyll content, seed yield, and WUE of pumpkin subjected to DI on a silt loam soil in a semi-arid climate. Contrarily, Ramlow et al. (2019) observed no significant effect of broadcasting 25 t ha–1 woody biochar on biomass and yield of maize under full or limited irrigation. Liu et al. (2017) observed a negative effect of 0.74% (w/w) birch wood biochar on biomass and WUE of potato plants raised in pots filled with sandy loam soil. The results obtained in the above-mentioned studies with different biochars in various crops subjected to DI suggest that biochar may influence crop physiology and growth depending on factors like biochar feedstock and preparation procedure, crop type, soil characteristics, and climatic conditions. Therefore, investigation of such effects and the mechanisms involved is necessary before implementing the use of any biochar material in crop production.

Currently, no report investigating the use of biochar for mitigating water stress in sweet corn is available in the literature. Field studies investigating the interactive effects of DI and biochar application on crop plants are lacking in semi-arid regions like the Texas High Plains. We hypothesized that using DI in sweet corn can save water, and biochar can alleviate the negative effect of water stress and help maintain crop productivity. The combined use of DI and biochar can be a part of water and food sustainability approaches needed in the semi-arid Texas High Plains. The objective of this study is to evaluate the effect of two biochar types and DI levels on physiology, growth, yield, and WP of sweet corn.



MATERIALS AND METHODS


Site Description

The field experiments were conducted in 2019 and 2020 at the Quaker Research Farm, Texas Tech University, Lubbock, TX (33° 36′ 18″ N, -101° 54′ 26″W, and 992 m above sea level). The trials were carried out on the same experimental plots during both years. The climate of the experimental site is semi-arid with an average annual rainfall of 469 mm, mostly concentrated from May to October. The average annual high and low temperatures are 23.3 and 7.8 °C, respectively. The average annual evapotranspiration is 1,501 mm, far exceeding the average annual rainfall (TAMU, 2021). The soil of the experimental site is described as Amarillo sandy clay loam (fine-loamy, mixed, super active, thermic Aridic Paleustoll).



Land Preparation and Planting

The seedbeds were prepared with a tractor-mounted disk plow. The seeds of a sweet corn hybrid, Remedy, were planted using a four-row planter at the rate of 7.4 kg/ha maintaining a 100 cm spacing between the rows. The planting was done on 5 May 2019 and 2020. However, in 2020, replanting was done on 15 May due to poor germination. The plant density obtained after crop establishment was 4.1 and 3.3 plants m–2 in 2019 and 2020, respectively. Mechanical weeding was performed once when the crop was in the knee-high stage in both years. Thereafter, manual weeding was done as needed. The field was irrigated using a subsurface drip irrigation system laid at the depth of 30 cm under each bed and 100 cm apart. All experimental plots received equal amounts of fertilizer based on the soil test recommendations. The fertilizers were applied through a drip irrigation system with 112 kg N/ha at 4 weeks after sowing and 56 kg N/ha at 8 weeks after planting in 2019, and 6 weeks after planting with 90 kg N/ha in 2020 using URAN 32 (32-0-0, Nitrogen Fertilizer Solution, Nutrien Ag Solution, Loveland, Colorado).



Biochar Properties and Application

Two types of biochar prepared from different feedstock, hardwood-oak, and softwood-pine used in this experiment were acquired from Wakefield™ BioChar. The hardwood biochar was prepared through slow pyrolysis at 350°C for 24 h whereas the softwood biochar was prepared at 500°C for 15 min. The physical and chemical characteristics of the two biochars are described in Table 1. Both biochars were spread in the respective field plots at 13 Mg ha–1 and incorporated into the soil using a tractor-mounted rotary tiller once on 9 April 2019, approximately 1 month before sowing.


TABLE 1. Characteristics of hardwood and softwood biochars.
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Experimental Design and Treatments

A split-plot design was used for randomizing the irrigation and biochar treatment combinations. Three irrigation treatments, 100, 70, and 40% of crop evapotranspiration (ETc) replacement were main plots and the biochar treatments, hardwood, softwood, and control (no biochar) were randomized as subplots. Each treatment combination was replicated four times accounting for 36 experimental units. The field is comprised of three irrigation zones corresponding to each irrigation treatment with independent irrigation control. Each irrigation zone consisted of 12 plots of 7.6 m length and 8 m width. The plots within the irrigation zone were separated by 0.9 m wide alleys.

The irrigation application was based on the ETc requirement calculated as a product of reference evapotranspiration (ETo) and stage-specific crop coefficients (Kc). The ETo was computed from the weather data using the Penman–Monteith method (Zotarelli et al., 2010). The weather data were recorded by a weather station (Davis instruments 6152, Wireless Vantage Pro2, Davis Instruments Corporation, Hayward, California) installed near the experimental site. The Kc values for the sweet corn were used as Kc initial = 0.40 [0–20 days after planting (DAP)], Kc crop development = 0.80 (20–45 DAP), Kc mid = 1.15 (45–70 DAP), Kc late = 1.00 (70–80 DAP) (Brouwer and Heibloem, 1986). The irrigation water needs were calculated as a difference of ETc and precipitation. Irrigation was applied once a week to restore the ETc for the previous week. A water meter was installed for each zone to measure the volume of applied water. The electrical conductivity (EC) and pH of irrigation water were 2.2 mmhos/cm and 7.65, respectively.



Soil Sampling and Analyses

At the beginning of the experiment in 2019, the core and bulk soil samples were collected from the experimental field within the 0–30 cm depth before the biochar application and planting. The samples were analyzed to determine the physical properties at 0–30 cm depth (10 cm increment) while the chemical properties were determined for 0–10 cm depth (Table 2). The bulk soil samples were air-dried at room temperature and crushed to pass through a 2 mm sieve. The particle size analysis was conducted using the hydrometer method (Gee and Bauder, 1986) and USDA textural classification (Soil Science Division Staff, 2017).


TABLE 2. Soil’s physical and chemical properties in 2019, Lubbock, TX.
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To assess the effect of biochar treatments on soil properties, soil core and bulk samples were collected from each experimental plot at the end of the growing season in 2020. The bulk soil samples were collected with an auger at 0–10 cm depth from three sample points in each plot. For determining the soil pH and EC, bulk samples were air-dried and ground to pass through a 2 mm sieve. Soil (15 g) was suspended in the deionized water in a 1:1 (w/w; soil/deionized water) ratio using 50 ml conical tubes. The samples in the conical tubes were mixed thoroughly using the Eberbach’s benchtop fixed-speed reciprocal shaker for 15 min and left overnight at room temperature. The samples were centrifuged at 10,000 rpm for 5 min to collect the supernatant aqueous solution in another set of fresh conical tubes. After calibration with multiple standard solutions for the instrument, the soil EC and pH were measured using the Orion Star pH/Conductivity Portable Meter in the aqueous solution.

The undisturbed core soil samples were collected in 5 cm × 5 cm stainless steel cores at 0–5 and 5–10 cm soil depths. The cores were pushed into the soil using a core sampler with a slide hammer (AMS, Inc.). The measurements of the soil water retention curves, that is the functional relationship between the soil matric potential and soil water content, were made on these core samples under 7 different pressures (0 (saturation), -10, -33, -250, -500, -1,000, and -1,500 kPa) following the pressure plate apparatus procedure described by Saini et al. (2020). The soil bulk density was determined using the core method (Blake and Hartge, 1986) and calculated as the ratio of the dry soil mass (oven-dried at 105°C for 24 h) to the bulk soil volume (volume of the core). The soil porosity was calculated by dividing the volume of water held at saturation by the bulk soil volume (volume of the core). The plant available water (PAW) was calculated as the difference between the soil water content at field capacity (at -33 kPa) and the permanent wilting point (at -1,500 kPa), which were obtained from the soil water retention curve.



Gas Exchange and Chlorophyll

The physiological responses of sweet corn to irrigation and biochar treatments were assessed by measuring the gs, E, and Pn using a portable photosynthesis system (Model LI-6800, LI-COR Biosciences, Lincoln, NE, United States). All physiological measurements were recorded using two young fully expanded leaves from two randomly chosen plants within each experimental plot. The portable photosynthesis system was used at a steady state by keeping 1,500 μmol m–2 s–1 photosynthetic active radiation (PAR), 400 μmol mol–1 reference CO2 concentration, 700 μmol–1 air flow rate, 65% of relative humidity, and switching off the temperature control. These gas exchange measurements were done at 37, 60, and 80 DAP in 2019 and 38, 56, and 81 DAP in 2020. The iWUE was calculated as the ratio of Pn and gs. The chlorophyll was determined using the SPAD 502 Plus chlorophyll meter (Spectrum Technologies, Inc.). The chlorophyll measurements were recorded at 30, 52, and 80 DAP in 2019 and 24, 55, and 81 DAP in 2020. The physiological observations were recorded between 10:00 and 14:00 h because the plants were well-lighted and fully active during this time.



Growth and Yield

The leaf area index (LAI) was measured using a ceptometer (Model: AccuPAR LP-80, Decagon Devices Inc.) from two sites per plot during solar noon. The ceptometer was placed close to the plant base parallel to the rows. The instrument was calibrated based on the coordinates of the experimental location and date. The device measured the PAR and intercepted the PAR non-destructively and used an in-built equation to calculate the LAI.

A total of five plants were selected randomly in each plot to measure the plant height from the soil surface to the tip of the tassels at 80 DAP in 2019 and 69 DAP in 2020. An area of 7.6 m2 was hand-harvested from each plot on 31 July (87 DAP) in 2019 and 10 August (87 DAP) in 2020 to determine the ear yield and total fresh plant biomass. The representative ear and plant samples from each plot were weighed and oven-dried at 70°C to a constant weight to determine the moisture content. The resulting moisture content was used to calculate the ear and total plant dry weights.

The harvest index (HI) was calculated using equation (1).

[image: image]

The WP was calculated using equation (2).

[image: image]



Statistical Analysis

We conducted the analysis of variance (ANOVA) with a split-plot design in the R version 3.5.2 using the Agricolae package version 1.2-8 to analyze the collected data. Data were analyzed separately for each year. The least significant difference (LSD) test at a 5% significance level was used to compare the treatment means. The SigmaPlot software version 14 (Systat Software, San Jose, CA) was used to make figures.




RESULTS


Atmospheric Conditions and Irrigation

The prevailing weather conditions during the sweet corn growing season in 2019 and 2020 are described in Figure 1. The average relative humidity was 53.2 % in 2019 and 47.3% in 2020. The average temperature during the growing season was 24.3 and 27.3°C in 2019 and 2020, respectively. Overall, the 2020 growing season was drier and hotter compared to 2019. In 2020, trial plants were exposed to hot and dry spells at 50–65 DAP (Figure 1). The daily average solar radiation was recorded as 24.7 MJm–2 in 2019 and 24.9 MJ/m–2 in 2020. As an output of the above-described weather conditions, the reference evapotranspiration (ETo) in 2020 was higher compared to 2019 (Table 3). The total rainfall during the growing season was 203 mm in 2019 and 101 mm in 2020. Therefore, the irrigation requirements in 2020 were substantially higher than in 2019 (Table 3). All the plots received an equal amount of initial irrigation to ensure good crop establishment. In 2019, the irrigation treatments began 43 days after planting due to continuous rainfall in the early season (Figure 1). In 2020, the irrigation treatments were started at 26 DAP.
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FIGURE 1. Daily maximum (max) and minimum (min) relative humidity (RH), daily maximum and minimum air temperature (AT), daily average solar radiation (SR), rainfall (Rf), and cumulative rainfall plus irrigation (RF + I) during the 2019 and 2020 growing seasons.



TABLE 3. Irrigation amount, rainfall, reference evapotranspiration (ETo), and water-saving for irrigation treatments in the 2019 and 2020 growing season.
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Biochar Effects on the Soil Properties

The biochar application did not affect the soil pH and EC (Table 4). Hardwood biochar application reduced the soil bulk density by 4% at 0–5 cm depth and improved soil porosity over non-amended plots by 3.9% at 5–10 cm soil depth (Table 4). However, softwood biochar did not affect the bulk density and porosity. The measured volumetric water content was higher in the hardwood biochar treatment than softwood and non-amended plot at all pressures. The magnitude of the differences was greater at 5–10 cm soil depth (Figure 2). As shown in Figure 3, the hardwood biochar soil samples held more water at saturation, field capacity, and permanent wilting point, but the differences were significant only for the saturated water content. The plant available water was higher in the biochar treatments compared to the non-amended plots but the differences were non-significant.


TABLE 4. Effect of biochar treatments on soil pH, electrical conductivity (EC), bulk density, and porosity.
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FIGURE 2. Measured soil water retention curves at (A) 0–5 cm and (B) 5–10 cm soil depths for biochar treatments after harvest in 2020.
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FIGURE 3. Effect of biochar on the volumetric water content of soil at (A) saturated water content (0 kPa), (B) field capacity (-33 kPa), (C) the permanent wilting point (-1,500 kPa), and (D) plant available water after harvest in 2020. The error bars represent ± standard error. Different letters indicate significant differences (p ≤ 0.05) among treatments.




Deficit Irrigation and Biochar Effects on the Physiological Parameters

The effect of DI and biochar on ChlSPAD, gs, E, Pn, and iWUE of sweet corn is presented in Figures 4–8. The interactions among irrigation and biochar treatments were non-significant for all the measured physiological parameters. The differences in ChlSPAD among the irrigation treatments became significant toward the end of the growing season in both years (Figure 4). In both years, the ChlSPAD recorded under 100% ETc at 80 DAP was at par with 70% ETc but significantly greater than 40% ETc. Both biochar treatments increased the ChlSPAD over non-amended during both years (Figure 4). The differences in ChlSPAD due to the biochar treatments were significant at 52 and 80 DAP in 2019 and 81 DAP in 2020.
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FIGURE 4. Chlorophyll (ChlSPAD) of sweet corn under deficit irrigation (A,B) and biochar application (C,D) during the 2019 and 2020 growing seasons. The error bars represent ± standard error. Different letters indicate significant differences (p ≤ 0.05) among treatments on a measurement day in Figures 4–8.
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FIGURE 5. Stomatal conductance (gs) of sweet corn under deficit irrigation (A,B) and biochar application (C,D) during the 2019 and 2020 growing seasons.
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FIGURE 6. Transpiration (E) of sweet corn under deficit irrigation (A,B) and biochar application (C,D) during the 2019 and 2020 growing seasons.
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FIGURE 7. Photosynthesis (Pn) of sweet corn under deficit irrigation (A,B) and biochar application (C,D) during the 2019 and 2020 growing seasons.
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FIGURE 8. Intrinsic water use efficiency (iWUE) of sweet corn under deficit irrigation (A,B) and biochar application (C,D) during the 2019 and 2020 growing seasons.


The 40% ETc treatment reduced the gs significantly at 80 DAP in 2019, and 56 and 81 DAP in 2020 compared to other irrigation treatments (Figure 5). Consequently, the plants in the 40% ETc also recorded a significant reduction in E compared to 100% ETc during both years (Figure 6). The Pn responses to the irrigation treatments followed a similar pattern as E during both years but the magnitude of the decline in Pn due to DI was much lower compared to E (Figure 7). For instance, compared to 100% ETc, the E under 40% ETc was reduced by 14 and 36% at 60 and 80 DAP in 2019, respectively. However, the decrease of 9 and 14% in Pn under the 40% ETc on the same days was much lower than the decrease in E. Consequently, the iWUE under 40% ETc increased by 23 and 15% compared to 100% ETc in 2019 and 2020, respectively, toward the end of the growing season (Figure 8). The 70% ETc maintained a statistically similar gs, E, Pn, and iWUE as 100% ETc during both years. The biochar treatments did not have any significant effect on the gas exchange parameters during both years except at 60 DAP in 2019 when the plants in the hardwood biochar treatment recorded significantly higher gs (Figure 5) and E compared to the control plots (Figure 6).



Deficit Irrigation and Biochar Effects on Plant Growth and Yield

The interactions among the irrigation and biochar treatments for the measured plant growth and yield parameters were non-significant during both years. In 2019, 40% ETc decreased the plant height significantly whereas the height of 70% ETc plants was comparable to 100% ETc (Table 5). In 2020, both DI treatments (70 and 40% ETc) decreased the plant height significantly by 5 and 16 cm compared to full irrigation (100% ETc). The biochar treatments did not have a significant effect on the plant height in 2019 but the hardwood biochar increased the plant height significantly over the non-amended plots in 2020. The irrigation and biochar treatment had a non-significant effect on LAI in both years.


TABLE 5. Effect of deficit irrigation and biochar application on growth and yield parameters, and water productivity (WP) of sweet corn.
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The 70% ETc produced the highest aboveground vegetative dry biomass and total aboveground dry biomass followed by 100 and 40% ETc in 2019 (Table 5). However, in 2020, these values were in the order of 100, 70, and 40% ETc. In 2020, both DI treatments reduced the aboveground vegetative dry biomass significantly but the 70% ETc produced comparable total aboveground dry biomass as 100% ETc. The biochar treatments had a non-significant effect on these parameters in 2019, but the hardwood biochar application significantly increased the aboveground vegetative dry biomass compared to the control in 2020. The 40% ETc decreased the ear yield by 17%, whereas 70% ETc increased the yield by 9% compared to 100% ETc in 2019 (Table 5). In 2020, the ear yield values in 70 and 40% ETc were 3 and 44% lower than 100% ETc, respectively. The biochar treatments did not affect the ear yield during both years. On average, the ear yield in 2020 dropped by 47% compared to 2019. However, the total aboveground dry biomass was higher, and the aboveground vegetative dry biomass was more than double in 2020 compared to 2019. The HI differences due to the irrigation treatments were non-significant in 2019. However, 100 and 70% ETc treatments recorded significantly higher HI compared to 40% ETc in 2020 (Table 5). The biochar treatments did not affect HI during both years.

In 2019, 70 and 40% ETc treatments improved the WP significantly over 100% ETc by 26 and 35%, respectively. However, in 2020, the 70% ETc treatment improved the WP by 18% whereas 40% ETc reduced the WP by 7% compared to 100% ETc. The biochar treatments did not affect the WP during both years. Overall, the WP was approximately double in 2019 than in 2020.




DISCUSSION


Effect of Biochar on Soil pH and Water Retention Characteristics

Biochar acts as a liming agent and often increases the soil pH due to its alkaline nature. However, we did not observe the effect of biochar on soil pH, which was expected because the pH of both biochars used in this study was comparable to the soil pH. The biochar application generally decreases the bulk density of soils and increases the porosity with a greater effect in coarse-textured soils (Blanco-Canqui, 2017). Our results indicate a 4% decrease in the bulk density at 0–5 cm soil depth with 13 Mg ha–1 hardwood biochar application, but no biochar effect at 5–10 cm depth in the sandy clay loam soil profile. Zheng et al. (2016) reported a 4 and 7 % decrease in the bulk density of sandy loam soil with 20 and 40 Mg ha–1 application of wheat straw biochar, respectively. However, Rogovska et al. (2016) observed no change in the bulk density after the hardwood biochar application at 9.9 and 18.4 Mg ha−1 in loam, clay loam, and silty clay loam soil. An increase in the soil porosity at 5–10 cm soil depth with hardwood biochar application resulted in enhanced soil water retention characteristics in the hardwood plots compared to control (Figure 2). However, the statistical analyses indicated that the hardwood biochar effect was significant only for saturated water content. Notably, saturated water content provided a measure of the total porosity of the soil. The differences in the soil water content at field capacity, permanent wilting point, and plant available water among the biochar treatments were non-significant. The effect of the biochar application at different rates on soil water retention has yielded contrasting results in different studies. For instance, similar to our results, Moragues-Saitua et al. (2017) also observed no increase in water retention with Miscanthus sp. biochar application (10 and 20 Mg ha–1) on sandy loam soil. Contrarily, Ma et al. (2016) observed a significant increase in the field capacity and plant available water with 7.8 Mg ha–1 application of maize straw and peanut hull biochar.

The investigation of the irrigation levels and application of two types of biochar in sweet corn revealed that the interactive effects were non-significant for any of the examined parameters. The irrigation levels affected all the parameters significantly whereas the biochar effects were significant only on ChlSPAD, plant height, and vegetative dry biomass. The results of this study and their implications for sweet corn production in semi-arid climate are discussed with a focus on the main effects.



Sweet Corn Physiology, Biomass, and Yield as Affected by Deficit Irrigation

Water stress generally has an adverse effect on the gas exchange, plant growth, and biomass but its effect on chlorophyll content is conflicting. Some researchers report an increase (Ramírez et al., 2014; Gavili et al., 2019) while others report a decrease (Mansouri-Far et al., 2010; Langeroodi et al., 2019), and still, others observe no change (Pandey et al., 2000) in the chlorophyll levels under water stress. The increased chlorophyll concentration due to moisture stress is mainly attributed to the increased concentration of nitrogen (N) and magnesium (Mg) with a corresponding reduction in the plant biomass due to the essential roles these elements play in chlorophyll synthesis (Gavili et al., 2019). However, our results indicate a significant drop in ChlSPAD at higher water stress (40% ETc) only toward the end of the growing season. This agrees with the results of Mansouri-Far et al. (2010) who observed a significant decline in the leaf chlorophyll content by withholding irrigation at the reproductive stage (R3) of maize. Brevedan and Egli (2003) also observed a decline in the chlorophyll levels in soybean exposed to water stress at the seed filling stage. The imposition of water deficit causes a reduction in the uptake of N and Mg leading to a reduction in chlorophyll synthesis and its concentration in the leaves (Peuke and Rennenberg, 2011; Bista et al., 2018). Nevertheless, ChlSPAD under mild water stress of 70% ETc remained comparable to full irrigation (100% ETc). Langeroodi et al. (2019) also observed a minimal decline in the chlorophyll content index at mild water stress of 60% maximum allowable depletion (MAD) of available water compared to 45% MAD but reported a significant drop with further increase in water stress.

In response to water stress, plants close stomata to reduce transpiration losses. The reduction in gs means reduced gas exchange and a consequent decrease in CO2 assimilation (Chaves et al., 2002). In this study, a significant decline in Pn under 40% ETc indicates that E losses were prevented by stomatal closure at the expense of CO2 intake. The reduction in Pn decreased the biomass accumulation and yield in 40% ETc compared to 100% ETc. Higher gs values do not necessarily mean greater Pn and can be less water-efficient (Álvarez and Sánchez-Blanco, 2013). The decreased gs in response to water stress limiting E losses may still be high enough to maintain satisfactory internal CO2 levels (Langeroodi et al., 2019), and thus more water-efficient. Our results indicate that the magnitude of Pn reduction under 40% ETc was lower than the reduction in gs and E, thus achieving higher iWUE with 40% ETc compared to 100% ETc. The 70% ETc maintained similar gs, Pn, and E as 100% ETc during the whole growing seasons of both years indicating that sweet corn plants can adapt to mild water stress without adverse effects on physiology. As a result, the total aboveground dry biomass and ear yield were not significantly different between 100 and 70% ETc. Furthermore, both DIs (40 and 70% ETc) maintained comparable LAI as 100% ETc but the reduction in the plant height was significant for 70% ETc in 2020 and 40% ETc in both years. It may be attributed to a reduction in the internodal length or increased biomass allocation toward the leaves under water deficit to maintain high-net photosynthesis. Kirda et al. (2005) reported that the effect of 50% DI on the maize plant height and LAI was non-significant. Ertek and Kara (2013) reported a 3.8, 14, and 23% decline in fresh ear yield of sweet corn reducing the water use by 30, 45, and 60%, respectively, based on ETc. Hirich et al. (2012) suggested that a 25% water deficit during the vegetative stage can maintain the sweet corn productivity whereas Oktem (2008) recorded a significant reduction in the yield at a 20% water deficit during the growing season. Our results suggest that 70% ETc can be used for sweet corn production in West Texas with minimal yield reduction whereas 40% ETc reduces the yield significantly. The WP improved significantly under 70% ETc due to the 62 and 89 mm irrigation water-saving without any significant yield reductions over 100% in 2019 and 2020, respectively. The WP for 40% ETc improved over full irrigation in 2019 due to a 175-mm reduction in water use and improvement in iWUE. Although the iWUE for 40% ETc was significantly higher than the 100% ETc in 2020, it did not result in a high WP due to the following reasons.

The weather conditions during the growing season in 2020 characterized by 3°C higher average air temperature, 3% lower average RH, and 103 mm lower rainfall were more stressful compared to 2019. In 2020, the crop experienced a hot and dry spell at 50–65 DAP, which coincided with the anthesis and pollination events. This had an adverse effect on the kernel formation confirmed by the presence of numerous empty kernels in many ears. The high temperatures during flowering inhibit pollen viability and germination, which may cause kernel abortion (Bakhtavar et al., 2015; Li and Howell, 2021). Previous studies have reported heat stress sensitivity of kernel formation in maize and a reduction in the kernel number due to high temperatures around silking ultimately reducing the yield (Niu et al., 2021; Wang et al., 2021). Consequently, a major reduction in yield occurred in 2020 compared to 2019. The adverse effect on yield was more pronounced in 40% ETc, wherein heat stress was accompanied by higher water stress. The reduction in yield caused higher biomass partitioning toward the vegetative parts resulting in higher vegetative dry biomass and lower HI in 2020 than 2019. Farré and Faci (2009) observed a reduction in HI of maize only when the flowering stage was exposed to water stress. Compared to the other irrigation treatments, the HI dropped significantly under more stressed 40% ETc in 2020 due to a greater reduction in the yield caused by poor kernel formation. This resulted in a significant decline in WP of 40% ETc in 2020. Overall, sweet corn accumulated 1,260 heat units in 2019 and 1,524 in 2020. The higher heat units resulted in higher total aboveground dry biomass accumulation in 2020.



Sweet Corn Physiology, Biomass, and Yield as Affected by Biochar Application

The biochar application was expected to alleviate the adverse effect of water stress on the sweet corn physiology, growth, and yield, and improve WP by improving the soil properties. However, our hypothesis was only partially true. The hardwood biochar application decreased soil bulk density and increased porosity, but it did not increase PAW. The hardwood biochar increased the ChlSPAD, improved gs and E at mid-stage in 2019, but did not affect the Pn significantly. The plant height and vegetative biomass were improved by the biochar application but it did not have much impact on the yield and WP. These results are in consensus with Vaccari et al. (2015) who reported an improvement in the tomato plant growth with biochar application without any fruit yield gains. Ramlow et al. (2019) reported an increase in soil moisture with woody biochar without alleviating the effect of water stress. Nevertheless, several reports illustrating the potential of biochar to mitigate water stress in crops are available in the literature (Faloye et al., 2019; Singh et al., 2019; Alfadil et al., 2021).

The increased ChlSPAD due to biochar application may be attributed to the increased N and Mg concentrations in the leaves. The higher concentrations of N and Mg in hardwood biochar compared to softwood biochar may have resulted in greater ChlSPAD values for hardwood biochar at most of the measurement days. Although we did not measure the nutrient concentration in the leaves, chlorophyll concentration is closely correlated with the N concentration and used as a tool to determine the N status of the plants (Oppong Danso et al., 2020).

The increase in the vegetative dry biomass may correspond to the enhanced nutrient uptake by plants due to biochar application, though the differences were significant only in 2020, wherein hardwood biochar plots produced significantly higher vegetative dry biomass compared to control. Langeroodi et al. (2021) reported an increased concentration of N, P, K, and Mg in the sunflower (Helianthus annuus L.) shoots by paper sludge biochar application. The concentrations of most macro- and micronutrients were higher in hardwood biochar compared to softwood (Table 1). Based on the 2-year data, the hypothesis that biochar may improve the water status of the sweet corn plants under water stress was hardly true as it did not alter the gas exchange parameters significantly. Although hardwood biochar application increased the gs and E at mid-stage during 2019, it did not cause a significant improvement in the Pn and ear yield.




CONCLUSION

This research investigated the implications of using biochar under water-limited conditions in a semi-arid environment for enhancing water and food sustainability. Soil amendment with hardwood biochar marginally affected the physical properties of soil by decreasing bulk density and improving saturated water content, but it did not improve plant available water significantly. The moderate DI (70% ETc) was found to be the most water-efficient among irrigation treatments. This moderate reduction in water use maintained the plant physiology, growth, and yield similar to 100% ETc for 2 consecutive years. The hardwood biochar application at the rate of 13 Mg ha–1 increased the chlorophyll content, plant height, and vegetative dry biomass, marginally affecting the gas exchange but did not alter the yield and WP. The results of this 2-year study suggest that biochar application provided only limited benefits for sweet corn production under DI. However, for better understanding, its potential benefits under limited irrigation in the long run, its effect on chemical and biological properties along with crop production need to be investigated in long-term studies. The 70% ETc can be recommended as an alternative to 100% ETc for water-efficient sweet corn production in West Texas.
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Astragalus sinicus L. (milk vetch), one of the most widespread green manure species, is widely planted in the temperate zone. Eleusine indica L. (goosegrass), a serious annual weed in the world, has evolved resistance to some non-selective herbicides. The use of milk vetch as green manure for weed control in paddy fields was proposed. Aqueous extracts of milk vetch are known to exert a different level of phytotoxicity on weeds and crops. Phytotoxic substances contained in green manure were released into the soil by leaching at the initial stage and decomposition at the later stage after the return of green manure. Considering the need for searching new sustainable strategies for weed control, a question arises: “if milk vetch could be applied in goosegrass control, which stage is the most important to control goosegrass after milk vetch returned to the field, and at the same time, will the subsequent crop, corn (Zea mays L.), be affected by the side effects from milk vetch phytotoxicity?” In this study, the potential of milk vetch for goosegrass control was approached by repeated laboratory experiments, which include the aqueous extract experiment, decomposed experiment, and pot experiment. The effects of milk vetch returning to the field on maize were simulated by a pot experiment. The extract of milk vetch could significantly inhibit the germination of goosegrass at 2% concentration, and the inhibition enhanced with the increase of concentration. In the decomposed liquid experiment, decay time within 15 days, with the increase of decay days or concentration, goosegrass inhibition effect of decomposed liquid was enhanced. When decay time was more than 15 days, the inhibition ability of the decomposed liquid to goosegrass decreased. According to the RI accumulated value, aqueous extract and decomposed liquid have a “hormesis effect” on the germination and growth of goosegrass. Pot experiment proved that the addition of 1–10% (w/w) of milk vetch significantly reduced the germination and growth of goosegrass. On the contrary, the comprehensive analysis showed that the participation of milk vetch was conducive to the growth of corn. Our results constitute evidence that the incorporation of milk vetch into the soil could be a feasible practice to reduce weed infarctions in the corn-based cropping system.

Keywords: milk vetch, goosegrass suppression, allelopathy, corn growth, phytotoxicity


INTRODUCTION

Goosegrass is an annual gramineous weed, which is a worldwide weed harmful to crop growth in agricultural production (Zhang et al., 2021). In some suitable areas, it becomes a malignant weed due to its strong fecundity and resistance (An et al., 2014). In recent years, the widespread and excessive use of synthetic herbicides for weed control has led to many problems such as the development of herbicide-resistant weed species, damage to soil microecology, and environmental pollution. There is an urgent need to find other forms of weed control that can reduce the use of synthetic herbicides (Tesio and Ferrero, 2010). Milk vetch is a biennial herb of the leguminous family astragalus, and an important green manure crop. Previous studies showed that applying milk vetch could improve rice yield and reduce the use of chemical fertilizers (Chen et al., 2020; Zhou G. P. et al., 2020). Researchers found that the returning of milk vetch changed soil microbes and has the greatest potential to improve crop productivity as well as increase in corn yield (Tao et al., 2017). Studies have shown that planting milk vetch in winter fallow fields can improve soil fertility, reduce compound fertilizer application, improve soil physical and chemical properties, and preserve soil and water (Yang et al., 2014; Zhou et al., 2019; Zhou X. et al., 2020). In addition, intercropping of milk vetch could improve the quality, yield, and pest resistance of target crops (Bista and Dahal, 2018). Researchers found that incorporating milk vetch in paddy fields could significantly reduce the density of weed seed banks and significantly increase the species diversity and evenness of weed seed banks, which indicated that milk vetch returning to the field has the potential to control weed (Tang et al., 2016). Researchers found that the incorporation of milk vetch can significantly suppress the germination of summer weeds in paddy fields (Utami et al., 2020). Therefore, the research focus of milk vetch is on its effects on crop growth, soil physical and chemical properties, diseases, and insect pests, while there are a few studies on its inhibitory effect on weeds, especially on dryland weed control. Meanwhile, the physiological mechanism of how milk vetch inhibits weed growth is still unclear. There are many studies on the effect of returning leguminous crops on weeds. Researchers based their findings on field tests that faba bean (Vicia faba L.) could exert weed control when used as green manure, and the weed inhibition ability was highest at the time of faba bean incorporation into the field (Álvarez-Iglesias et al., 2018). However, He et al. (2020) found that corn seed germination and the lengths of radicle and plumule were lower than those of the control, particularly with 1% faba bean aqueous extract concentrations. Moreover, incorporating faba bean as green manure, the aboveground biomass of corn at the heading stages was negatively reduced by the whole plant, aboveground part, and stem (He et al., 2020). Milk vetch and spring corn rotation is an important tillage system. Previous studies have revealed that incorporating milk vetch into the soil can suppress weed infarctions. It is the premise of scientific and rational tillage to fully study the phytotoxicity effect of green manure on the main economic crops. Thus, it is necessary to further study whether the return of milk vetch to the field affects the corn-based tillage system. In this study, three goosegrass control laboratory experiments were designed with milk vetch as the material, based on previous studies and field observations, to find out the optimal decay time of allelochemicals in the decomposition process of milk vetch, and to clarify the impact of milk vetch returning on the growth of corn. It provides a theoretical basis for rational utilization and development of milk vetch in agricultural production.



MATERIALS AND METHODS


Plant Material

Milk vetch (Astragalus sinicus L.) seeds for the experiment were provided by Royal Garden Greening Engineering Co., Ltd. In July 2020, milk vetch was seeded in an artificial climate incubator (temperature 23 ± 2 (temperature %, 12 h/12 h light–dark cycle) and kept the soil moist. In September of the same year, milk vetch was harvested, air-dried, and crushed under natural conditions, sealed, and stored at room temperature for later use. Goosegrass (Eleusine indica L.) seeds were collected in the Experimental Base of South China Agricultural University (23°14’18.42[image: image].42re c°38’8.0642re collected in the Experime“Black pearl waxy corn.”



Experiment and Treatment Design

This study includes milk vetch aqueous extract experiment, decomposed liquid experiment, and pot experiment. In the aqueous extract experiment, we used dry milk vetch powder as the material, weighed 20 g of powder, put in a bottle, added 500 ml sterilized ultra-pure water, and soaked in a shaker for 48 h with 200 rpm. The aqueous extract was filtered by filter paper and centrifuged at 12,000 rpm for 10 min. The supernatant was filtered and the 0.22 μm microporous membrane was used to remove bacteria. The concentration of the undiluted aqueous extract was set as 100% and diluted with sterilized ultra-pure water into 2, 5, 30, and 80% as the treatment solution. We used 2.2% sodium hypochlorite to disinfect the goosegrass seeds for 10 min, and adopted the double-layer filter paper method, inoculated with 30 seeds of goosegrass into Petri dishes, treated them with the treatment solution. Sterile water treatment was used as a control (CK), each treatment was set up 5 replicates. Placed the inoculated Petri dishes in an artificial climate incubator (KES) at a temperature of 26 ± 2°C, a relative humidity of 75%, and a light–dark cycle of 12 h/12 h. Replenished water and recorded the germination number every day. The emergence of the radicle was taken as the indicator of germination. When the germination rate remained unchanged for 3 days, the recording was stopped.

In the decomposed experiment, we used milk vetch powder as material, mixed it according to the following ratio: powder, fresh paddy soil, and ultra-pure water (1:1:30 by weight) and put them into a plastic bottle with an inner lid. Soil solution without powder was used as the control (CK), and placed in a constant temperature shaker at 28°C for 200 rpm for 2, 3, 7, 15, 20, 30, and 42 days to obtain the decomposed liquid. The decomposed liquid from 15 days ago was used for the test immediately after decomposition, and the decomposed liquid from the subsequent time points (i.e., 20, 30, and 42 days) was stored in a -20ed in asequtor and was used for the test together after the last decomposition. The decomposed liquid and the control were filtered by filter paper and centrifuged at 12,000 rpm for 10 min. The supernatant was filtered by 0.22 μm microporous membrane, and the obtained decomposed liquid was diluted with sterilized ultra-pure water into 2, 5, 30, and 80% concentration gradient treating solution. The next steps were similar to the aqueous extract experiment.

In the pot experiment, according to the dry weight yield of milk vetch 11.25 t/hm and the soil bulk density of about 1.3 g/cm3, assuming that the tillage depths of no-tillage and rotary tillage are 1 and 6 cm, respectively, the milk vetch straw ratio is around 1.44–8.66%. We used milk vetch powder as material, mixed it well according to the mass ratio of powder:substance (Jiffy, consists of peat soil, coconut bran, vermiculite, and perlite) = 1:100, 3:100, 6:100, and 10:100, and the mixture was put in the flowerpot, and matrix soil without powder was used as the control (CK). Inoculated 30 goosegrass seeds or nine corn seeds into the flowerpot, each treatment was set up five replicates. The seeded pots were placed on the terrace, the average temperature during the experiment being 24°C, and the relative humidity being 85%. To ensure the authenticity of the results, all the management and environmental condition were maintained as consistent as possible.



Data Collection

In the germination stage of the aqueous extract and decomposed liquid experiment, we determined six germination indicators, namely, germination potential, germination rate, germination index, vital index, plant height, and fresh weight. Ten seedlings with uniform growth were selected from each treatment to measure plant height. A total of 20 plants were randomly selected from the five replicates for three replicates to determine the fresh weight of the plants (The number of samples was reduced by a certain proportion, and the final result was multiplied by the corresponding multiple after weighing when the sample was insufficient, same as the goosegrass of pot experiment). In the pot experiment, the seed germination rate of corn and goosegrass was recorded 8 days after inoculation, because no new seeds germinated after 8 days. Fifteen days after inoculation, 10 seedlings of goosegrass and 5 seedlings of corn with uniform growth were selected from each treatment to measure plant height. Five corn plants with uniform growth were selected from each treatment to measure fresh weight. At the same time, biochemical indicators, photosynthetic characteristics, and morphologic photographs of goosegrass and corn were recorded. Germination-related indicators were calculated according to the following formula:
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Gr: Germination rate; Gp: Germination potential; Gi: Germination index; Vi: Vital index.

The allelopathic effects of milk vetch were evaluated using means of response index (RI). When T ≥ C, RI = 1-C/T; T < C, RI = T/C-1 (C: result of CK; T: result of treatment). RI > 0, indicating allelopathic promotion; RI < 0, indicating allelopathic inhibition; absolute value was consistent with the degree of allelopathy (Williamson and Richardson, 1988). RI accumulate values of each indicator were calculated and the allelopathic effects of milk vetch were evaluated comprehensively. RI accumulate values reached -6, indicating that germination and growth of weeds were totally inhibited. In the second-leaf stage of corn in the pot experiment, the last fully expanded leaf of goosegrass and corn seedlings was taken to determine the protective enzyme activity, content of soluble protein, and malondialdehyde (MDA) content. Superoxide dismutase (SOD) activity was measured by the nitroblue tetrazolium (NBT) reduction method, peroxidase (POD) activity was measured by the colorimetric method, and catalase (CAT) activity was measured by the guaiacol method (Zhang et al., 2017). Soluble protein content was measured by Coomassie’s brilliant blue staining (Goharrizi et al., 2021). MDA content was measured by the TBA method and the root activity was measured by the 2,3,5-Triphenyte-trazoliumchloride (TTC) method (Xiao et al., 2021). Photosynthesis and fluorescence-related indexes, namely, net photosynthetic rate (Pn), transpiration rate (E), stomatal conductance (gtc), intercellular carbon dioxide concentration (Ci), instant water use efficiency (iWUE), and maximal quantum yield of PSII (Fv/Fm), PSII actual photochemical quantum efficiency (φPSII), electron transport rate (ETR), photochemical quenching (qP), and non-photochemical quenching (NPQ), were measured by an LI-6,800 photosynthesis measurement system (LI-COR, United States). The last fully expanded leaf of 3 uniform corn seedlings at the fourth-leaf stage was selected from 5 replicates of each treatment and the parameters related to photosynthesis and fluorescence were measured. The chlorophyll content was expressed by the Soil and Plant Analyzer Development (SPAD) value, which was collected by SPAD-502 plus (Konica Minolta, Inc.). The last fully expanded leaf of a fourth-leaf corn seedling was selected from each of the 5 replicates of each treatment, and the SPAD values of the upper, middle, and lower parts of the leaf were measured, and their average value was calculated as the final SPAD value. Root and leaf area analysis was performed using GXY-A, a scanner produced by Zhejiang Tuopu Yunnong Technology Co., Ltd. One corn seedling was selected from each of the five replicates of each treatment, and all roots and leaves were cut and scanned by GXY-A. Root morphologic parameters were analyzed by WinRHIZO, and leaf area was calculated by Photoshop. Both are well known for image processing.



Statistical Analysis

The data of experiments were analyzed by one-way ANOVA. We verified normality and homogeneity of variance using the Shapiro–Wilk test and Levene’s test, respectively. Significant differences were further compared using the post hoc Fisher LSD test. SPSS 24 was used for significance analysis of the data, which were expressed as mean ± standard deviation. GraphPad Prism 7 was used to plot.




RESULTS AND DISCUSSION


Effect of Milk Vetch Aqueous Extract on Goosegrass

With the increase in the concentration of the milk vetch–leached liquor (Figure 1), the inhibitory effect of the aqueous extract on Gp, Gr, and Gi was enhanced. Low concentration leached liquor (≤30%) can improve the plant height of goosegrass, while the vital index was improved with less than 5% aqueous extract treatment. The fresh weight of goosegrass did not show an obvious rule. Researchers studied the allelopathic effects of eucalyptus leachates on three tree species and found that foliage + litter and foliage leachates even increased fresh weight and dry weight of Leucaena leucocephala and Schefflera octophylla, respectively (Song et al., 2019). When the concentration of milk vetch aqueous extract reached 80% (Supplementary Table 1), all the goosegrass seeds in the test could not germinate so the RI value reached -6. The variety of goosegrass germination indicators were dose dependent. Many studies reveal that the allelopathic effect of a plant extract or a leachate was dependent of its concentration (Chen B. M. et al., 2018; Eladel et al., 2019; Ojija et al., 2019). According to the RI accumulate value, milk vetch leached liquor has a “hormesis effect” on germination and growth of goosegrass. Only from the point of view of germination, the results of the aqueous extract experiment were consistent with the previous studies on the effects of Hyptis suaveolens (L.) Poit on the Parthenium hysterophorus I. and Senna uniflora (Mill.) H.S. Irwin (Kumari and Prasad, 2018). Allelopathic substance affects different plant receptors in different directions, some for germination and some for growth. Returning eucalyptus leaves as green manure can inhibit the germination of representative weeds in the field (Puig et al., 2013). In the aqueous extract experiment, depending on the RI value of germination and growth indicators of goosegrass, we can conclude that milk vetch aqueous extract mainly affected the germination process of goosegrass. We did not find significant negative effects of aqueous extract on plant height and the fresh weight of goosegrass seedlings. Aqueous extract within 30% even increased the plant height of goosegrass, and 2 and 30% concentration can also increase the fresh weight.
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FIGURE 1. RI value of milk vetch aqueous extract on germination and growth of goosegrass. Gr, Germination rate; Gp, Germination potential; Gi, Germination index; Vi, Vital index; Ph, Plant height; Fw, Fresh weight; RI (Sum), The sum of the respond index value of Gp, Gr, Gi, Vi, Ph, and Fw.




Effect of Different Decay Time Decomposed Liquid of Milk Vetch on Goosegrass

The release of allelochemicals through decomposition is an important way for green fertilizer to exert the effect of weed control. The germination-related indicators (Figure 2), namely, germination potential, germination rate, and germination index were significantly improved in 2 days decomposed liquid of ≤ 5%, and 3 days decomposed liquid of 2%. All the germination-related indicators were inhibited in 7 and 15 days decomposed liquids of all the concentration treatments. The 15 days decomposed liquid had the highest goosegrass-inhibited potential among all the decay times. When the decay time was greater than 15 days and less than 30 days, germination-related indicators went up gradually at low concentrations treatment (≤5%). When it was 42 days, decomposed liquids less than 30% could significantly improve all the indicators of goosegrass. None of the seeds germinated at 80% decomposed liquid except those with 2 and 42 days treatment. The vital index of goosegrass seeds was affected by the interaction of germination index and plant height. The low concentration decomposed liquids of 2 and 45 days treatment can significantly improve the vital index of goosegrass, while 2% decomposed liquids of 3, 7, 20, and 30 days can improve the vital index. A 15 days decomposed liquid can significantly inhibit the vital index of goosegrass among all the concentration treatments. The change of plant height and fresh weight of the goosegrass seedlings have a similar tendency. On 2, 3, and 42 days, both plant height and fresh weight increased when the concentration of decomposed liquids was less than 30%, but with the increase in concentration, plant height and fresh weight were significantly inhibited. The plant height and fresh weight were increased by 7, 20, and 30 days decomposition solution at low concentration (≤5%), but plant height and fresh weight were significantly inhibited with the increase of concentration. Plant height and fresh weight have an insignificant change in 15 days decomposed liquid of low concentration treatment but were significantly inhibited at high concentration treatment (≥30%). In the field of allelopathy research, we often see that the law of allelopathy among plants is summarized as low promotion and high inhibition, which simply means the “hormesis effect.” Carex thunbergii extracts increased the germination rate of Lolium perenne at low concentrations and showed an allelopathic inhibition effect at a high concentration (Zhang et al., 2019). In conclusion, the phytotoxicity potential of milk vetch decomposed liquid on goosegrass varied with the decay time, which reached the peak at 15 days and was dose dependent. In the allelopathic effect experiment of soybean straw decomposition on mung bean, researchers found that in four periods (0, 7, 14, and 21 days), 14 days of decomposition could produce a variety of chemical substances and significantly inhibit mung bean, whereas decomposition for 21 days reduced the inhibitory effect (Azhar et al., 2018). The decomposition patterns and the persistence of allelopathic chemicals are different in different plants. Researchers found a rule in the cereal rye cover crop decomposition studies that the phenolic acids released from cereal rye increased in soils during the first 3–7 days after cereal rye termination and then decreased to initial concentrations after 56 days (Otte et al., 2020). The allelopathic ability increased with the increase of decomposition time before 15 days of decomposition, and the allelopathic inhibition ability decreased after 15 days of decomposition, which was similar to a previous research. As shown in Figure 3, the intensity of the allelopathy of the decomposed liquid was determined by the concentration and the decay time.
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FIGURE 2. Effect of different decay time milk vetch decomposed liquids on germination and growth of goosegrass. Different letters above each group of the bar chart denote significant difference among different treatments of decomposed liquid at P < 0.05 by LSD test, respectively. Bars represent 10, 3, and 5 repetitions ± SD in plant height, fresh weight, and germination-related parameters, respectively.
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FIGURE 3. RI accumulated value of milk vetch decomposed liquids on goosegrass. RI: Respond index.




Effect of Simulation of Milk Vetch Simulated Returning to the Field on the Germination and Growth of Goosegrass


Different Ratios of Milk Vetch Straw and Soil Treatments on Goosegrass Morphologic Properties

Only from the weed control perspective (Figure 4), the significant weed inhibition effect can be seen intuitively with the input of milk vetch straw in different straw and soil ratios. The germination rate, plant height, and fresh weight of goosegrass (Figure 5) were significantly inhibited by the incorporation of milk vetch straw. A 1:100 straw-to-soil ratio has an insignificant effect on plant height of goosegrass, with the ratio going up, plant height was significantly inhibited. Fresh weight of goosegrass was inhibited significantly among all the ratios treatment of the experiment. The germination and growth-related indicators of goosegrass did not improve in the pot experiments even in the lowest straw proportion treatment. In a study of weed control on the corn field, researchers found that the incorporation of faba bean as green manure can reduce the germination, root and bud elongation, and aboveground biomass of major weeds in the corn fields, and a higher proportion of faba bean treatment showed stronger weed inhibition potential (Álvarez-Iglesias et al., 2018). Submerged macrophytes (Ceratophyllum demersum L.) could allelopathically inhibit the growth of Chlorella vulgaris Beij., the effects of which were concentration-dependent (Dong et al., 2019). The return of milk vetch to the field reduced the occurrence of goosegrass and inhibited the growth of the germinated weeds, which is worth further study. The researchers used the eucalyptus globulus leaves as green manure and isolated two allelopathic substances after returning to the field, which inhibited the germination and growth of weed (Puig et al., 2018).
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FIGURE 4. Effect of different milk vetch straw and soil ratios on goosegrass.
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FIGURE 5. Effect of different ratios of milk vetch straw and soil on germination and growth of goosegrass. All data were subjected to analysis of variance with post hoc LSD test. Different letters denote significant difference among different treatments at P < 0.05. Symbols represent 10, 3, and 5 repetitions ± SD in plant height, fresh weight, and germination rate, respectively.




Different Ratios of Milk Vetch Straw and Soil Treatment on Photosynthesis-Related Properties of Goosegrass

Compared to the CK, different straw and soil ratio treatments can significantly inhibit the net photosynthesis rate (Pn) and instant water use efficiency (iWUE) of goosegrass. Allelochemicals cannot only inhibit the growth establishment but also significantly decrease the photosynthetic rate of lettuce (Nasrollahi et al., 2018). Treatments of 3:100 and 6:100 ratios significantly reduced the transpiration rate (E) of goosegrass, while 1:100 and 10:100 treatments did not significantly reduce the transpiration rate, but slightly decreased. Different straw and soil ratio treatments can decline the stomatal conductance (gtc) of goosegrass, and in the high straw and soil ratio treatments, the change reached a significant level. Different straw and soil ratio treatments can improve the intercellular carbon dioxide concentration (Ci) of goosegrass, and in 1:100 and 10:100 treatments, the change of intercellular carbon dioxide concentration reached a significant level. Chen S. et al. (2018) reported that the decomposing leaf litter of Leucaena leucocephala can decrease the photosynthetic rate, transpiration rate, and stomatal conductance, and continuously increase the intercellular carbon dioxide concentration, which was consistent with this study. Researchers speculated that in plants under stress, the photosynthesis characteristic was inhibited, which leads to a lower net photosynthetic rate and higher intercellular carbon dioxide concentrations (Bao et al., 2020).

Chlorophyll fluorescence serves as a sensitive indicator of the functional state of photosynthetic apparatus in chloroplasts (Kalmatskaya et al., 2019). Different milk vetch straw and soil ratios have no significant impact on the maximal quantum yield of PSII (Fv/Fm). The highest value of PSII actual photochemical quantum efficiency (φPSII) and electron transport rate (ETR) were recorded in the 6:100 treatment. Compared to the CK, the φPSII and ETR of goosegrass were significantly suppressed, except for the 6:100 treatment. The lowest photochemical quenching (qP) value was recorded in the 1:100 treatment, while the highest value was recorded in the 6:100 treatment, and the rest treatments had no significant effect compared with CK. Wang et al. (2018) on the study of Dracontomelon duperreanum leaf litter impacted the photosynthesis of Microcystis aeruginosa found that the growth rate of Microcystis aeruginosa in response to different extract concentrations was consistent with changes in the photosynthesis efficiency (alpha), maximal relative electron transport rate, and maximal quantum yield of PSII. Compared with our study, although it was slightly different from previous studies in some indicators, it could be found that the photosynthesis of goosegrass was adversely affected in general.

When plants live under stress, it is often accompanied by an increase in non-photochemical dissipation of excitation energy, NPQ (Doğru and Çakirlar, 2020). The lowest non-photochemical quenching (NPQ) value was recorded in CK, while the highest value was recorded in 6:100 treatment, and the rest treatments were significantly improved compared with CK. The non-photochemical quenching significantly improved in all treatments, which indicated that the plant’s photosynthetic system has been adversely affected (Supplementary Table 2). According to previous studies, researchers hold the view that high NPQ values indicate a disadvantaged condition where plants are living in Kalmatskaya et al. (2019) and Gao et al. (2020).



Different Ratios of Milk Vetch Straw and Soil Treatment on the Biochemical Properties of Goosegrass

The SOD activity of goosegrass seedlings was significantly declined at 1:100 treatment and gradually improved with the increase of straw ratio. SOD activity increased significantly when the percentage of straw was more than 6% (Figure 6A). The change tendency of POD and CAT activity were synchronous, which were significantly improved at all straw and soil ratio treatments. Compared to other treatments, POD activity at 6:100 treatment was slightly declined. CAT activity at a high ratio treatment (≥6:100) was relatively lower than the rest of the treatment (Figures 6B,C). Researchers of the studies on allelopathic effect of Bidens pilosa leachates on Pteris multifida found that superoxide dismutase (SOD) and catalase (CAT), as well as guaiacol peroxidase enhanced with the increase in leachate concentration (Zhang et al., 2016). Phytotoxic substances (cinnamic acid) can induce the production and accumulation of ROS, decrease root and shoot length, fresh and dry weights, and photosynthetic pigments (Yadav et al., 2019). In this study, we did not measure the ROS content, but from the change in antioxidant enzyme activity, we suspected that decomposing liquid may increase the ROS content in plants. All of the treatments can significantly improve the soluble protein except for the 3:100 treatment (Figure 6D). A 6:100 straw and soil ratio treatment can increase the MDA content of goosegrass, but the level did not reach a significant level. The rest treatment can significantly decrease the MDA content of goosegrass except for the 1:100 treatment (Figure 6E). The photosynthesis-related indexes and chlorophyll content of the 6:100 treatment were relatively poor, which may be related to MDA content. The change in the protective enzyme system means that peroxides and superoxides were produced during the decomposition of milk vetch. According to the change of POD, CAT, and MDA, we speculated that the content of MDA was mainly affected by peroxide. As for why the change of MDA content was not parallel with the milk vetch proportion, a previous study found that the release of allelochemicals by the interaction of green manure and microorganism is an important process of green manure returning to the field. Ping et al. (2015) found that different proportions of corn straw returned to the soil can affect the community composition of soil microbes, but the signatures (PLFAs) were non-linear with straw and soil ratios, which may be associated with the non-linear change in peroxide-related enzyme activity as well as MDA content in our study. Coumarins are widely distributed substances in plant species that promote phytotoxic effects, allowing them to be exploited as herbicides less harmful to the environment. The researchers found that coumarin can inhibit crop germination, reducing its biomass, and root and shoot growth. Subsequent studies have shown that coumarin is cytogenotoxic due to its damage to the cell cycle and the occurrence of chromosomal abnormalities. However, it does not cause lipid peroxidation (Govêa et al., 2020), most of Govêa et al.’s findings are consistent with this study.
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FIGURE 6. Effect of different ratios of milk vetch straw and soil on SOD activity (A), POD activity (B), CAT activity (C), soluble protein (D), and MDA (E) content of goosegrass. All data were subjected to analysis of variance with post hoc LSD test. Different letters denote significant difference among different treatments at P < 0.05. Bar chart represents mean values of 5 replicates ± SD.





Effect of Simulation of Milk Vetch Simulated Returning to the Field on the Germination and Growth of Corn


Different Ratios of Milk Vetch Straw and Soil Treatments on the Morphologic Properties of Corn

Many studies have reported that the incorporation of milk vetch can improve the yield of the main crop and the productivity and sustainability of soil (Yang et al., 2013). Before returning green manure to the field for weed control, it is necessary to assess the duration of the early effects of green manure incorporation into the soil and its short-term effects on germination and growth of the main crop and some accompanying weeds (Puig et al., 2013; Álvarez-Iglesias et al., 2018). The effect of green manure allelopathy in corn must be taken into account for putative field management of green manure for weed control. Consequently, a pot experiment on the phytotoxic effects of green manure was designed to establish a relay planting of corn after the incorporation of milk vetch into the soil. Root morphogenesis at the seedling stage is very important to growth and yield at the later stage. Compared to the CK, all the treatments can improve the root system of corn except for the total length of corn at 10:100 condition and branch points of corn at 3:100 condition. Incorporating a certain percentage of milk vetch into the soil can significantly improve all the root systems of corn except total length and branch points (Supplementary Table 3). Root growth and development were closely related to reactive oxygen species (ROS), the reduced ROS content resulted in defective root growth of cucumber (Huang et al., 2020). Whether corn root growth is exactly affected by ROS and the influence of certain milk vetch ratios for root growth needs further study. Visually, adding vetch straw can promote the growth of corn seedlings (Figure 7). All the treatments can significantly improve the plant height of corn (Figure 8). Application of green manure together with out-of-season corn crop promoted the highest plant height and soybean yield-related traits in succession (Genovesi et al., 2019). The fresh weight of corn could be increased by different milk vetch proportion treatments, and the change level reached a significant level at 1:100 ratio treatment. All the treatments can improve the leaf area of corn, and the change reaches a significant level at 1:100 and 6:100 treatments. The return of green manure provides a breeding ground for subsequent crops, which will be a benefit to the growth and development of crops. Previous studies can also prove this point. Crop straw combined with green manure crops improved the germination rate, growth process of corn plants, and contributed to the better establishment of generative organs, elements of the structure of the yield (Sendetsky, 2018). In conclusion, milk vetch returning was a possible practice, which has the potential to improve the growth of corn seedlings.
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FIGURE 7. Effect of different ratios of milk vetch straw and soil on the growth of corn.
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FIGURE 8. Effect of different ratios of milk vetch straw and soil on plant height, fresh weight, and leaf area of corn. All data were subjected to analysis of variance with post hoc LSD test. Different letters denote significant difference among different treatments at P < 0.05. Symbols represent 5 repetitions ± SD.




Different Ratios of Milk Vetch and Soil Treatment on Chlorophyll Content and Photosynthesis-Related Properties of Corn

The incorporation of milk vetch was beneficial to all the photosynthesis properties of corn except for transpiration rate at 1:100 treatment and instant water use efficiency at 10:100 treatment. The net photosynthetic rate (Pn), transpiration rate (E), and stomatal conductance (gtc) of maize were significantly improved when the ratio of milk vetch was more than 1:100. Different milk vetch and soil ratios can improve the intercellular carbon dioxide concentration (Ci) of corn, but the change did not reach a significant level. Instant water use efficiency (iWUE) can be improved when the milk vetch proportion is less than 6%, and the change in 1:100 treatment reached a significant level. Not only green manure, crop stalks can also play a similar role. Researchers found that an appropriate ratio of corn straw in the substrate could significantly improve the photosynthetic parameters and chlorophyll content of tomato seedlings (Chen S. et al., 2018).

The participation of milk vetch can improve the PSII actual photochemical quantum efficiency (φPSII), electron transport rate (ETR), and photochemical quenching (qP). The change of φPSII and ETR reached a significant level among all the treatments, while the change of qP at 1:100 and 10:100 treatment reached a significant level. the maximal quantum yield of PSII (Fv/Fm) was improved at 3:100 and 6:100 treatment, and the change at 3:100 reached a significant level. All the treatments can decline the non-photochemical quenching (NPQ) of corn, and the changes reached a significant level. The lowest value of NPQ was recorded at 1:100 and 10:100 treatment (Supplementary Table 4). Milk vetch is a kind of green fertilizer with high nitrogen (N) nutrition, studies have found that the use of milk vetch can improve soil nutrition, especially N nutrition (Bimantara et al., 2020). The high-N condition was conducive to the photosynthesis parameters and maximal quantum yield of PSII (Yousuf et al., 2020). Considering that corn is a high-N plant, from the current experimental results, the high proportion of milk vetch is still beneficial to corn growth, and the follow-up experiments should be conducted around the straw returning threshold to prevent possible damage to corn (Figure 9). Incorporating the milk vetch as green manure showed a positive tendency on promoting the chlorophyll content of corn. In the study of corn straw on the growth of tomato seedlings, researchers found that the total chlorophyll and photosynthesis parameters were highest.
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FIGURE 9. Effect of different ratios of milk vetch and soil on SPAD value of corn. All data were subjected to analysis of variance with post hoc LSD test. Different letters denote significant difference among different treatments at P < 0.05. Bar chart represents 5 replicates ± SD.




Different Ratios of Milk Vetch and Soil Treatment on Biochemical Properties of Corn

The SOD and CAT activities (Figures 10A,C) decreased under the condition of low milk vetch proportion and increased with the increase of proportion. SOD activity reached a peak under 6:100 proportion. The SOD activity significantly improved at 6:100, while CAT activity significantly declined at low proportions (≤3:100). POD activity (Figure 10B) stands still at 1:100 treatment, and then significantly improved as the milk vetch proportion was greater than 3:100. In a similar study of “Effect of the aqueous extract of Juglans. regia leaves on the seed germination and seedling enzymatic activity of Scutellaria baicalensis in Shangluo,” the researcher found that a low concentration of aqueous extract promoted the protective enzyme activities of Scutellaria baicalensis seedling; but with the increasing concentration of aqueous extract, the promoting role gradually decreased (Peng, 2011). Previous studies on the effect of silicon application on sugarcane disease resistance found that silicon application can increase the activity of SOD and decrease the activity of POD in the sugarcane seedling stage, which resulted in the increase of MDA and H2O2, induced the resistance response, and finally enhanced the ability of disease resistance in the following growth stage (Deng et al., 2020). Garlic allelochemicals (aqueous extraction) act as plant biostimulants to enhance auxin biosynthesis and transportation, resulting in root growth promotion. Additionally, antioxidant enzymes activities regulations indicate activation of the defense responses in tomato seedlings resulting in better growth and development (Hayat et al., 2020), which is consistent with this study.
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FIGURE 10. Effect of different ratios of milk vetch and soil on SOD activity (A), POD activity (B), CAT activity (C), soluble protein (D), and MDA (E) content of goosegrass. All data were subjected to analysis of variance with post hoc LSD test. Different letters denote significant difference among different treatments at P < 0.05.


The 1:100 and 6:100 treatments significantly increased the content of soluble protein in corn (Figure 10D), while the content of soluble protein significantly declined at 10:100 treatment. As for the decrease of soluble protein content caused by the 10:100 treatment, it is speculated that the negative effect may be caused by high green manure content. Researchers found that four plant leaf extracts exhibited beneficial allelopathic effects on the onion plant protein content (Qari et al., 2020). All of the treatments can significantly decrease the content of corn MDA (Figure 10E). When the milk vetch proportion reached 10:100, MDA content tends to increase. Researchers of the previous studies about the allelopathic effect of co-culture pepper and garlic reported that a low garlic/pepper ratio tends to induce protective enzyme systems, reduce MDA content, and finally promote pepper growth, but a high garlic/pepper ratio resulted in a high concentration of garlic root exudates, which have deleterious effects on membrane lipid and inhibited protective enzyme activities (Ding et al., 2016). The tendency of protective enzyme systems activities, soluble protein, and MDA content in 10:100 treatment should be paid more attention. Further study should optimize the milk vetch returning proportion to provide a suitable condition for corn production.

This study provides positive evidence that milk vetch incorporated into the soil as green manure has the potential to inhibit the growth of weeds. Planting corn immediately after milk vetch is returned to the field, can suppress the emergence of weeds and promote the growth of corn. Combined with the weed control effect and the growth of corn, this study suggested that the ratio of milk vetch and soil should be within 10:100, and the ratio of 6:100 is the best under laboratory conditions.
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Temperature is a significant parameter in agriculture since it controls seed germination and plant growth. Global warming has resulted in an irregular rise in temperature posing a serious threat to the agricultural production around the world. A slight increase in temperature acts as stress and exert an overall negative impact on different developmental stages including plant phenology, development, cellular activities, gene expression, anatomical features, the functional and structural orientation of leaves, twigs, roots, and shoots. These impacts ultimately decrease the biomass, affect reproductive process, decrease flowering and fruiting and significant yield losses. Plants have inherent mechanisms to cope with different stressors including heat which may vary depending upon the type of plant species, duration and degree of the heat stress. Plants initially adapt avoidance and then tolerance strategies to combat heat stress. The tolerance pathway involves ion transporter, osmoprotectants, antioxidants, heat shock protein which help the plants to survive under heat stress. To develop heat-tolerant plants using above-mentioned strategies requires a lot of time, expertise, and resources. On contrary, plant growth-promoting rhizobacteria (PGPRs) is a cost-effective, time-saving, and user-friendly approach to support and enhance agricultural production under a range of environmental conditions including stresses. PGPR produce and regulate various phytohormones, enzymes, and metabolites that help plant to maintain growth under heat stress. They form biofilm, decrease abscisic acid, stimulate root development, enhance heat shock proteins, deamination of ACC enzyme, and nutrient availability especially nitrogen and phosphorous. Despite extensive work done on plant heat stress tolerance in general, very few comprehensive reviews are available on the subject especially the role of microbes for plant heat tolerance. This article reviews the current studies on the retaliation, adaptation, and tolerance to heat stress at the cellular, organellar, and whole plant levels, explains different approaches, and sheds light on how microbes can help to induce heat stress tolerance in plants.

Keywords: climate change, heat stress, heat stress effect on plants, heat tolerant PGPRs, sustainable agriculture


INTRODUCTION

Crop growth is the function of temperature, soil fertility, and water status; all at optimum satisfaction. Temperature is the key determining factor of the vegetation of a particular region (Argosubekti, 2020) and a balance between optimal temperature range and time of incidence is important to regulate plant growth. A slight change/ deviation in the atmospheric temperature, can disrupt normal biological, structural, and molecular processes in plants, which ultimately results in stunted growth and reduced yield (Argosubekti, 2020). Heat stress is an increase in environmental temperature (above the upper limit of threshold) for a certain period that can cause irreversible plant damage. The level of crop adaptation and productivity affected by heat stress, however, depends upon the temperatures and the phase of plant development.

The onset of industrial revolution and massive mechanization has shown a gradual increase in CO2 emissions (30–150%) and greenhouse effect over the past 250 years (Friedlingstein et al., 2010) leading to a persistent rise in temperature during the last two centuries. The global land and ocean surface temperature increased by around 0.85°C from 1880 till 2012 and an annual rise of at least 0.2°C per decade is further anticipated (Change, 2014) while the greenhouse gases will further add 1.1–1.5°C to it. The National Aeronautics and Space Administration (NASA) released a comparative data of average global temperature from with a baseline of 1951–1980 (Figure 1) showing that average monthly temperature has increased >1°C during the past decade (2000–2020) and >1.5°C during the past 5 years (2015–2020). With 1.5–2.0°C change in the global mean temperature, the possibility of suffering from record-breaking, high-impact extreme climate disasters increase significantly, which ultimately cause a significant yield reduction and food supply chain around the globe (Chen et al., 2018; Kong et al., 2018). The IPCC (Intergovernmental Panel on Climate Change) reports that the world's major staple crops and food production have a great impact of climate change (Easterling et al., 2007; Porter et al., 2014) where an increase of one Celsius atmospheric temperature costs a decrease of 6% in crop yield (Asseng et al., 2015). In China, heat stress in the last decade resulted in rice yield losses of 5.18 million tons (Tian et al., 2009) while in South-East Asia upto 14%. In wheat, about 7 million ha in developing countries and 36 million ha in the temperate region had been affected by heat stress in 2001 (Reynolds et al., 2001) causing a yield reduction of 19 million tons (Lobell and Field, 2007) while USDA (United States Department of Agriculture) reported ≈5.5% yield reduction in wheat (Lobell et al., 2011).


[image: Figure 1]
FIGURE 1. Average global temperatures from 1850 to 2025 compared to a baseline average from 1850 to 1900 (A) source: Berkeley Earth (2019); and monthly global mean temperature 1851–2020 compared to 1850–1900 averages (B) source: Visual Capitalists (2019).


Agricultural and global food production is one of the most fragile sectors of society prone to climate uncertainty and changes (Meinke et al., 2006). Detailed multi-locational field analyses have shown that heat and drought stress are more closely linked. Increased heat imposes the drought stress hence, both stresses should be considered together rather than dealing individually. Zia et al. (2021) highlighted the impact of drought along with possible eco-friendly strategies to improve plant growth under drought stress, but the eco-friendly heat-stress management strategies is urgently needed. The plants are substantially affected by high day, low night or high air and surface temperatures. Each cultivar has a temperature optima (threshold) for a significant vegetative and reproductive growth (Zinn et al., 2010; Hatfield and Prueger, 2015) while growth ceases above or below the threshold (Kaushal et al., 2016). The lower threshold temperatures may vary from plant to plant, but is usually lower for most of the tropical, temperate, and cold season crops (Miller et al., 2001). Exposure to high temperature, e.g., 35°C significantly decreases pollen viability (Dupuis and Dumas, 1990), replication of amyloplast and cell division and growth rate ultimately decreasing the size and the total number of the grains (Commuri and Jones, 2001; Rangan et al., 2014). Table 1 describes in detail the growth destructive temperatures of different crops. The higher degree of heat stress (45°C or above) disrupts cellular homeostasis, induces extreme growth retardation, and severely affects the biological activity of proteins due to aggregation or misfolding rendering cells unable to defend themselves (Sarkar et al., 2013; Reddy et al., 2016). The deposition of improper-folded proteins may be permanent that alter the functioning of the cells.


Table 1. Growth destructive temperature of different crops.
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The heat stress causes direct and indirect damage to multiple plant functions resulting in morphophysiological changes, hampering different growth phases and metabolic processes (Wu et al., 2018) and ultimately yield reduction (Mcclung and Davis, 2010; Grant et al., 2011). The detail the impact of heat stress on various plant functions at multiple levels has been described in Figure 2. The direct effect includes; protein denaturation and misfolding, increased membrane fluidity, the inactivation of chloroplast and mitochondrial enzymes, inhibition of protein synthesis and degradation, and loss of membrane integrity (Howarth, 2005). Indirect impact includes the changes in the pathogen behavior and disease pattern. Each pathogen has an optimum temperature for its replication and virulence (Velásquez et al., 2018), e.g., Globodera pallida nematode infect potato at 15°C (Jones et al., 2017), papaya ringspot virus (PRSV) infect papaya at 26–31°C (Mangrauthia et al., 2009). It has been predicted that many diseases will migrate into new geographical areas as temperatures rise, where they will encounter new hosts (Etterson and Shaw, 2001), cause severe and frequent epidemics (Ma et al., 2015), improve their survival under heat or desiccation, or become dormant for many years (Turkensteen et al., 2000; Ritchie et al., 2013). Change in the temperature also changes the pathogen behavior (Roberts et al., 2018), e.g., new pathogen strains adapted to high temperatures are being reported which are more active, more virulent, and widely transmitted worldwide (Hovmøller et al., 2008; Milus et al., 2009), e.g., Phytophthora infestans (cause late blight in potato and tomato) (Mariette et al., 2016) and Puccinia striiformis (rust fungus in wheat). Even pathogens can cause an outbreak by transient variations in temperature, e.g., soybean rust can be developed even after 1-h of exposure at 37°C, although, the optimum temperature for disease development is 12–25°C (Bonde et al., 2012).


[image: Figure 2]
FIGURE 2. Heat stress responses and adaptation mechanisms in plants at different levels.


Plant endophytic bacteria have a symbiotic relationship with their host plant, dwelling within it for the bulk of their life cycle and having the capacity to colonize the plant's interior tissues via penetrating the seed and root. These endophytic microbiomes fixed the atmospheric nitrogen, produced phytohormones, solubilized the inorganic phosphorus, zinc, potassium and calcium, produced exopolysaccharides and iron chelating siderophore compounds under heat stress condition which ultimately enhance the plant growth (Hakim et al., 2021). On the other hand, there are also some beneficial fungi, i.e., arbuscular mycorrhiza fungi (AMF) that is also help plants under heat stress condition. These AMF form symbiotic relationship with plant roots and improve photosynthetic process, increase nutrients uptake, secondary metabolites accumulation, regulate the oxidative defense system, and maintain the osmotic balance in plants (Begum et al., 2019). Plant genetic engineering and maker assisted selection breeding and multiple approaches have been published multiple reviews on heat stress and their management which are costly and time consuming. On the other hand, PGPR is cost-effective, eco-friendly, and ecologically safe solution to induce heat stress tolerance. So, current review will give a quick rundown of the current knowledge about the methods and pathways that PGPR use to promote tolerance in plants under heat stress. It will also discuss the heat stress response factors and genes and how PGPR regulate the expression of such genes to modify plant response under heat stress.



PLANT RESPONSE TO HIGH TEMPERATURE

The response of plants toward heat stress varies with the degree and duration and the plant's developmental stage (Ruelland and Zachowski, 2010). These heat stress disorders may be recurrent or persistent in nature or both, therefore, plants have evolved different mechanisms to cope with them (Bäurle, 2016). The heat stress response (HSR) is an evolutionarily conserved mechanism that describes the plant's adaptation and induction of thermotolerance by either by activating the defense mechanisms to stop the disruption at the transcriptomic level in the cell or by the activation of heat shock proteins (HSPs), epigenetic pathways, and DNA methylation (Lämke and Bäurle, 2017). Table 2 describes few major effects of heat stress on plants.


Table 2. Effect of heat stress on different stages of plant growth in major cereals.
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Morphological Response During Early and Reproductive Growth

Of all the growth phases, seed germination is the most adversely affected phase by heat stress, but, the response varies in different crops or even within varieties (Sita et al., 2017). The germination is significantly reduced above 45°C because of denaturation and embryonic cells (Cheng et al., 2009), along with severe impact on seedlings potency, the development of radicle and plumule, and seedling growth (Toh et al., 2008; Sita et al., 2017). At later stage, the effect varies with the time, length, and severity of stress (Fahad et al., 2016) but mainly heat stress decreases the cell water contents, the cell size, the plant size, growth and biomass, net assimilation rate (NAR) and relative growth rate (RGR) (Ashraf and Hafeez, 2004; Wahid and Close, 2007). Other visual symptoms include leaves and twigs scorching, growth inhibition, damaged leaves, early leaf senescence, discoloration of fruits/plants (Vollenweider and Günthardt-Goerg, 2005), reduced number of floret and spikes (Prasad et al., 2006; Fahad et al., 2016), decrease in the inter-nodal length (Siddiqui et al., 2015; Gray and Brady, 2016), plant height, total biomass, and the number of panicles (Modarresi et al., 2010). At the reproductive stage, one degree rise in temperature is detrimental because it degenerates mitochondria and proteins, loss of seed mass, quality, viability and vigor (Nahar, 2013; Balla et al., 2019).



Physiological Responses
 
Water and Nutrient Uptake

The heat usually correlates with water because it cause dehydration in plant tissues especially in tropical and subtropical ecosystems (Giri, 2013; Giri et al., 2017). High temperature is lethal under both insufficient (Giri et al., 2017) or sufficient soil water because it affect the water conductivity and root permeability (Giri, 2013) which ultimately restrict the water and nutrients supply to the plant causing starvation and reduced growth (Wahid et al., 2007; Huang et al., 2016). The exact basis of the crop nutrient relationships under heat is not clearly known but overall, it lowers the photosynthesis and water viscosity and the activity of enzymes, e.g., nitrate reductase that is involved in the breakdown of nutrients, recycling, absorption, and accessibility to the plants (Kumarathunge et al., 2019).



Photosynthesis

Photosynthesis is among the most thermosensitive pathways in plants which is adversely affected due to the heat-induced reduced water contents, numbers of leaves, premature senescence and cell death (Hu et al., 2020). The major impact is the heat-induced injury to the photosynthetic machinery, i.e., stroma and thylakoid lamellae (Kmiecik et al., 2016; Sun and Guo, 2016). This disruption inhibits the thylakoid activity and the functional efficiency of photosystem II (Morales et al., 2003). Other plant processes that hamper photosynthesis under thermal stress include the reduction of photosynthetic pigments (Marchand et al., 2005), leaf moisture, transpiration rate, low CO2 concentration and supply to photosystem due to stomatal closure (Ashraf and Hafeez, 2004), reduction of amino acids, rubisco binding proteins (Li et al., 2018), carbohydrate depletion and plant malnutrition due to reduced activity of ADP-glucose pyro-phosphorylase, sucrose phosphate synthase, and invertase (Djanaguiraman et al., 2009). The reduction in chlorophyll pigment is linked with the activity of thylakoid membranes, lipid peroxidation of chloroplast, and reduced photochemistry (Fv/Fm ratio) of photosystem II, which ultimately reduce the overall photosynthesis in crop plants (Mohammed and Tarpley, 2010). Reduction of chlorophyll may be due to the reduced (about 60–90%) biosynthesis under high or low temperature, or increased chlorophyll-pigments degradation, or an accumulative effect of the two (Hemantaranjan et al., 2014).



Oxidative Damage

Heat exposure stimulates oxidative stress due to the generation of activated, extremely reactive, and toxic oxygen species. The reaction of reactive oxygen species (ROS) includes supper oxide radical (O[image: image]) singlet oxygen (O2), hydroxide ions (hydroxyl) radical (OH−), and hydrogen peroxide (H2O2) (Marutani et al., 2012; Suzuki et al., 2012). ROS causes lipid membrane to lose the ability to regulate substance exchange across the cell membrane (Suzuki et al., 2012). Oxidative stress enhance peroxidation and further damage the proteins, lipids, carbohydrates, and DNA contributing to premature aging (Savicka and Škute, 2010). Continuous thermal stress increases the ROS deposition in the plasma membranes with cell membrane depolarization, which leads to the activation of the RBOHD enzyme (respiratory burst oxidase homolog protein-D) that produces ROS and initiates programmed cell death signal (Mittler et al., 2011). The elevated temperature raises the O2 content in the root by 68%, and leaf malondialdehyde (MDA) content by 27% at the early and 58% at later stages (Medina et al., 2021). Though, the plant has a special mechanism to avoid unnecessary reactive oxygen species (ROS) by the production of specific antioxidants.



Respiration

Heat stress affects mitochondrial functions by influencing respiration. The respiration often rises with increasing temperature, but at a certain duration of photoperiod, the respiration process declines due to damage to the respiratory system (Prasad et al., 2008; Rasmusson et al., 2020). In the heat-prone varieties under heat stress (35/25°C day/night) the respiration rate in the flag leaf of wheat was considerably higher compared to that of the control (23/18°C day/night) (Akter and Islam, 2017). The solubility of O2 and CO2 as well as Rubisco's kinetics, loss of respiratory carbon due to heat enhances the ROS and reduces ATP production and respiration in plants (Cossani and Reynolds, 2012).




Crop Yield Response

HS induces significant yield reduction mainly due to decrease in the number, size and quality of grain, starch synthesis and accumulation, protein concentration, pod, fiber content, and breakdown of the Ca content (van Es, 2020). HS usually accelerates the rate of grain-filling but shortens the grain-filling time leading to significant decrease in grain length, width, and weight, grain quality (Högy et al., 2013; Lamaoui et al., 2018) reduced accumulation of storage compounds (Hurkman et al., 2013) and increased male sterility (Suwa et al., 2010). HS also increase proteinogenic amino acid and maltose content and decrease the concentrations of starch, sugars, raffinose, sucrose and lipids (Vasseur et al., 2011). A slight increase in temperature (1–1.5°C) reduces the harvest index and yield up to 10% in different crops (Table 3) (Tubiello et al., 2007; Ahamed et al., 2010; Hatfield et al., 2011). Heat-susceptible cultivars show more yield losses compared with thermo-tolerant cultivars (Ahamed et al., 2010; Hussain et al., 2019).


Table 3. Yield losses reported in different crops due to heat stress.
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PLANT HEAT-ADAPTATION STRATEGIES

Plant HS adaptation involves a variety of strategies and various processes including basal heat tolerance (BHT), acquired heat tolerance (AHT), and avoidance (Fitter and Hay, 2012; Bäurle, 2016). BHT is the natural capacity of plants to tolerate heat while AHT (also called priming or acclimation), is acquired tolerance via short pre-exposure to heat (Yeh et al., 2012). A sudden heat exposure results in short-term reaction, i.e., leaves orientation, osmotic modification, evaporation, and adjustments in cell membrane structure (Bäurle, 2016; Zhongming and Wei, 2021) whereas, under long-term exposure, multiple adaptation mechanisms work synergistically to minimize the impact of heat stress. Heat tolerance involves the activation of some important immunity pathways, including ions transporters, proteins late embryogenesis abundant (LEA), phytohormones, antioxidant-resistance, and factors implicated in transduction signaling and transcriptional control (Li, 2020; Li et al., 2021). AHT is distinguished between short-term acquired tolerance (SAT) and long-term acquired tolerance (LAT) and establish a molecular stress memory state that protect themselves from acute heat damage and death (Sani et al., 2013). The stress-sensitive feature is characterized by an early signal that can be in the form of anionic and osmotic effects or alterations in membrane fluidity which restore homeostasis and sustain defective proteins and membranes (Kumarathunge et al., 2019). Plants HS avoidance includes long-lasting developmental morphological and physiological adaptations or short-lived accommodation strategies (Figure 2), e.g., intensive transpiration from leaves prevents damage by lowering the temperature of the leaves by 6°C or even 10–15°C than the normal temperature (Fitter and Hay, 2012; Li, 2020). Other plant varieties have special features that enable them to escape from warm conditions, e.g., having heat-sensitive buds, leaf abscission, annual desert buds, and by completing the entire regenerative period during the winter (Fitter and Hay, 2012). These adaptations are correlated to each other and increases the net process of photosynthesis at HS (especially for C4 and CAM plants) (Sarieva et al., 2010; Li, 2020).


Antioxidant System

Plants have evolved a series of detoxification systems to fight against oxidative damage. These systems include peroxidase (POX), ascorbate peroxidase (APX), glutathione reductase (GR), superoxide dismutase (SOD), and catalase (CAT) which show mitigating effects against different kinds of stress including HS (Suzuki et al., 2012; Caverzan et al., 2016). These antioxidants prevent the excessive free radicals and repair the damage effects that function as a catalyst to change the dismutation reaction from SOD anion to H2O2 and O2 molecules. They also affect other physiological phenomena including biosynthesis of lignin, enzyme catabolism, defense against injury and insect/pathogen attack, and physiological damage caused by temperature stress (Wani et al., 2016; Devireddy et al., 2021).



Production of Metabolites and Hormones

The production of a wide range of metabolites of low molecular mass including soluble carbohydrates, amino acids, variety of sugars, and sugar alcohols and phenolics have been linked to stabilization of cellular membranes, protection of protein structures, maintenance of the cell water balance, and buffering of the cellular redox potential under abiotic stress in plants (Kumarathunge et al., 2019). Accumulation of different osmoprotectants (e.g., proline, glycine betaine, etc.) and carotenoids (e.g., xanthophlls, terpenoids, etc.) under extreme temperature participate directly in the osmotic adjustment and show positive correlation with more negative leaf osmotic potential and production of protective pigments (Wani et al., 2016; Li et al., 2021). Glycine betaine maintains the activity of Rubisco by preventing its thermal inactivation (Devireddy et al., 2021). Sucrose and other carbohydrates act as antioxidant (Lang-Mladek et al., 2010; Devireddy et al., 2021) as well as regulate carbon allocation and sugar signaling consequently protecting the pollen viability. Plant growth regulators are also involved in enhancing plants' ability to tolerate stress, e.g., ABA, SA, IAA or CK (Ding et al., 2010; Hsu et al., 2010; Devireddy et al., 2021).



Heat Shock Factors, Proteins and CRISPR Technology

Many stress-inducible transcriptions factors (known as heat shock factors; HSF, e.g., Hsf6A, DREB1A, OsMYB55), stress-related genes, and proteins (HSP) are synthesized and overexpressed to induce thermotolerance (Lamaoui et al., 2018). The HS response is preceded by HSF that acts further on the transcription of HSP mRNA. HSFs are components of a complex signaling system that control responses not only to high temperatures but many other abiotic stresses. They are transcriptional activators of HS genes and bind specifically to heat shock sequence elements throughout the genome. Figure 3 describes in detail the mechanism of HSP/HSF activation under heat stress in the plant cell. A rapid increase in temperature up to 5–10°C, causes the plant to trigger the “heat-responsive genes” which translate into a special protein called heat shock proteins (HSPs). HSPs protect the plants by activating the chaperons and proper folding of proteins, inhibit the denaturation and aggregation of intercellular proteins and maintain their function by proper folding of proteins (Baniwal et al., 2005). HSPs are miscellaneous, highly diverse and normally present in living cells but under heat stress, different small and large HSPs are produced which help in (i) folding of newly synthesized proteins (Hsp60 and Hsp70), (ii) translocation the proteins between the cellular membrane and from organelle to organelle (Hsp70), (iii) prevent from deterioration, self-aggregation, improper folding, and the production of the polymeric compound of proteins (sHsp, Hsp70, Hsp90, Hsp100), (iv) the breakdown of defective proteins by proteolytic (Hsp70, Hsp100), (v) activation of signaling molecules, transduction, transcriptional factors and transcription (Hsp70, Hsp90), (vi) production of oligomeric complexes of high molecular weight that act as a cellular matrix for unfolded protein stabilization (Hsp20 or small Hsp (sHSP) (Hasanuzzaman et al., 2013).
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FIGURE 3. Schematic overview of HSP/HSF's pathway activation under heat/drought stress.


CRISPR/Cas9 is a genome editing tool, widely use to edit the eukaryotic genome specially in plants The transient expression of this system is very useful to activate or limit the desired targeted gene in plants (LeBlanc et al., 2018). Recently, the scientist explained the heat-shock inducible CRISPR/Cas9 system for genome editing and demonstrate its effectiveness in rice. They combined the promoter of heat shock protein of rice U3 and soybean to induce the HS-CRISPR/Cas9 system via Cas9 and single guider RNA (Nandy et al., 2019). In another study, the Enhanced response to ABA1 (ERA1) gene present in Arabidopsis thaliana was targeted, that encode the farnesyltransferase and upregulate the abscisic acid (ABA) signaling under heat and drought stress. By using CRISPR/Cas9 system, they knock in the ERA1 gene into rice genome and enhanced the ABA in rice under heat and water deficit condition (Ogata et al., 2020).




MANAGING AGRICULTURE UNDER HEAT STRESS

By proper agronomic management, such as water, the methods and quantity for fertilization, the sowing time and method, the addition of protectants, plants can be grown effectively under heat stress (Ortiz et al., 2008). The usual practices are as follows:

• Mulching is done to preserve optimum moisture in soil, because it reduces soil evaporation (Chen et al., 2015), improves nitrogen and water efficiency (Singh et al., 2011), prevents yield loss (Chakraborty et al., 2008; Głab and Kulig, 2008) in temperate and tropical regions under thermal stress (Akter and Islam, 2017).

• Proper sowing time is very important for crops as early or late plantation shortens the heading and maturity period, improves pathogen infestation, eventually affecting economic yield and grain quality (Khichar and Niwas, 2007; Al-Karaki, 2012; Hakim et al., 2012; Hossain and Da Silva, 2012).

• Increasing crop nutrition (e.g., N, Ca, K, Mg, B, Se, and Mn) alter the stomatal function, activate physiological and molecular processes, improve tissue water potential, decrease ROS toxicity by increasing the antioxidant concentration stimulate heat stress tolerance (Waraich et al., 2012; Mengutay et al., 2013). The post-anthesis foliar application also improve grain proteins, slows down the ABA synthesis, improves cytokinin production, stimulates the photosynthesis and accumulation of assimilates (Dias and Lidon, 2010; Singh et al., 2011).

• The exogenous application of growth promoters [e.g., phytohormones, osmoregulatory, receptor molecules, polyamines along with spermidine, putrescine, spermine, putrescine, alpha-tocopherol (vitamin E), arginine etc.] regulate the ROS and enhance the efficiency of the antioxidant thus protect plants under HS (Farooq et al., 2011; Sharma and Chahal, 2012; Hemantaranjan et al., 2014; Uprety and Reddy, 2016).

• Exogenous calcium application activates MDA that enhances the activity of guaiacol peroxidase, CAT, SOD, which ultimately induce heat resistance in plants. It can also protect chlorophyll from solar radiation destruction and sustain stomatal functioning (Dias and Lidon, 2009; Waraich et al., 2012). Activation of different enzymatic, e.g., CAT, SOD, ascorbate peroxidase (APX), and non-enzymatic antioxidants, e.g., tocopherol, and ascorbic acid have a significant effect on oxidative management under multiple stresses (Balla et al., 2007).

• Plant treatment with reactive short-chain leaf volatiles (RSLVs also known as oxylipins; a group of C4–C9 straight chain carbonyls categorized by an alpha, β-unsaturated carbonyl bond) show high thermotolerance (Yamauchi, 2018).

• Co-polymers of Poly (N-isopropyl acrylamide) (Dimitrov et al., 2007) or poly acrylic acid (PAA) have been used as thermo-tolerant nanoparticle to transport specific chemicals within the plant to develop resistant against HS (Xu et al., 2015).

• The use of natural bio-stimulants, e.g., amino acids, microorganisms, fruit extracts, seaweeds, inorganic materials, and chitin or engineered, e.g., plant hormones, phenols, salts, chemical substances, and other elements with plant regulating properties (Calvo et al., 2014; Van Oosten et al., 2017).

• Transfer of heat shock regulatory proteins (HSFs, HSPs) or development of heat shock transcriptional elements (HSEs) enhance gene expression within minute and induced heat tolerance in plants.



MICROBE THERAPY FOR HEAT TOLERANCE

Plants are home to large collection of microbes collectively known as plant microbiome (Liu and Tan, 2017; Álvarez-Pérez et al., 2019) which is highly dynamic in nature and show significant shift in the composition in response to external stimuli and environmental stresses, e.g., heat (Santos-Medellín et al., 2017; Timm et al., 2018). This shift is not a passive plant reaction, but a deliberate response because both plants and microbes have been coevolved since millions of years (Durán et al., 2018; Kwak et al., 2018). Plants use precise combinations of chemical stimuli under abiotic, or pathogen-induced stress which trigger specific microbes to overexpress particular proteins or enzymes for inducing stress tolerance (Bakker et al., 2018; Kumar and Verma, 2018; Liu and Brettell, 2019; Hakim et al., 2021). Overall, the plant microbiome controls nutrient availability, root growth, plant yield and modulates resistance to stresses (Chialva et al., 2018; Lu et al., 2018).

The microbial application (inoculation) is cheap, eco-friendly, low-input, and time-saving strategy as compared to the development of stress-tolerant crop variety or germplasm screening (Shrivastava and Kumar, 2015). Plant growth-promoting microbes (PGPM) require optimum condition for maximum efficiency (e.g., production of phytohormones, nitrogen fixation, and solubilization of nutrients P, Zn, Ca, Fe, etc.). Even though stress factors (salinity, drought, heat, and heavy metals) decrease their efficacy, but some PGPR modify themselves for maximum efficiency under stress. Species of Enterobacter, Acetobacter, and Pseudomonas solubilize the phosphorus 74%, 75%, and 80% respectively at normal (30–32 ± 2°C) and high temperature (38–40 ± 2°C) (Kachhap et al., 2015). Similarly, the Acetobacter spp. produced 100%, Enterobacter spp. produced 82% and Pseudomonas spp. produced 50% IAA both at high and low temperatures. While high temperature reduced the efficacy of nitrogen fixation in rhizobia. High temperature reduced the symbiotic relationship between plant roots and microbes which ultimately decreased the rate of nitrogen fixation. Heat stress inhibits microbial adherence on root hair and root nodules (Alexandre and Oliveira, 2013) and also disturb the molecular signals between microbes and root hair which leads to forming a weak symbiotic relationship between partners (Sadowsky, 2005). However, some rhizobial species from Acacia have thermotolerance up to 44°C which enable them to fix nitrogen at high temperature and give benefit to plant (Zahran et al., 1994).

PGPM are stable under chilling and heat stress (Barka et al., 2006; Ali et al., 2011) but the molecular and physiological changes connected to this stress management are poorly understood. Inoculation studies reports that systemic effects are involved during heat/chilling stress that change metabolic and regulatory function of plant supporting both growth and stress management (Abd El-Daim et al., 2019). Table 4 describes the role of PGPR in plant under stress condition. Decrease in the ROS production by seed treatment with Bacillus amyloliquefaciens and Azospirillum brasilense has also been reported under HS (Abd El-Daim et al., 2014). A recent review published the meta-analysis of microbe-mediated thermotolerance in plants and their mechanisms from 39 published research articles (Dastogeer et al., 2022). They have reported a significant decrease in accumulation of MDA and H2O2 in colonized plants showing lower oxidation activity but a corresponding increase in the activities of catalase, peroxidase, glutathione reductase under heat stress. However, the activities of SOD, ascorbate oxidase, ascorbate peroxidase and proline were variable. The overall impact of microbial colonization was more pronounced under heat stress.


Table 4. Role of PGPR in plant under stress condition.
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Mechanistic Interpretation of Microbe Therapy

A variety of PGPM have been known to induce heat stress using various mechanisms (Dodd and Pérez-Alfocea, 2012; Ramadoss et al., 2013). For instance, Pseudomonas putida produces heat shock protein that plays a vital role in increasing plant thermal tolerance (Ali et al., 2011) (Figure 4). Many of PGPM activate structural changes in plants that impart tolerance to heat stress, a phenomenon known as induced systemic tolerance (Yang et al., 2009). Apart from inducing direct stress tolerance, several plant-beneficial traits exhibited by these bacteria support plant growth in a synergistic manner under stress (Etesami and Beattie, 2017; Imran et al., 2021). They benefit plants either directly, through the phytohormones production, nutrient mobilization, and nitrogen fixation or indirectly by triggering the signaling cascades in the host plant. Burkholderia phytofirmans strain PsJN is a well-reported PGPR that enhances heat tolerance in tomatoes, cold tolerance in grapevine, water stress tolerance in wheat, salt, and freezing tolerance in Arabidopsis. The same bacterium also has the antifungal property that protects the plant from biotic stress (Issa et al., 2018) revealing that a single bacterium can induce multiple benefits in same or different hosts (Imran et al., 2021).
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FIGURE 4. Mechanism of PGPR for growth promotion and a(biotic) stress tolerance.



Role of Microbial Phytohormones Under HS

Phytohormones are the key regulators of plant development, and the plants have a natural ability to synthesize, perceive and respond to these hormones. This response is modulated upon exposure to external/internal stimuli (Khan et al., 2014; Hakim et al., 2021), e.g., decreased levels of auxin, cytokinin, and gibberellin and increased ABA level under HS (Wu et al., 2016). One of the mechanisms of PGPM-mediated plant growth improvement is the phytohormone production trait (Etesami et al., 2015) which affect the metabolism of endogenous (Hashem et al., 2016; Sorty et al., 2016) and ultimately play a key role in modulating the plant's response under stress, uptake etc. (Spaepen et al., 2008; Khan et al., 2011). These facts validate that the phytohormones-producing PGPM reverse the adverse effects of heat stress.

Auxin (IAA) is the most important hormone, imperative for cell division, differentiation that controls seed germination, roots development, and apical dominance (Maheshwari et al., 2015). The majority of the rhizospheric microbes (>80%) synthesize and release IAA in the rhizosphere which elongates plant roots, increases the number of root hairs for enhanced uptake of water and nutrients under normal (Oleńska et al., 2020) as well as stress (Imran et al., 2015; Nawaz et al., 2020; Zia et al., 2021). IAA producing Ochrobactrum sp. and Pseudomonas sp. (volcanos isolates) have shown improved root and shoot length, fresh weight, and biomass of maize under high temperature (40°C), drought (up to 60% Poly Ethylene Glycol 6000), and salt (500 mM NaCl) (Mishra et al., 2017).

Gibberellins (GAs) regulate plant developmental processes such as embryogenesis, leaf expansion, stem elongation, flowering, and fruit ripening (Binenbaum et al., 2018) while abscisic acid (ABA) regulates cell division and elongation, seed dormancy and germination, embryo maturation, floral induction, and responses to stresses (Finkelstein, 2013). PGPM capable to synthesize gibberellins stimulate plant growth and stress tolerance by modulating the endogenous levels of GAs and ABA. For instance, inoculation with GAs producing Serratia nematodiphila and B. tequilensis increase the endogenous synthesis of GA4 and ABA while reduced the salicylic and jasmonic acids and improved plant biomass under HS (Kang et al., 2015). Phytohormones-producing endophytic fungi (Phoma and Penicillium sp.) and Bacillus spp. also modulate the level of endogenous abscisic acid, salicylic acid, and jasmonic acid under multiple stresses and improve thermotolerance (Waqas et al., 2012). Inoculation with a multiple hormone (IAA, CK, JA, SA, GAs, and ABA) producing B. aryabhattai strain significantly improved nodule number, overall plant growth, and increased stress tolerance of soybean to drought and high temperatures (38°C) (Park et al., 2017).

Cytokinins are involved in processes such as seed germination, apical dominance, roots development, nodule organogenesis, development of vascular tissues, flower and fruit, and plant-pathogen interactions (Osugi and Sakakibara, 2015). Different microbes (such as Bacillus, Escherichia, Agrobacterium, Methylobacterium, Proteus, Pseudomonas, and Klebsiella) inhabiting plant rhizosphere are capable to synthesize and release CK in the rhizosphere which stimulate plant growth under stress including heat (Liu et al., 2013). Exogenous application of INCYDE-F (an inhibitor of CK-oxidase/dehydrogenase) in Arabidopsis increased the contents of CK trans-zeatin and cis-zeatin in roots and IAA in all tissues after HS. It further reduced the level of ABA in leaves and ethylene in apices of roots which shows that inhibition of CK-degradation helped the Arabidopsis to cope with HS (Prerostova et al., 2020).

Ethylene is a gaseous hormone involved in abscission, senescence, reproductive development, and a(biotic) stress response (Liu et al., 2021). Pollen development is the most thermosensitive stage during reproduction, therefore, regulation of ethylene signaling in reproductive tissues is critical to gain reproductive success (Jegadeesan et al., 2018). Various abiotic and biotic stressors enhanced the levels of ethylene in plant tissues which is detrimental for plants. Enterobacter sp. SA187-induced thermo-tolerance to wheat in field has been reported (Shekhawat et al., 2021) which is mediated by the ethylene signaling via the TF EN13 and constitutive H3K4me3 modification of HS memory genes, generating robust thermotolerance in plants.

Biosynthesis of ethylene is undertaken by two transcripts (i) PsACS [encode enzymes that convert S-adenosyl-L-methionine to 1-aminocyclopropane-1-carboxylic acid (ACC)] and (ii) PsACO (encode enzymes that convert ACC to ethylene (Savada et al., 2017). Various microbes, i.e., Methylobacterium, Bacillus, Alcaligenes, Enterobacter, Pseudomonas, Azospirillum, Rhizobium, and Bradyrhizobium have an enzyme “1-aminocyclopropane-1-carboxylate (ACC) deaminase,” which metabolize ACC (an immediate precursor of ethylene) into α-ketobutyrate and ammonia ultimately lowering down the ethylene levels and detrimental impact on plants under stress including HS (Saleem et al., 2007). Burkholderia phytofirmans, Pseudomonas frederiksbergensis, P. vancouverensis, P. putida, and B. cereus are few examples of heat resilient microbes that utilize the ACC-deaminase enzyme to reduce the endogenous ethylene levels in plants produced under a range of different stresses including salinity (Liu et al., 2021), drought (Danish et al., 2020), and heat (Mukhtar S. et al., 2020).



Role of Microbial Exopolysaccharides Under HS

Exopolysaccharides (EPSs) are bacterial extracellular polymers that form 3D structure of complex compound (sugars, enzymes, polysaccharides, lipids, nucleic acids, extracellular DNA structural proteins) which is used in energy exchange mechanism in response to environmental signals (Mishra, 2013) and have a direct role in heat stress tolerance (Nishihata et al., 2018; Ogden et al., 2019). These EPSs are involved in cell aggregation, adhesion, water retention, building a protective barrier and supplying nutrients. They contain high-molecular-weight polymers that enable bacteria to cling with the soil particles via hydrogen bonding, van der wall forces, anionic and cationic bonding, and keep them alive. The inoculation with heat-resilient, ESPs-producing B. cereus increased root and shoot length, chlorophyll and proline contents, water intake, number of flowers and fruits in tomato under high temperature (Mukhtar T. et al., 2020). HS induces changes in EPSs production as well as other cellular proteins, i.e., HSPs which prevents protein aggregation, misfolding, and target abnormally folded proteins for degradation (Parsell and Lindquist, 1993). Nguyen et al. (2014) reported that Pseudomonas sp. strain PsJN produced ESPs at high temperature and enhanced growth of the potato. Application of Bacillus, Pseudomonas and Azospirillum spp. (Ali et al., 2011; Abd El-Daim et al., 2019; Da Jeong Shin et al., 2019) have been shown to induce metabolic and regulatory proteins modulation to develop heat stress tolerance along with the cold and drought stresses. Apart from this, EPS act as chemoattractant and help to develop microbial biofilm matrix on the root surface that protect root surfaces from any damage under any kind of stress including HS.



Microbe-Induced HS Tolerance and Antioxidant Activity

Plant growth-promoting rhizobacteria not only produce phytohormones but also help plants by modulation of different genes under heat stress. Heat stress upregulates the genes involved in autophagy (e.g., SlWRKY33b and SlATG5 genes) that are harmful to plants. But the application of Bacillus cereus sp. isolate (SA1) and humic acid (HA) down-regulate the expression of these genes which not only give relief but provide thermotolerance to the tomato plants (Khan et al., 2020) and increase the uptake of potassium (K) phosphorus (P), and iron (Fe). B. cereus SA1 enhanced the activity of antioxidants (CAT, APX, SOD) as well as the efficacy of chlorophyll pigments. The inoculation also resulted in a reduced level of abscisic acid (ABA) and enhanced the level of salicylic acid (SA). The treated plant showed a reduced level of glutathione (GSH). It has been shown that thermotolerant bacteria (Bacillus spp. actinobacterium Kocuria sp.) and cyanobacteria (Calothrix elenkinii and Anabaena laxa) show plant growth-promoting activities (30–50% root and shoot length, biomass, and dry weight) and stimulate peroxidase (5–10%) and endoglucanase activities in a range of different plants (Kumar et al., 2013).

Thermotolerant P. putida strain AKMP7 inoculated to wheat plants increased the plant biomass and dry weight, enhanced root and shoot length, increase the number of tillers and spikelet, and enhance grain formation (Ali et al., 2011). The inoculated bacteria prevent the plant from cellular injury, enhance the antioxidant enzymatic activities (SOD, APX, CAT), and improve cellular metabolism, e.g., the level of protein, proline contents, cellular sugar, amino acid, and starch, and the efficiency of chlorophyll under heat stress condition. AKMP7 formed biofilm on plant roots which help plants to combat adverse heat stress conditions.





CONCLUSIONS AND FUTURE PROSPECTS

Global warming has become a critical challenge to food security, causing severe yield losses of major crops worldwide. Given the expanding needs for global food supply as well as the extreme pressure of population growth and climate change trajectories, strategies should primarily be focused on the right investigation on different abiotic stresses especially on heat stress that becomes a key problem in the last decade. The plants are more vulnerable to high temperatures because of their sessile nature. They exhibit physio-morphological, biochemical, and molecular adaptations against heat, but further investigations are required to understand the thermotolerance mechanism active in different plant species. The plants themselves produce antioxidants, reduce the stomatal conductance, activate heat-responsive genes, and produce heat shock proteins, but on the other hand, exogenous or foliar application of chemicals like calcium chloride (CaCl2), salicylic acid, bio-stimulants, nanoparticles, and osmoprotectants are useful in sustainable agriculture. Furthermore, heat-sensitive genes can be targeted through CRISPR-Cas9 to develop heat-insensitive crops in the future. The heat resilient microbes produces phytohormones, ethylene, ACC deaminase, antioxidant enzymes, and HSP under heat stress enabling plants to maintain their growth under stress. A recent review publishes the meta-analysis of 39 published studies in support of PGPR-mediated thermotolerance in plants. This supports that microbe-mediated solutions are more sustainable than developing heat-tolerant varieties as microbes are usually present in the soil and rhizosphere and can form associations with homologous as well as non-homologous hosts. So, a single heat resilient microbe-inoculum may be effective in more than one crop or plants. Furthermore, the microbes are multi-purpose and exhibit many other traits of plant interest apart from giving tolerance against heat stress making the microbe-therapy more effective than chemical or genetic engineering or breeding approaches. However, the molecular mechanisms involved in this tolerance may be studied in detail in different crops prone to heat stress. As plants can't live in isolation in any environment, they have a direct impact of environment and also interact with the microbes present in soil. Whereas microbes also interact with other microbes and to the environment. So, this tri-partite association is very important for the stable functioning of the plants and microbes and over all agricultural sustainability in any given environment.
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Global food security is a critical concern that needs practical solutions to feed the expanding human population. A promising approach is the employment of biostimulants to increase crop production. Biostimulants include compounds that boost plant growth. Recently, mimics of zaxinone (MiZax) were shown to have a promising growth-promoting effect in rice (Oryza sativa). In this study, we investigated the effect of MiZax on the growth and yield of three dicot horticultural plants, namely, tomato (Solanum lycopersicum), capsicum (Capsicum annuum), and squash (Cucurbita pepo) in different growth environments, as well as on the growth and development of the monocot date palm (Phoenix dactylifera), an important crop in the Middle East. The application of MiZax significantly enhanced plant height, flower, and branch numbers, fruit size, and total fruit yield in independent field trials from 2020 to 2021. Importantly, the amount of applied MiZax was far less than that used with the commercial compound humic acid, a widely used biostimulant in horticulture. Our results indicate that MiZax have significant application potential to improve the performance and productivity of horticultural crops.

Keywords: biostimulant, apocarotenoids, zaxinone, zaxinone mimics (MiZax), green pepper (Capsicum annuum), squash (Cucurbita pepo), tomato (Solanum lycopersicum), date palm (Phoenix dactylifera)


INTRODUCTION

Ensuring food security is a global issue challenged by different factors, such as climate change, environmental pollution, and, particularly, the rapid growth of the human population (Shaheen et al., 2017). According to the report of the United Nations Food and Agriculture Organization (FAO), food production must increase to double to feed the ever-increasing human population around the world by 2050 (FAO: The World Needs 70% More Food by 2050).1 Inarguably, enhancing the yield of crops is one of the solutions to fulfill the goal. Naturally, the growth of crop plants relies on their ability to get nutrients from the soil, which is inevitably affected by unfavorable growth conditions, such as drought, salinity, or biotic stresses (Parida and Das, 2005; Takahashi et al., 2020; Iqbal et al., 2021). Usually, these conditions negatively affect the plant’s health and development, which could reduce the final yield (Pandey et al., 2017). Moreover, climate changes decrease the green land area for food production, while the increase of freshwater usage of the human population also influences crops irrigation (Zhao et al., 2017; Raza et al., 2019). To minimize these adverse impacts, one of the strategies to help the plants to overcome unfavorable growth problems is the usage of biostimulants, which accelerate not only plants’ life cycle, but also maximize fruit production (Bulgari et al., 2015).

Biostimulants are recognized as compounds that enhance plant growth and performance (Du Jardin, 2015; Yakhin et al., 2017), including the specialized metabolites from carotenoid biosynthesis. Carotenoids are isoprenoid pigments that provide precursors for the evolutionary-conserved plant hormones such as abscisic acid (ABA) and strigolactones (SLs) (Al-Babili and Bouwmeester, 2015; Hou et al., 2016; Wang et al., 2021a), as well as apocarotenoid signaling molecules, such as anchorene and zaxinone (Fiorilli et al., 2019; Jia et al., 2019; Wang et al., 2019; Ablazov et al., 2020). Due to the instability of authentic metabolites or restricted natural sources, several ABA and SL analogs have been developed in the past few years and some of them have been tested in the field (Samejima et al., 2016; Screpanti et al., 2016; Jamil et al., 2019, 2020, 2022a,b; Kountche et al., 2019; Vaidya et al., 2019). The further case is zaxinone, a candidate of novel apocarotenoid-derived phytohormones, which is required for normal rice growth and development (Wang et al., 2019). Zaxinone (chemical structures shown in Figure 1A) exerts its function likely through promoting sugar metabolism and regulating the homeostasis of SLs and cytokinins in rice roots (Wang et al., 2019, 2021b). In addition, the application of zaxinone increased wild-type rice (Oryza sativa) performance, which indicated its biostimulant activity (Wang et al., 2019). Therefore, we have developed mimics of zaxinone (MiZax), which were supposed to be tested and used as biostimulants. After screening a number of mimics, we identified MiZax3 and MiZax5 (chemical structures shown in Figure 1A) as two compounds exerting similar biological activities of zaxinone with respect to rice grown hydroponically and in the soil systems (Wang et al., 2020). However, the growth-promoting activities of MiZax on the horticultural crops still remain elusive. It is plausible that introducing these biostimulants might bring a positive impact on yield, quality, and overall economic benefit to horticultural crops.
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FIGURE 1. (A) Chemical structures of zaxinone, MiZax3, and MiZax5. (B) Foliar application of Zax, MZ3, and MZ5 at 5 μM on tomato plants under greenhouse conditions in 2019. Each data point represents one plant (n = 5). Data represent mean ± SD. Statistical analysis was performed using one-way ANOVA and the Tukey’s post hoc test. Different letters denote significant differences (p < 0.05). Symbols (○, CTL; □, Zax; △, MiZax3; and ⋄, MiZax5) used over error bars represent each replicates in the investigated group. CTL, control; Zax, zaxinone; MZ3, MiZax3; MZ5, MiZax5.


In this report, we tested zaxinone and MiZax on tomato [Solanum lycopersicum (S. lycopersicum)] plants under greenhouse conditions by foliar application. Moreover, to extend its practical application, we conducted four independent open field studies with three different fruit crops, namely, green pepper [Capsicum annuum (C. annuum)], squash [Cucurbita pepo (C. pepo)], and date palm [Phoenix dactylifera (P. dactylifera)] during the planting year 2020–2021 in the desert climate of Kingdom of Saudi of Arabia. Application of MiZax significantly increased the plant height and branches of date palm, as well as the flower numbers, fruit size, and total fruit yield of green pepper and squash. Notably, we observed these effects with MiZax amounts that are far less than that used for the commercial biostimulant humic acid, a common used growth regulator with positive effects on sustainable agriculture (Canellas et al., 2015 and references therein). Our results indicate that MiZax are potential biostimulants promoting the growth and yield of horticultural plants under different environmental conditions and, hence, they contribute to ensuring global food security.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Tomato seeds (S. lycopersicum cv. Moneymaker) were sown in a 24-well plastic tray to raise nursery. 1-week-old uniform seedlings were then transferred to 3 L plastic pots. Each pot was sprayed with biostimulants at 5 μM concentration twice per week. The pots were irrigated with nutrient solution when needed. Data on tomato growth, yield, and yield components were collected.

For raising seedlings, green pepper seeds (C. annuum L. var. California Wonder) were sown on 10 October 2019 in Jiffy-7 peat pellets (44 mm) containing a peat-based substrate (peat moss) (manufactured by Norway). Before sowing, seeds were soaked into water overnight and pelleted for 2 h. Pellets were then placed into the trays with seeds into hole and covered very well. After the appearance of first true leaves, plants were watered as required. After 5 weeks, the seedlings were transplanted into the well-prepared plot to initiate the experiment.

Squash (C. pepo) seeds of the variety Camila 625 F1 Hybrid (Emerald Seeds Company, United States) were obtained from the local agricultural market at Jeddah, Saudi Arabia.



Field Trials at the King Abdulaziz University Station

The field experiments were conducted at the Agricultural Research Station, Hada Al-Sham (21°48′3″ N, 39y43′25″ E), King Abdulaziz University (KAU), Jeddah, Saudi Arabia to evaluate the performance of plant biostimulants (zaxinone and MiZax) and humic acid applications on growth and yield of green pepper under freshwater and salty water and squash under freshwater. The soil texture of the experimental site was classified as sandy loam, soil pH 7.8, and EC 1.79 d Sm–1. The dominant climate of the area is arid, with high temperatures and long photoperiods during summer season (Mousa and Al-Qurashi, 2018).

Directing seeding was used to plant the squash seeds with the distance between rows of 1 m and 0.5 m between each two adjacent plants in the same row. The squash plants were irrigated with low saline water (3.51 dSm–1) until end of growing season. The squash experiment followed a randomized complete block design (RCBD) with 3 replicates. Seedling of the green peppers were planted in plots each of 2.8 m × 1.8 m and the planting distance was 70 cm × 60 cm. The experiment was laid on a split-plot design where three levels of water salinity were assigned to the main plots, while mimics of zaxinone (MiZax3 and MiZax5) and humic acid were randomly distributed over the subplots following RCBD with 3 replicates. The water salinity of underground water was 3.51 d Sm–1 and used as control treatment. NaCl was added weekly to the other tanks to raise the water salinity to 8.04 and 11.71 d Sm–1 during the season. For watering squash and green peppers, a drip irrigation system was instilled to supply the plants with their water requirements twice per day for 10 min. The plants were weekly fertilized with nitrogen, phosphorus, and potassium (NPK) fertilizer (20:20:20) during vegetative growth and 10:10:40 (N:P:K) at flowering and fruit setting and maturity stages. The biostimulants MiZax3 and MiZax5 at 5 and 10 μM and humic acid at 1 and 1.5 g L–1 were foliar applied once per week and for 8 weeks to the plants and after 15 days of transplantation for green peppers and at the second true leaves for squash. Two control treatments received either acetone (as MiZax3 and MiZax5 dissolvent) at 1 ml per L or only water (dissolvent of humic acid). All the recommended agriculture practices for both the crops were applied and kept uniform across the treatments throughout the growing season. The growth and yield parameters of squash, including plant height (cm), numbers of leaves per plant, fresh and dry mass per plant (g), sex ratio (male: female), fruits per plant, and yield per plant (kg), were assessed. For green peppers, we measured plant height (cm) after 20, 40, and 60 days of transplanting, branches, leaves, and flowers per plant at end of season, roots length (cm) and mass (g), plant fresh and dry mass (g), fresh fruits per plant, and yield of fresh fruits per plant (kg). Pepper fruits quality were measured, including weight of single fruit (g), fruit length and diameter (mm), total soluble solid (TSS) (%), vitamin C (mg g–1), firmness (N), acidity (EC), and total phenol (mg g–1). Soil plant analysis development estimations were taken utilizing SPAD meter (Konica Minolta 502, Tokyo, Japan) from 9:00 to 11:00 a.m. in fully extended third to fifth leaf.



Field Trial of the King Abdullah University of Science and Technology Experimental Station

A field experiment at the King Abdullah University of Science and Technology (KAUST) (22°18’08.6″N, 39°06’40.0″E) was conducted to evaluate the growth-promoting activity of MZ3 and MZ5 on green pepper (C. annuum L. var. California Wonder). After three successive plowing, the field was divided into plots and treatments were allocated by following randomized complete block design (RCBD) with three replications. The plot size was 3 m × 1.2 m and the planting distance was 50 cm × 60 cm. 4-week-old uniform-sized green pepper seedlings were transferred (8 plants per plot) into the field. MiZax3 and MiZax5 were sprayed at 5 and 10 μM concentration with 1 week interval up to 8 weeks. Humic acid was applied at 1 g l–1 and untreated plots were included to compare the treatments effect. The plots were irrigated and fertilized when needed and all the other agronomic practices were adopted uniformly by following the standard procedures. Data on plant growth, yield, and yield components were collected.

The field experiment of date palm (P. dactylifera cv. ajwa) was conducted at the KAUST study field to investigate the effect of zaxinone and MiZax. Compounds were dissolved in acetone and prepared in a final volume mixed with 0.5% Tween-20. Zaxinone, MiZax3, and MiZax5 were sprayed at 5 μM concentration once per week on the 8-week-old uniform date palm plants. The pots were irrigated with nutrient solution once per week. Data on the shoot growth, branches, and leaves opening were collected.



Statistical Analysis

Data are represented as mean and their variations as SD. The statistical significance was determined by one-way ANOVA with the Tukey’s multiple comparison test, using a probability level of p < 0.05 or the two-tailed Student’s t-test to denote significant differences (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). All the statistical elaborations were performed using GraphPad Prism version 8.3.0.




RESULTS AND DISCUSSION


Zaxinone and Mimics of Zaxinone Enhanced Tomato and Date Palm Plant Growth

Zaxinone and its mimics MiZax3 and MiZax5 showed to promote the growth on the monocot plant rice (Wang et al., 2020). Hence, we hypothesized that these compounds might show the same activity in dicots. To test this hypothesis, we sprayed 5 μM of each of the three stimulants, namely, zaxinone, MiZax3, and MiZax5, to 3-week-old tomato plants for 8 weeks in the greenhouse. Interestingly, we observed striking growth-promoting activities of MiZax3 on plant height, branching, number of flowers, and fruits (Figure 1B). Zaxinone and MiZax5 showed a similar, but less pronounced effects, compared to MiZax3.

Next, we applied the three stimulants to plantlets of date palm, an important regional fruit plant for sustaining current desert agriculture in the Middle East (Xiao et al., 2019), to investigate their growth-triggering effect on a monocot tree. Although date palms are slow-growing plants, zaxinone remarkably increased the number of branches, plant height, and leaves opening after 2 months of treatment, while MiZax3 and MiZax5 tended to promote growth (Figure 2). Moreover, these compounds seemed continuously to promote shoot branches at least 1 month after the final application, especially zaxinone led to more leaves opening (Supplementary Figure 1).
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FIGURE 2. Effect of foliar application of Zax, MZ3, and MZ5 at 5 μM on date palm plants under open field condition, performed in 2021. Data represent mean ± SD. n = 10. Statistical analysis was performed using the two-tailed Student’s t-test. Asterisks indicate statistically significant differences as compared to CTL (*p < 0.05, **p < 0.01, ***p < 0.001). CTL, control; Zax, zaxinone; MZ3, MiZax3; MZ5, MiZax5.


These results revealed that the application of MiZax and zaxinone in dicot crop plants and the monocot tree date palm has the same bioactivity as in the cereal plant rice. However, zaxinone was also shown to be a positive regulator on SL and ABA biosynthesis in the dicot plant Arabidopsis (Ablazov et al., 2020), which may inhibit root growth and development and indicate that the effect of this compound may differ depending on the plant species. Indeed, both the tomato and date palm contain ZAXINONE SYNTHASE (ZAS) gene (s) and can form a symbiosis with arbuscular mycorrhizal fungi (AMF). In contrast, ZAS is missing in most of the non-mycorrhizal plant, such as Arabidopsis thaliana (Wang et al., 2019), which indicates a role of ZAS in regulating growth as well as in AM symbiosis. A further point that should be considered is the method of application. Foliar application may lead to different effects, compared with adding the compound to the medium in hydroponic culture as it was done with Arabidopsis (Ablazov et al., 2020). Our results also indicate that MiZax3, MiZax5, and zaxinone may differ in particular activities. In summary, MiZax3 and MiZax5 are good candidates for new biostimulants (Yakhin et al., 2017) that can be used to boost tomato and rice plant performance and increase the growth of date palm plantlets under controlled conditions.



Field Application of Boosted Growth and Yield of Green Pepper Under in Normal Environment and Salty Soil

To explore the possibility of using MiZax on field application, we tested two concentrations (5 and 10 μM) of MiZax3 and MiZax5 on the valuable crop, green pepper, in comparison to the commercial compound humic acid. We observed that MiZax significantly triggered shoot growth from 20 to 60 days after planting in the Agricultural Research Station of the King Abdulaziz University (KAU) (Figure 3) and clearly boosted the development of flowers, leaves, and branching (Figure 3) in a concentration-dependent manner. Moreover, the root length, root biomass, and plant fresh weight of pepper plants were also increased after MiZax and humic acid application (Figure 3). Surprisingly, MiZax showed, at a concentration of at 5 μM, a comparable effect to 1.5 g l–1 of humic acid. Moreover, the performance of MiZax increased, when applied at 10 μM concentration. These positive results were also observed in salty conditions under which MiZax maintained and increased the development of pepper plants (Supplementary Figure 2), indicating that MiZax also increased salt tolerance.
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FIGURE 3. Plant phenotypical evaluation of mimics of zaxinone (MiZax) effect on green pepper from the field of the King Abdulaziz University (KAU), performed in 2020. Each data point represents the average from 15 plants of three plots (n = 3). Data represent mean ± SD. Statistical analysis was performed using one-way ANOVA and the Tukey’s post hoc test. Different letters denote significant differences (p < 0.05). Symbols (•, CTL; ■, 5 μM MZ3; ▲, 10 μM MZ3; ▼, 5 μM MZ5; ◆, 10 μM MZ5; ○, 1 g l–1 HA; and □, 1.5 g l–1 HA) used over error bars represent each replicates in the investigated group. CTL, Control; HA, humic acid; MZ3, MiZax3; MZ5, MiZax5.


Consistent with the observation from plant physiological results about growth and development, the application of MiZax enhanced fruit production and total yield (Figure 4). In addition, the length and width, as well as the firmness of fruits were also enhanced, compared with the control group (Figure 4), even under salty fields, except the diameter under high salt condition (Supplementary Figure 3). To assess the quality of fruits harvested in the KAU field, we measured the content of vitamin C and phenols and quantified the acidity and total dissolved solids. As shown in Figure 5 and Supplementary Figure 4, except for the total dissolved solids, all the biochemical parameters were increased in all the treatments. Although there was no superior difference between MiZax and humic acid, the amount of MiZax used was less than that of humic acid (∼3.5 vs. 1 g l–1), which represents a big advantage of MiZax. Moreover, the leaf single-photon avalanche diode (SPAD) values were higher after applying the high concentration of MiZax treatments (Figure 5 and Supplementary Figure 4). This result indicates that MiZax could increase the levels of chlorophyll and might enhance the photosynthetic activities, probably by increasing leaf numbers. A positive effect of zaxinone on photosynthesis in rice was recently reported (Wang et al., 2021b). Moreover, the increased fruit size suggests that MiZax might also enhance source-to-sink allocation, as zaxinone triggers primary metabolism in rice plants (Wang et al., 2021b).
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FIGURE 4. MiZax effect on green pepper fruit production from the field of the KAU, performed in 2020. The data represents as the distribution of 15 plants from three plots (n = 3). Data represent mean ± SD. Statistical analysis was performed using one-way ANOVA and the Tukey’s post hoc test. Different letters denote significant differences (p < 0.05). CTL, Control; HA, humic acid; MZ3, MiZax3; MZ5, MiZax5.
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FIGURE 5. Biochemical analysis of fruits upon MiZax treatment on green pepper from the field of the KAU, performed in 2020. Represented harvested fruits from CTL, 5 μM MZ3, 5 μM MZ5, and 1.5 g l–1 HA application were shown here. Each data point represents the average from 15 plants of three plots (n = 3). Data represent mean ± SD. Statistical analysis was performed using ANOVA and the Tukey’s post hoc test. Different letters denote significant differences (p < 0.05). Symbols (•, CTL; ■, 5 μM MZ3; ▲, 10 μM MZ3; ▼, 5 μM MZ5; ◆, 10 μM MZ5; ○, 1 g l–1 HA; and □, 1.5 g l–1 HA) used over error bars represent each replicates in the investigated group. CTL, Control; HA, humic acid; MZ3, MiZax3; MZ5, MiZax5.


To verify our findings in the KAU field, we further conducted another trial in 2021 at the King Abdullah University of Science and Technology (KAUST) experimental field, a warmer and more moisture place next to the Red Sea. Following the study design in the KAU, we compared 1 g l–1 of humic acid to 5 and 10 μM of MiZax. Constantly, the plant height, branches, flowers, and fruits of the green pepper were substantially increased after 60 days of planting (Figure 6), while the number of leaves showed high variability, which was due to windy climate. Furthermore, the weight, length, and width of harvested fruits were also considerably enhanced by MiZax (Figure 7), compared to humic acid and untreated control plot. Most importantly, MiZax caused 31–59% increase in total yield per plant (Figure 7). However, we observed in this trial that the lower concentration of MiZax5 had a better effect than 10 μM, which might suggest that higher concentrations of MiZax5 could not be optimal for plant growth and development. Although MiZax did not disturb the arbuscular mycorrhiza fungi spore germination (Wang et al., 2020), the safe application range of MiZax should be further studied.
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FIGURE 6. Plant phenotypical evaluation of MiZax treatment on green pepper from the King Abdullah University of Science and Technology (KAUST) field, performed in 2021. Each data point represents one plant (n ≥ 25). Data represent mean ± SD. Statistical analysis was performed using the two-tailed Student’s t-test. Asterisks indicate statistically significant differences as compared with CTL (*p < 0.05, **p < 0.01, ***p < 0.001). Symbols (•, CTL; ■, 1.5 g l–1 HA; ▲, 5 μM MZ3; ▼, 10 μM MZ3; ◆, 5 μM MZ5; and ○, 10 μM MZ5) used over error bars represent each replicates in the investigated group. CTL, Control; HA, humic acid; MZ3, MiZax3; MZ5, MiZax5.



[image: image]

FIGURE 7. MiZax effect on green pepper fruit production from the KAUST field, performed in 2021. Each data point represents one plant (n ≥ 166). Data represent mean ± SD. Statistical analysis was performed using the two-tailed Student’s t-test. Asterisks indicate statistically significant differences as compared to CTL (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Symbols (•, CTL; ■, 1.5 g l–1 HA; ▲, 5 μM MZ3; ▼, 10 μM MZ3; ◆, 5 μM MZ5; and ○, 10 μM MZ5) used over error bars represent each replicates in the investigated group. CTL, Control; HA, humic acid; MZ3, MiZax3; MZ5, MiZax5.




Mimics of Zaxinone Treatment Increased Squash Production in the Field

Finally, to explore the suitability to other horticultural crops, we performed a trial on squash in the KAU field. Again, MiZax significantly boosted the height and biomass of squash plants, while humic acid failed to promote growth (Figure 8). Although no difference in the branches, the leaves number was observed following the low concentration of MiZax treatments (Figure 8). Surprisingly, only MiZax application significantly triggered the fruit production and weight, no matter per plant or plot, whereas humic acid did not show expected activity (Figure 9). We also observed that the low concentration of both MiZax had better bioactivity than the higher one, which indicates that MiZax should be applied in lower amounts in future studies. Additionally, the acetone mock did not show any difference compared to the water control group (Figures 8, 9), which suggests that the solvent used to dissolve MiZax did not play a significant role in these studies.
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FIGURE 8. Plant phenotypical evaluation of MiZax on squash from the field of the KAU, performed in 2021. MiZax effect on crop production from the field of the KAU in 2021 (n = 15). Statistical analysis was performed using the two-tailed Student’s t-test. Asterisks indicate statistically significant differences as compared to CTL (**p < 0.01, ***p < 0.001, ****p < 0.0001). Symbols (•, CTL; ■, Acetone; ▲,1.5 g L−1 HA; ▼, 5 μM MZ5; ◆, 10 μM MZ5; ○, 5 μM MZ3; ◊ 10 μM MZ3) used over error bars represent each replicates in the investigated group. CTL, Control; HA, humic acid; MZ3, MiZax3; MZ5, MiZax5.
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FIGURE 9. MiZax effect on squash fruit production from the field of the KAU, performed in 2021 (n ≥ 16). Statistical analysis was performed using the two-tailed Student’s t-test. Asterisks indicate statistically significant differences as compared to CTL (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Symbols (•, CTL; ■, Acetone; ▲, 5 μM MZ5; ▼, 10 μM MZ5; ◆, 5 μM MZ3; ○, 10 μM MZ3; and ◊, 1.5 g l–1 HA) used over error bars represent each replicates in the investigated group. CTL, Control; HA, humic acid; MZ3, MiZax3; MZ5, MiZax5.





CONCLUSION

In conclusion, based on our three independent field studies, the amount of applied MiZax was much lower (at the micromolar or mg level) than the commercial biostimulant humic acid with a better bioactivity in promoting crop plant growth and development. Thus, MiZax are potential biostimulants enhancing the performance and production of horticultural plants (monocots and dicots).
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The genus Paspalum belongs to the family Poaceae and has several species that are native to Brazil. The Paspalum Germplasm Bank (GB) of the Brazilian Agricultural Research Corporation comprises approximately 450 accessions from 50 species. Among these accessions, Paspalum atratum (BGP 308) has economic potential for forage purposes. However, the endophytic and rhizospheric microbial communities within this accession and their ability to promote plant growth remain unknown. The present study aimed to isolate the endophytic and rhizospheric bacteria associated with P. atratum and to assess their potential for plant growth improvement, so-called plant growth-promoting bacteria (PGPB). For the in vitro tests, the ability of nitrogen-fixing bacteria (NFB), phosphate solubilization (PS) and indoleacetic acid (IAA) production were evaluated. A total of 116 endophytic and rhizosphere bacteria were obtained from the isolation. In the in vitro tests, 43 (37.00%) of these isolates showed positive NFB, PS, and IAA results. These isolates were identified by 16S rDNA sequencing. The phosphate solubilization index (PSI) ranged from 2 to 3.61, all 43 strains performed biological nitrogen fixation and the IAA production ranged from 12.85 to 431.41 μg ml−1. Eight of these 43 isolates were evaluated in vivo in a greenhouse using P. atratum caryopsis. The pots were filled with soil prepared with three different phosphate sources and one control without phosphate. After growth, the plants were submitted to morphological, bromatological and chemical determination. Data were analyzed using analysis of variance (ANOVA) and principal component analysis (PCA). In the in vivo test, treatments 105 (Pseudomonas sp.) and 458 (Pseudomonas sp.) were the most significant for the crystalline phosphate source, 109 (Bacillus sp.) for the sedimentary phosphate source and, as for the soluble phosphate source most treatments that received bacterial isolates had higher phosphorus content in the dry matter than the uninoculated soluble phosphate control. The 105FCR (crystalline phosphate + Pseudomonas sp.), 109FSE (sedimentary phosphate + Bacillus sp.), and 110 FSE (sedimentary phosphate + Enterobacter sp.) treatments showed the best results for plant growth promotion. This work made it possible to determine the bacterial community associated with P. atratum (BGP308) and to obtain new potential plant growth-promoting strains.

KEYWORDS
 bacterial community, genetic resources, biological nitrogen fixation, indoleacetic acid, phosphate solubilization


Introduction

Pasture is the main form of animal nutrition used for herds. Due to the potential for growth in different soils and climate conditions and requiring little management (Rodrigues et al., 2014), the genus Urochloa currently constitutes the majority of Brazilian pastures used for animal feed. The main problem in regard to Urochloa spp. is exposure to ecological imbalances owing to its low genetic variability (Compant et al., 2010). However, Paspalum is an important and highly diverse genus in the Poaceae family in the Americas (Novo et al., 2016), occurring throughout Brazil, Bolivia, Paraguay, Argentina, Chile and Uruguay (Zuloaga and Morrone 2005; Novo et al., 2019). Therefore, Paspalum spp. could potentially replace pastures composed of Urochloa spp. or could occupy areas where these grasses do not grow. Brazil is one of the largest meat producers and exporters globally; therefore, there is a need to research new sources and ways to carry out animal nutrition. According to the Brazilian Association of Meat Exporting Industries (ABIEC), Brazil exported approximately 8.50 million tons of beef in 2020 and 4.38 million tons in the first half of 2021, significantly contributing to Brazil’s economy (ABIEC, 2021).

Another critical point is that with the increase in cultivated areas, agrochemical use and environmental impacts also increase. Thus, alternative nonpolluting and more economical methods of promoting plant growth have gained greater attention (Coelho et al., 2019; Xiang et al., 2020).

Phosphate fertilizers are among the most commonly used agrochemicals in agriculture, and the lack of adequate levels of these fertilizers is a limiting factor for plant growth (Crous et al., 2019). Therefore, plants usually receive soluble phosphorus through industrialized fertilizers. In addition, some phosphate rocks can be applied for direct soil fertilization (Ahemad and Kibret, 2014). First, however, it is necessary to transform this phosphorus into a soluble form for plants. Phosphate-solubilizing bacteria (PSB) transform this phosphorus by chelation, ion exchange, and organic acid production (Khan et al., 2009; Afzal et al., 2019). Among the types of insoluble phosphate rocks are the sedimentary rocks of Arad (33.0% P2O5) and the crystalline rocks of Cajati/SP (5.0% P2O5) (Alves and Hagni, 2008; Ramos et al., 2009).

Paspalum accessions from the germplasm bank of Embrapa Pecuaria Sudeste have been evaluated for different uses, such as forage (Marcón et al., 2018) and turf (Souza et al., 2020). The studies developed with Paspalum plants from this GB have included characterization regarding shade stress (Barro et al., 2012), water stress (De Pezzopane et al., 2017), insect tolerance (Gusmão et al., 2016), and cryopreservation for new hybrid production (Dinato et al., 2018). However, studies related to the endophytic and rhizospheric bacterial microbiota diversity associated with this germplasm collection are still scarce.

Among the Paspalum accessions evaluated in the Brazilian Agricultural Research Corporation breeding program, BGP 308 from P. atratum Swallen is a promising accession for becoming a forage cultivar and for composing the preliminary studies of the endophytic and rhizospheric microbiota.

The analysis of the bacterial diversity associated with this species can indicate new microorganisms to be used for plant growth promotion in the forage plant P. atratum. Thus, to collaborate with works that seek alternative and sustainable ways to use phosphorus to avoid the environmental and economic impacts caused by the industrial process of obtaining industrial phosphorus.

The objective of this study was to search for phosphate-solubilizing bacteria, evaluate their ability to solubilize phosphate rocks, and promote plant growth.

The present study is the first report to examine phosphate rock in the nutrition of P. atratum plants, intermediated by cultivable endophytic and rhizospheric bacteria.



Materials and methods

The work was divided into steps in vitro and in vivo. In the in vitro stage, there was isolation, identified and evaluated of the functional capacity of the plant growth-promoting bacterial strains. The three main characterizations performed were for phosphate solubilization (PS), nitrogen-fixing bacteria (NFB) and indoleacetic acid (IAA) production. In the in vivo stage, P. atratum plants were characterized in a morphological, nutritional and mineral manner (emphasizing phosphate solubilization), when inoculated or not with plant growth-promoting bacterial strains.


Isolation of endophytic and rhizospheric bacteria

Samples (rhizospheric soils, roots, and leaves) from an adult plant of P. atratum BGP 308 (BRA 030078/VRcMmSv 14,525) were collected in August 2016 (dry season) and January 2017 (rainy season). Access BGP 308 belongs to the Paspalum germplasm bank, located at Brazilian Agricultural Research Corporation1 (21°57′42″S, 47°50′28″W, 860 m), São Carlos, SP, Brazil.

The endophytic bacterial community was isolated according to Araújo et al. (2014) and Bogas et al. (2015). Plant tissues were superficially disinfected by serial washes in 70% ethanol (EtOH) for 2 minutes, followed by 3% sodium hypochlorite for 3 minutes, 1 minute in 70% EtOH, and two rinses with sterile distilled water. Plant tissues were incubated in phosphate buffered saline (PBS) for 2 h at 28°C/200 rpm. Aliquots of 100 μl of decimal dilutions were inoculated in duplicate in plates containing tryptone soya agar (TSA) supplemented with Benlate (50 μg ml−1) to prevent fungal growth.

The isolation of rhizospheric bacteria was performed according to Mohite (2013) with modifications, in which the temperature used was 28°C, and aliquots of 100 μl of decimal dilutions were inoculated in duplicate in plates containing tryptic soy agar (TSA) supplemented with Benlate (50 μg ml−1). Bacterial cultures were preserved in tryptone soya broth (TSB) supplemented with glycerol (1:1) at −80°C until further study.



Strain identification

Total DNA was extracted according to Aljanabi and Martinez (1997). The 16S gene was amplified using the primers V3F (5′-ACTCCTACGGGAGGCAGCAG-3′) and V6R (5′ ACAGCCATGCANCACCT 3′; Yang et al., 2016). Polymerase chain reaction (PCR) containing 60 ng of genomic DNA, 25 μl of Thermo Scientific PCR Master Mix (1.25 U of Taq polymerase enzyme, 1 × PCR buffer (200 mM Tris pH 8.4, 500 mM KCl), 50 mM MgCl2, and 1.25 mM dNTP) and 3 pmol of each primer was performed for the selected isolates. The reaction conditions consisted of an initial 95°C step for 3 min, followed by 31 cycles of 95°C for 30 s., 60°C for 30 s., 72°C for 1 min. and a final extension of 10 min at 72°C in a BioRad T100 thermocycler. The amplicons were examined by 0.7% agarose gel electrophoresis and purified by using a QIAquick (Qiagen) kit. The sequencing reactions were performed using the BigDye® Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific) and sequenced using an ABI 3730 DNA Analyzer. Sequences were analyzed by Sequencing Analysis 5.3.1 software using the Base Caller KB, and the low-quality sequences were visualized and edited using BioEdit software (Hall, 1999). The final sequence was subjected to BLASTn bacterial identification (Altschul et al., 1997; Maidak et al., 2000; Garrity et al., 2004).

The phylogenetic tree was obtained by multiple alignments of P. atratum endophytes and 16S rRNA sequences were retrieved from NCBI using the algorithm ClustalW and generated using MEGA X software (Kumar et al., 2018) using the maximum likelihood method in combination with a general time reversible model with 1,000 bootstrap replications as branch support (Saitou and Nei, 1987; Tamura et al., 2011). Halobacterium sp. (NR_113428.1) sequence was used as an outgroup.



In vitro evaluation of plant growth-promoting bacteria

Bacteria isolated from P. atratum were qualitatively/quantitatively screened in triplicate for their ability to solubilize inorganic calcium phosphate. Strains were incubated in nutrient agar supplemented with Ca3(PO4)2 for 96 h at 28°C (Rodríguez and Fraga, 1999; Verma et al., 2001). As a result, the phosphate solubilization index (PSI) was calculated as the ratio of the total diameter (colony + halo zone) to the colony diameter and was classified as low (PSI < 2), medium (2 < PSI < 3), and high (PSI > 3; Silva Filho and Vidor, 2000; Pande et al., 2017).

The nitrogen-fixing bacteria (NFB) assay was carried out by growing the strains in a semisolid nitrogen-free medium twice for 72 h/28°C (Döbereiner et al., 1995). For the quantification of auxin production, the strains were grown in the broth tryptone de soy 10% medium supplemented with L-tryptophan for 72 h/28°Ca. This method was initially proposed by Bric et al. (1991) and adapted as a quantitative method (Husen, 2016).



In vivo PGPB assay

Caryopsis of P. atratum were germinated and inoculated with eight different strains that presented PSI ≥ 2.0. The experiment was conducted in a greenhouse at the Brazilian Agricultural Research Corporation (see footnote 1), São Carlos, SP, Brazil. A randomized block design with three replications was used in a factorial scheme of 8 × 3 + 1 with pots containing 0.5 l and 4.5 l of soil.



Soil preparation and treatments

The soil was prepared with three different sources of phosphate plus the control without phosphate, totaling 36 treatments and 108 pots. The three sources of P used were (1) soluble phosphate—triple granulated superphosphate (46.0% P2O5 soluble in neutral ammonium citrate + water), (2) sedimentary phosphate—Arad phosphate rock concentrate (33.0% P2O5 total), and (3) crystalline phosphate—Cajati phosphate rock concentrate (5.0% P2O5 total) with a dose of 200 mg kg−1 P or 458 mg kg−1 P2O5.

The chemical characteristics of the soil were determined according to Van Raij et al. (2001). Based on the soil analysis results, dolomitic limestone (total neutralizing power ratio, TNPR = 70%) was added to achieve a base saturation of 60% prior to transplanting. Then, the three phosphorus sources were applied at the transplanting of the seedlings, and the pots were fertilized with K2SO4 (60% K2O) until K reached 3% of the cation exchange capacity (CEC).



Germination, seedling transplantation, and inoculations

The caryopses of the spikelets were removed and subjected to the disinfection process in a closed desiccator using the protocol described by Quesenberry et al. (2010). The caryopses were inserted into 16 × 100 mm test tubes containing Murashige and Skoog (MS) medium according to the Orbovic and Grosser (2006) seed germination protocol. After 14 days, the seedlings were removed from the test tube and inserted into a Falcon tube with 15 ml of bacterial suspension for 30 min at 28°C. The liquid MS medium was standardized at 109 CFU/ml and used in this step. Thus, seedlings were transplanted into 500 ml pots containing limed soil without correction of nutrients. Five more inoculations were performed: in 500 ml pots, they received two more inoculations (15 and 30 days after transplant), and in 4.5 kg pots, they received three more inoculations (45, 60, and 75 days after transplant). Finally, the 6 ml volume of the standardized bacterial suspension was inoculated into the soil close to each plant’s root. The control was inoculated with phosphate buffered saline (PBS) solution without the bacterial isolate.



Morphological, nutritional, and mineral analysis

The seedlings remained in the 500 ml pots for 43 days and were transplanted into the 4.5 kg pots for the four treatments. At 50 days after transplanting, the aerial parts of the plants were cut 15 cm from ground level and measured.

The aerial part samples were placed in an oven with forced circulation at 60°C for 72 h. After drying the samples and determining the dry leaf weight, the material was crushed in a Wiley mill with 1 mm sieves. The collected material was stored in a plastic bottle.

Thirty-two descriptors were evaluated: EP (phosphorus extract), EN (nitrogen extract), ECa (calcium extract), CP (crude protein), MM (mineral matter), LIG (lignin), Ca (calcium), Mg (magnesium), P (phosphorus), K (potassium), S (sulfur), Mn (manganese), Zn (zinc), N (nitrogen), SPAD (SPAD index), AFW (aerial fresh weight), ADW (aerial dry weight), LW (leaf width), NL (number of leaves), NT (number of tillers), ANT (presence of anthocyanin), LA (leaf area), EZn (zinc extract), DIV (in vitro digestibility), FDN (neutral fiber detergent), Ll (leaf length), PHe (plant height), Fe (iron), FDA (acid detergent fiber), MS (dry matter), EE (ether extract) and Cu (copper). Dry matter, crude protein, neutral detergent fiber, acid detergent fiber, lignin, and in vitro digestibility were determined using a near-infrared spectrometer (NIRS; Büchi Labortechnik, 2007) with a calibrated curve for Paspalum.

Based on Nogueira et al. (1998), the total nutrient content was determined. Nitrogen was determined in the extract of sulfuric digestion by the semimicro Khjeldhal method. The determination of K was made in the extract of nitro-perchloric digestion and determined by flame photometry. The other macronutrients (P, Ca, Mg, and S) and micronutrients (Cu, Fe, Mn, and Zn) were determined in the same nitro-perchloric extract and determined by induced plasma spectrometry (ICP–OES).



Statistical analysis

Thirty-two traits (morphological, nutritional, and mineral) were analyzed. Data were analyzed using analysis of variance (ANOVA) and principal component analysis (PCA) with SAS® 9.3 software (SAS Institute Inc, 2011).




Results


Isolation of endophytic and rhizospheric bacteria

In the rainy season isolation, the bacterial population ranged from 02 × 10−1 cfu gm−1 (leaf) to 43 × 10−3 cfu gm−1 (root), whereas in the dry season isolation, the bacterial population ranged from 05 × 10−1 cfu gm−1 (leaf) to 35 × 10−2 cfu gm−1 (rhizosphere; Table 1). In the rainy season, the soil had a pH of 5.4 (water) and 4.8 (CaCl2), and in the dry season, it was 5.6 (water) and 5.0 (CaCl2).



TABLE 1 Isolation of endophytic and rhizospheric bacteria from soil samples.
[image: Table1]

A total of 116 bacterial isolates were collected from P. atratum BGP 308, where 43 (37.00%) were obtained from rhizospheric soils, 42 (36.20%) from roots, and 31 (26.70%) from leaves. A total of 74 (63.70%) strains were isolated in the rainy season and 42 (36.20%) in the dry season.



Identification and evaluation of the functional capacity of the plant growth-promoting bacterial strains

Among the 116 strains obtained, 43 (37.00%) showed positive NFB, SF, and IAA results. From these, the strains that belonged to the genera Enterobacter (46.50%), Pseudomonas (32.50%), and Pantoea (13.90%) were the most abundant (Figure 1). On the other hand, Bacillus, Microbacterium, and Micrococcus strains represented only 6.90%. The phylogenetic analysis showed highly significant support (>98%) for the groups formed of samples from each genus and its correspondent reference sequences for the genus. Moreover, nodes forming a group with all the samples from genera Enterobacter, Pantoea and Pseudomonas and another group with all the samples from genera Bacillus, Microbacterium and Micrococcus also showed significant support (>90%), showing the relation among genera identified in this study (Figure 1).

[image: Figure 1]

FIGURE 1
 Consensus tree obtained from a maximum likelihood phylogenetic analysis using the general time reversible model (bootstrap with 1,000 replicates) based on 670 bp of the partial 16S rDNA gene.


The phosphate solubilization index (PSI) ranged from 2 to 3.61 (Table 2). Strains 103, 89, and 102, which are root endophytes and belong to the Enterobacter genus, showed the best results, with PSI values of 3.61, 3.58, and 3.56, respectively. All 43 strains in Table 2 performed biological nitrogen fixation, characterized by a semisolid nitrogen-free medium. The IAA production ranged from 12.85 to 431.41 μg ml−1. The endophytic leaf strain 170 (Pantoea sp.) showed the highest IAA production (431.41 μg ml−1), followed by 18 Enterobacter spp.; endophytes from roots presented 105.05–263.74 μg ml−1 of IAA production.



TABLE 2 Molecular identification of the genera of the 43 bacterial strains that showed positive results for the phosphate solubilization index (PSI), nitrogen-fixing bacteria (NFB), and indole acetic acid (IAA) production.
[image: Table2]

All strains belonging to Microbacterium, Micrococcus, Pantoea, Bacillus, and Enterobacter were endophytes, while the Pseudomonas strains were either endophytic or rhizospheric. Among the 43 strains selected for the in vitro tests, six were isolated from the rhizosphere, 27 from the root, and 10 from the leaf (Table 3).



TABLE 3 Bacterial genus, number of strains, origin and isolation period of strains of BGP 308 from P. atratum that were positive for phosphate solubilization, biological nitrogen fixation, and indole acetic acid production.
[image: Table3]



Plant growth-promotion assay

In the plant growth promotion assay, the selected strains belonged to the rhizosphere, root and leaf. The PSI ranged from 2 to 3.61, and all were positive for NFB and IAA. The rhizospheric bacteria selected for the in vivo test were Isolates 25 (Pseudomonas sp.) and 458 (Pseudomonas sp.), and the endophytic bacteria were Isolates 103 (Enterobacter sp.), 105 (Pseudomonas sp.), 109 (Bacillus sp.), 110 (Enterobacter sp.), 161 (Pseudomonas sp.), and 170 (Pantoea sp.).

The triple interaction [Source of Phosphorus (3) vs. Isolate (9) vs. Cut (3)] for Phosphorus extract (P) was significant with p-value = 0.0023.

The P extract showed that in treatments with crystalline phosphate, the mean phosphorus content in dry matter ranged from 0.90 to 3.82 kg ha–1, considering treatments and cuts (Figure 2). The treatments that received strains 105 (Pseudomonas sp.) and 458 (Pseudomonas sp.) had a higher phosphorus content than the control crystalline phosphate in the first cut and showed a drop in the second third cut. The treatment containing Strain 110 (Enterobacter sp.) presented a high level of phosphorus in the second cut compared to the control. Within this treatment, P extract increased in the second cut, and decreased it in the first and third cut. Despite the numerical variations, in the phosphorus content, there was no statistical difference (p > 0.05). In treatments with sedimentary phosphate, the mean phosphorus content in dry matter ranged from 0.89 to 11.82 kg ha–1, considering treatments and cuts. The treatment that received the bacterial isolate 109 (Bacillus sp.) had a higher phosphorus content than the sedimentary phosphate control in the first cut (p > 0.05). Within this treatment, the phosphorus content was higher in the first cut, followed by the second and third cut (p ≤ 0.05). The treatment that received strain 103 (Enterobacter sp.) also showed an increase in phosphorus content in the first cut. In the other treatments there were no (p > 0.05) significant changes in the phosphorus content in the cuts.

[image: Figure 2]

FIGURE 2
 Triple interaction (source of phosphorus vs. isolate vs. cut). Treatments that received crystalline (A), sedimentary (B), and soluble (C) phosphate as a source of phosphorus.


In treatments with soluble phosphate, the mean phosphorus content in dry matter ranged from 3.14 to 24.00 kg ha–1, considering treatments and cuts. Regardless of treatment, the phosphorus content was higher in the first cut (p ≤ 0.05). In this cut, the lowest phosphorus content in the dry matter was in the treatment that received the strain 103 (Enterobacter sp.) and the highest was in the treatment that received the strain 161 (Pseudomonas sp.) with 11.65 and 24.00 kg ha–1, respectively. The treatment that received the bacterial isolate 110 (Enterobacter sp.) showed a significant difference (p ≤ 0.05) between the three cuts, for the phosphorus content, with 21.66, 7.73 and 3.98 kg ha–1, respectively. The phosphorus content, in cut1, for the control of uninoculated soluble phosphate was 15.21 kg ha–1. In cuts 2 and 3, the maximum phosphorus content reached was 7.73 kg ha–1, regardless of the treatments.

The results of the principal component analysis (PCA) showed that Component 1 (PRIN1 = 65.31%) and Component 2 (PRIN2 = 8.52%) explained 73.83% of the variance observed. A total of 22 variables were significant (correlation > 50%) in the discrimination of treatments (Table 4) among the 32 variables used.



TABLE 4 Contribution of morphological descriptors for principal component analysis.
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When evaluating the phosphate source used in the experiment, the analyzed variables divided the treatments into two groups (Figure 3), directed by Principal Components 1 (PRIN1) and 2 (PRIN2). The treatments that received soluble phosphate are distributed on the left side of the graph. In contrast, the treatments without phosphate (control) and those receiving sedimentary and crystalline phosphate are distributed on the right side. For the most significant morphological, mineral and bromatological variables, the principal component analysis showed that Principal Component 1 had significant associations with the SPAD index (SPAD), potassium (K), zinc (Zn), crude protein (CP), lignin (LIG) and nitrogen (N) (Figure 2). Furthermore, these variables were responsible for grouping the nine treatments (103 FSO, 105 FSO, 109 FSO, 110 FSO, 161 FSO, 170 FSO, 25 FSO, 458 FSO, and CAFSO) that received the soluble phosphate source in Group 1.

[image: Figure 3]

FIGURE 3
 Principal component analysis of the 22 descriptors evaluated. Correlation between the evaluated descriptors. Phosphorus extract (EP), nitrogen extract (EN), calcium extract (ECa), crude protein (CP), mineral matter (MM), lignin (LIG), calcium (Ca), magnesium (Mg), phosphorus (P), potassium (K), sulfur (S), manganese (Mn), zinc (Zn), nitrogen (N), SPAD index (SPAD), aerial fresh weight (AFW), aerial dry weight (ADW), leaf width (LW), number of leaves (NL), number of tillers (NT), presence of anthocyanin (ANT), and leaf area (LA).


Principal Component 2 showed strong associations with aerial fresh weight (AFW), aerial dry weight (ADW), leaf width (LW), number of leaves (NL), number of tillers (NT), anthocyanin (ANT), area leaf (LA), phosphorus extract (EP), calcium extract (ECa), calcium (Ca), magnesium (Mg), phosphorus (P), sulfur (S), manganese (Mn), nitrogen (EN) and mineral matter (MM) (Figure 2). These variables grouped the 27 treatments (103FCR, 103FSE, 103SF, 105FCR, 105FSE, 105SF, 109FCR, 109FSE, 109SF, 110FCR, 110FSE, 110SF, 161FCR, 161FSE, 161SF, 170FCR, 170FSE, 170SF, 25FCR, 25FSE, 25SF, 458FCR, 458FSE, 458SF, CAFCR, CAFSE and CASF) that did not receive the soluble phosphate source in Group 2.

Tables 5, 6 describe the order of descriptors that most contributed to the morphological variation observed in Principal Component 1 (PRIN 1) of the principal component analysis (PCA) of all treatments evaluated in this work. Analyzing the most important descriptors (SPAD, K, Zn, CP, LIG and N), it can be observed that the treatments that received soluble phosphate presented lower values (Tables 5, 6) for these descriptors, and this located these treatments in group 1 (Figure 3). The inverse of values for these descriptors are represented in the procedures that they located in group 2.



TABLE 5 Values of extracts and morphological descriptors evaluated on average.
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TABLE 6 Values of mineral and bromatological descriptors evaluated on average.
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In Figure 4, the principal component graph shows the two groups and treatments closest to those receiving phosphorus from the soluble phosphate source. The group on the right side of the graph belongs to treatments with soluble phosphate. In contrast, the group to the left and central part of the graph belongs to treatments containing sedimentary phosphate, crystalline phosphate, and no phosphate (control). Any treatment that received sedimentary and crystalline phosphate was not observed, composing the group of those that received the soluble phosphate. Nevertheless, the ones that came closest were the 105FCR (crystalline phosphate + Pseudomonas sp.), 109FSE (sedimentary phosphate + Bacillus sp.), and 110FSE (sedimentary phosphate + Enterobacter sp.) treatments.

[image: Figure 4]

FIGURE 4
 Biplot graph resulting from the 36 treatments obtained by principal component analysis considering the 22 descriptors for Principal Components 1 and 2. Control (CA), crystalline phosphate (FCR), sedimentary phosphate (FSE), phosphate-free (SFO), and soluble phosphate (FSO). The number that precedes the treatment refers to the strain code.





Discussion

In the production of pastures for animal nutrition, there is great concern regarding the cultivation of plants. For cultivation, plants obtain most of their nutrients from some industrialized source. In 2018, Brazil consumed 852.4 thousand tons of triple superphosphate (largest consumer on a global scale) and 2,437.7 thousand tons of ammonium phosphate (third consumer on a global scale). For nitrogen, phosphorus, and potassium (NPK) fertilizer, Brazil consumed 15507.1 thousand tons and imported 13338.7 thousand tons, the largest importer of NPK on a worldwide scale (International Fertilizer Industry Association, 2021). Microorganisms can provide nutrients from alternative and nonindustrialized sources to plants. The main focus of this work was to address phosphate solubilization by plant growth-promoting bacteria (PGPB).

Studies involving the endophytic and rhizospheric microbiota of Paspalum accessions are scarce. Zhao et al. (2021) isolated endogenous Enterobacter strains from Paspalum vaginatum and evaluated their influence on promoting salt tolerance in the plant. Pérez and Martínez (2016) isolated and identified endophytic bacteria that is resistant to mercury associated with P. arundinaceum in Mina Santa Cruz, Bolivar., Colombia, aiming to obtain plant growth-promoting strains with potential for phytoremediation of mercury-contaminated soil. Amaral et al. (2021) isolated and characterized plant growth-promoting rhizobacteria (PGPR) from 10 genotypes of Paspalum and evaluated the effect of inoculation on P. regnellii, P. atratum, and P. malacophyllum. The genotypes were also collected from the Paspalum germplasm bank at the Brazilian Agricultural Research Corporation; however, the genotype of P. atratum studied was cv. Pojuca BGP 098. For studies involving phosphate solubilization in Paspalum with potential for forage, this work is the first to examine phosphate rock in the nutrition of P. atratum plants, intermediated by cultivable endophytic and rhizospheric microorganisms.

Based on the present study results, the bacterial population was higher in the rhizosphere and the root. The rhizosphere exhibits different physical and chemical characteristics than nonrhizospheric soil, as plants can produce root exudates, which provide bacterial nutrition and make this environment favorable for bacterial colonization (Wu et al., 2018). In the case of endophytic bacteria, the root is the main entrance way for microorganisms in plants (White et al., 2014). Thus, it is also expected that the roots present a greater population of microorganisms than other plant segments, such as stems and leaves. Abedinzadeh et al. (2019) found similar data, in which the population size was 3.4 ± 2.12 × 106 and 6.8 ± 1.20 × 103 for rhizospheric and endophytic bacteria in maize plants.

Among the 116 strains isolated, 43 showed positive results for NFB, SF, and IAA. The 43 strains belonged to Proteobacteria, Firmicutes, and Actinobacteria. Genetic diversity studies have reported that these phyla are both endophytic and rhizospheric (Rosenblueth and Martínez-Romero, 2006; Pisa et al., 2011; Prabha et al., 2018) and generally present strains with potential for plant growth promotion.

In this work, through in vitro tests, the main strains that showed the potential to promote plant growth belonged to Bacillus, Enterobacter, Microbacterium, Micrococcus, Pantoea, and Pseudomonas (Amaral et al., 2021). The main PGPB isolated from Paspalum genotypes were Acinetobacter, Bacillus, Cupriavidus, Dyadobacter, Enterobacter, Paraburkholderia, Pseudomonas, and Rhizobium.

In the in vivo test, treatments were separated into two groups. Group 1 received alternative phosphate sources, and Group 2 received a soluble phosphate source. The most significant morphological descriptor for Group 1 was SPAD (SPAD index). The mineral descriptor was potassium (K), and as for the results of the bromatological analysis, the crude protein (CP) content was the most significant. These descriptors showed lower values in treatments that received the soluble phosphate source. For Group 2, the most significant morphological descriptors were aerial fresh weight (AFW) and aerial dry weight (ADW), the mineral was calcium extract (ECa), and the bromatological descriptor was nitrogen extract (EN). Phosphorus was the 11th most significant descriptor in Principal Component 1 and the 12th most significant in Principal Component 2; thus, it had equal importance for both groups.

The in vitro tests showed that the PSI ranged from 2 to 3.61, and the phosphate-solubilizing bacteria belonged to Bacillus, Enterobacter, Microbacterium, Micrococcus, Pantoea, and Pseudomonas. These genera are already described in the literature as phosphate-solubilizing bacteria. De Assumpção et al. (2009) found Pseudomonas sp. with 5.3 and 8.3 of PSI and Pantoea sp. with PSI = 6.0. Suleman et al. (2018), when prospecting bacteria with the potential for phosphate solubilization for wheat plants, found that the best results were with Enterobacter, presenting 2.2–5.8 of PSI. Similarly, the strain with the highest PSI also belonged to the Enterobacter genus in the present study.

Regarding the in vivo test in a greenhouse, the treatments with crystalline phosphate plus Isolates 105 (Pseudomonas sp.) and 458 (Pseudomonas sp.) showed available phosphorus in the initial period of plant development. However, the treatment that received the 110 (Enterobacter sp.) strain showed higher phosphorus content in the second cut, suggesting that the 110 strain needs a more extended period to make the phosphorus available to the plant. In the literature, there is a search for an alternative source of phosphorus for plant nutrition, with Arad rock phosphate being one of those rocks with potential for this purpose. Gatiboni et al. (2003) used natural phosphates from Arad as a source of phosphorus for white clover (Trifolium repens) and ryegrass (Lolium multiflorum) pastures. Gatiboni et al. (2003) observed that the use of natural phosphate from Arad was effective in moderate to high soil and that liming increased the efficiency of superphosphate and decreased the efficiency of rock phosphate as a source of phosphorus. Guedes et al. (2012), evaluating the use of natural Arad phosphate and liming in two tropical grass species in degraded Amazon soil, observed better results in Megathyrsus maximus than in Urochloa brizantha, noting that the success in fertilization was dependent on the cultivated species and soil acidity. These studies sought to explore the gradual capacity of natural rocks to release phosphorus. However, they only used Arad’s natural phosphate in crops without studying the endophytic and rhizospheric microbiota of the host plant. In the present study, the primary method was the optimization of the phosphorus contained in the phosphate rock through selected microorganisms isolated from soil and plant tissue of P. atratum. Another characteristic observed in P. atratum was the acidic soil; both in the rainy and dry seasons, the soil pH of the soil was not higher than 5.6. As mentioned by Guedes et al. (2012), this feature facilitates the solubilization of phosphate from natural rocks.

Principal component analysis showed that the 110FCR (Enterobacter sp.) and 458FCR (Pseudomonas sp.) treatments were very close. The 105FCR (Pseudomonas sp.) treatment stood out, being the treatment with crystalline phosphate that came closest to the treatments that received soluble phosphate. The literature shows that the main phosphate solubilizers are Arthrobacter, Azospirillum, Azotobacter, Bacillus, Beijerinckia, Burkholderia, Enterobacter, Erwinia, Flavobacterium, Mesorhizobium, Microbacterium, Pseudomonas, Rhizobium, Rhodococcus, and Serratia (Bhattacharyya and Jha, 2012; Gouda et al., 2018). There is a search to optimize phosphate rock from Cajati as an alternative source of phosphorus. Lemos et al. (2013) sought to use the rock in the diet of Nellore cattle, as Bernardi and Oliveira (2021) sought to associate the phosphate rock of Cajati with zeolite minerals to nourish the alfalfa crop.

In treatments with sedimentary phosphate, the 109FSE (Bacillus sp.) treatment was the closest to the treatments with soluble phosphate and presented the highest phosphorus content in the first cut. One hypothesis to explain the higher content of phosphorus in the first cut is that there was great solubilization of sedimentary phosphate during the initial periods of the plant, thus depleting almost all available phosphorus sources in the first cut and, consequently, reducing these in dry matter in the second and third cut. This fact shows the importance of topdressing after grazing.

The results observed in treatments with soluble phosphate that included the bacterial isolates also suggest that the source of phosphorus was depleted during the initial stages of plant development. Of the eight treatments that received the strains, seven showed higher phosphorus content than the soluble phosphate control dry matter. The exception was treatment 103FSO (Enterobacter sp.). Therefore, future studies should explore the possibility of using less soluble phosphorus by inoculating phosphate-solubilizing bacteria, seeking to optimize the use of soluble phosphorus in agriculture. When looking for bacteria with the potential for phosphate solubilization in peas, Oteino et al. (2015) conducted an experiment involving Bacillus sp. and Pseudomonas sp. They used soluble phosphate as a control and tricalcium phosphate (Ca3(PO4)2) insoluble in the treatments. As a result, it was observed that the strains increased the phosphorus content in the plant compared to the insoluble control. Nevertheless, no treatment equaled or surpassed the phosphorus content present in the dry matter of the plants treated with soluble phosphate. Similar to the results presented by Oteino et al. (2015), no alternative treatments had equal or higher phosphorus levels as seen in treatments that received the soluble phosphate source. However, a significant difference was that treatments with soluble phosphate also received the bacteria, indicating the potential of these microorganisms to optimize the soluble phosphate in the plant.

During the in vitro tests, using the NFB medium, there was an expectation of finding Azorhizophilus paspali (Azotobacter paspali), a nitrogen-fixing bacteria, found by Döbereiner et al. (1995) when developing the culture medium (Baldani et al., 2014). Batista et al. (2018), when using NFB medium, observed that the main strains with potential for biological nitrogen fixation belonged to Bacillus and Burkholderia. As in these studies, no strains of Azotobacter were obtained in the present study. However, the growth of other microorganisms in the NFB medium was justified because the medium was not highly selective; therefore, strains with the potential to use malic acid as a carbon source and with a pH of 6.8 can grow (Baldani et al., 2014). This method characterized the strains with potential for nitrogen fixation in this work. The cultivable bacterial community with the potential for nitrogen fixation will undoubtedly increase by using another culture medium for isolation or biochemical characterization.

The bromatological descriptors crude protein (CP) and nitrogen (N) content correlated with the morphological descriptor index SPAD in the plant. The CP descriptor was calculated by multiplying the nitrogen content by 6.25 (Druzian et al., 2012; De Medeiros et al., 2015). The SPAD index was generated by the SPAD-502 chlorophyll meter (Soil Plant Analysis Development), which indirectly measures the leaf chlorophyll content without destroying the leaf (D’Oliveira et al., 2020), and the chlorophyll concentration positively correlated with the nitrogen content (Benati et al., 2021).

Among the most significant descriptors to assess the variation between treatments and plant growth promotion, crude protein content was significantly crucial in Group 1 treatments. The 161SF (Pseudomonas sp.), 103FSE (Enterobacter sp.), 25SF (Pseudomonas sp.), CAFCR, and 109SF (Bacillus sp.) were the ones with the highest SPAD index. On the other hand, the 103FCR (Enterobacter sp.), 25FCR (Pseudomonas sp.), 109SF (Bacillus sp.), 161SF (Pseudomonas sp.), and 105 FSE (Pseudomonas sp.) treatments presented the highest levels of CP and N.

Leite et al. (2001) studied the growth and chemical composition of P. atratum cv. Pojuca grass in soil with satisfactory nutrients and nitrogen fertilization during the rainy season. The researchers found CP contents between 6.90 and 12.11%. By sampling the nutritional contents of three cultivars, Porto et al. (2009) found CP contents of 11.1, 11.9, and 9.4% for Tanzania grass (M. maximus), Stargrass (Cynodon), and marandu grass (U. brizantha cv. Marandu), respectively.

Crude protein contents lower than 7% in the dry matter limit animal nutrition (De Abreu et al., 2006). All treatments studied in the present work had a protein content greater than 7%, ranging from 10.12 to 12.46%, values similar to those found by Leite et al. (2001) for the Pojuca cultivar (P. atratum) and by Porto et al. (2009) for the cultivars Capim-tanzânia, Grama-estrela, and Capim-marandu. The leaf protein content in the Pojuca cultivar ranges from 8 to 10% (Karia and de Andrade, 2001). The values found in this work were also superior to the results obtained by Lopes et al. (2010) for U. brizantha, U. decumbens, U. humidicola, and U. Ruziziensis, which ranged from 6.4 to 7.5% CP in dry matter.

In the present study, none of the treatments received nitrogen fertilization. Nevertheless, many of them had similar or superior CP results compared to other studies that evaluated cultivars already on the market. Even the phosphate-free control (CSF), which did not receive any phosphorus source or bacterial inoculum, showed CP results superior to those found by Leite et al. (2001). This fact shows the potential of this genotype as a forage plant.

The main potential NFB were 25 (Pseudomonas sp.), 103 (Enterobacter sp.), 105 (Pseudomonas sp.), 109 (Bacillus sp. and 161 (Pseudomonas sp.). The 103FSO (Enterobacter sp.) treatment stood out due to high levels of CP and N in the dry matter. The Isolate 103 (Enterobacter sp.) also showed good levels of CP and N in treatments with a sedimentary and crystalline phosphate source, making it a good candidate for biological nitrogen fixation investigation. Potassium was another significantly important mineral descriptor observed in Group 1 treatments. In the K+ format, potassium regulates the osmotic potential and activates enzymes involved in respiration and photosynthesis in the plant (Taiz et al., 2016). Therefore, potassium was among the most significant descriptors in the principal component analysis. The treatments that presented the lowest K content received the soluble phosphate source. The treatments that showed the highest K content were 105FSE (Pseudomonas sp.), 103FSE (Enterobacter sp.), 170FSE (Pantoea sp.), 25FCR (Pseudomonas sp.), and 161FCR (Pseudomonas sp.), followed by the control treatments CASF, CAFCR, and CAFSE. The microbiological modification technique enables the direct application of rocks in agriculture. Citric and oxalic acids produced by microorganisms release potassium from biotite, a common mineral in the silicate class (Van Straaten, 2010).

The plants inoculated with the bacterial Isolates 105FCR (Pseudomonas sp.), 109FSE (Bacillus sp.), 110FSE (Enterobacter sp.), 103SF (Enterobacter sp.), 458SF (Pseudomonas sp.), and 458FCR (Pseudomonas sp.) showed growth similar to those treated with a soluble phosphate source. Therefore, they can be selected for future plant growth-promotion experiments.



Conclusion

A total of 116 cultivable endophytic and rhizospheric strains were isolated from rhizospheric soil samples, roots, and leaves of P. atratum.

As for the capacity of the plant growth-promoting bacterial strains, 43 (37.00%) strains showed positive NFB, SF, and IAA results and belonged to Enterobacter (46.50%), Pseudomonas (32.50%), and Pantoea (13.90%), and Bacillus, Microbacterium, and Micrococcus strains represented 6.90%.

The phosphate solubilization index (PSI) ranged from 2 (Pseudomonas spp.) to 3.61 (Enterobacter spp.) and the IAA production ranged from 12.85 (Pseudomonas spp.) to 431.41 (Pantoea spp.) μg ml−1.

In the in vivo test, treatments 105 (Pseudomonas sp.) and 458 (Pseudomonas sp.) were the most significant for the crystalline phosphate source, 109 (Bacillus sp.) for the sedimentary phosphate source and, as for the soluble phosphate source most treatments that received bacterial isolates had higher phosphorus content in the dry matter than the uninoculated soluble phosphate control.

For the morphological, mineral and bromatological variables, the principal component analysis showed that Principal Component 1 had significant associations with the SPAD index (SPAD), potassium (K), zinc (Zn), crude protein (CP), lignin (LIG) and nitrogen (N). While, principal Component 2 showed strong associations with the other 16 descriptors.

These diverse cultivable bacterial genera have the potential to promote plant growth, and the 105FCR (crystalline phosphate + Pseudomonas sp.), 109FSE (sedimentary phosphate + Bacillus sp.), and 110 FSE (sedimentary phosphate + Enterobacter sp.) treatments showed the best results in the plant growth promotion assay.

Other treatments showed isolated characteristics of interest for one or another descriptor analyzed, such as dry weight, potassium, and nitrogen content in the leaves.
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Soybean [Glycine max (L.) Merrill] cultivation is important for its dual role as rich source of dietary protein and soil fertility enhancer, but production is constrained by soil nutrient deficiencies. This is often resolved using chemical fertilizers that exert deleterious effects on the environment when applied in excess. This field study was conducted at Nkolbisson-Yaoundé in the agro-ecological zone V of Cameroon to assess the performance of soybean when inoculated with plant growth-promoting bacteria (PGPB) and arbuscular mycorrhiza fungi (AMF), with or without NPK fertilizer addition. Ten treatments (Control, PGPB, AMF, PGPB+AMF, PGPB+N, PGPB+PK, PGPB+N+PK, PGPB+AMF+N, PGPB+AMF+PK, and PGPB+AMF+N+PK) were established in a randomized complete block design with three replicates. Mycorrhizal colonization was only observed in AMF-inoculated soybean roots. In comparison to control, sole inoculation of PGPB and AMF increased the number of root nodules by 67.2% and 57%, respectively. Co-application of PGPB and AMF increased the number of root nodules by 68.4%, while the addition of NPK fertilizers significantly increased the number of root nodules by 66.9–68.6% compared to control. Acid phosphatase activity in soybean rhizosphere ranged from 46.1 to 85.1 mg h–1 kg–1 and differed significantly across treatments (p < 0.001). When compared to control, PGPB or AMF or their co-inoculation, and the addition of NPK fertilizers increased the acid phosphatase activity by 45.8%, 27%, 37.6%, and 26.2–37.2%, respectively. Sole inoculation of PGPB or AMF and their integration with NPK fertilizer increased soybean yield and grain contents (e.g., carbohydrate, protein, zinc, and iron) compared to the control (p < 0.001). Soil phosphorus correlated significantly (p < 0.05) with soybean grain protein (r = 0.46) and carbohydrate (r = 0.41) contents. The effective root nodules correlated significantly (p < 0.001) with acid phosphatase (r = 0.67) and soybean yield (r = 0.66). Acid phosphatase correlated significantly (p < 0.001) with soybean grain yield (r = 0.63) and carbohydrate (r = 0.61) content. Effective root nodules correlated significantly with carbohydrate (r = 0.87, p < 0.001), protein (r = 0.46, p < 0.01), zinc (r = 0.59, p < 0.001), and iron (r = 0.77, p < 0.01) contents in soybean grains. Overall, these findings indicate strong relationships between farm management practices, microbial activities in the rhizosphere, and soybean performance.
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fertilizer, N2-fixation, P-solubilization, phosphatase, rhizosphere


Introduction

Soybean [Glycine max (L.) Merrill] plays crucial roles in food and nutrition security due to its high nutrient contents, while its ability to biologically fix atmospheric nitrogen in symbiosis with Rhizobia enhances the productivity of agricultural systems. Soybean production in Cameroon has been increasing since 2010, and it is the second most cultivated legume after peanuts, with the rapid development of cultivated areas from 6,705 ha in 2008 to 15,020 ha in 2018 (WWF, 2014; Nyahnone, 2017; Nzossié and Bring, 2020). Macroeconomic data show that Cameroon imports an average of 20,000 tons of soybeans worth approximately CFAF 10 billion a year (WWF, 2014), and GMO soybean meal worth CFAF 14 billion (Nyahnone, 2017). Hence, there is a challenge to increase domestic supply to meet agro-industrial demand, which is indicative of the enthusiasm of farmers for soybean production. Wendt and Atemkeng (2004) reported soybean yield ranging between 448 and 709 kg/ha across the first and second planting seasons, with a significant effect of soil nutrients (especially magnesium content) on soybean yield.

Poor soil fertility is a major constraint for crop production in Cameroon with nitrogen (N) and phosphorus (P) as the main limiting elements (Tening et al., 2013; Ngosong et al., 2019; Nanganoa et al., 2020). Soil nutrient deficiencies are commonly resolved using chemical NPK fertilizers that are deleterious to the environment and humans when applied in excess, which has necessitated alternative management practices that can foster crop productivity without jeopardizing sustainability (Ntambo et al., 2017; Mahmud et al., 2020; Mndzebele et al., 2020). A promising alternative to increase crop performance is the use of beneficial microbes to enhance soil fertility, plant nutrition, and protection (Korir et al., 2017; Tchakounté et al., 2020). Despite the widely demonstrated importance of soil beneficial microbes in fostering biotic interactions in the rhizosphere and improving crop performance, biofertilizers have not been fully incorporated in farming systems relative to chemical fertilizers. Although proficient microbes can sustainably improve plant nutrition and protection (Bender et al., 2016; Venneman et al., 2017; Bello et al., 2018), microbial products are still largely untapped in Africa. Hence, there is a need to develop local microbial biofertilizers that can be harnessed to enhance the grain yield and nutrient contents of soybeans (Sogut, 2016; Marro et al., 2020; Zhang et al., 2020).

Besides the high nutrient contents and income generation potential of soybean cultivation, they additionally improve soil nitrogen via symbiotic biological N2 fixation (Alam et al., 2015; Kalayu, 2019; Soumare et al., 2020). Indigenous or inoculated plant growth-promoting bacteria (PGPB) can improve crop yield via biological N2 fixation, solubilization of inorganic phosphate, or production of phytohormones (Backer et al., 2018; Rosenblueth et al., 2018; Tchakounté et al., 2018; Bechtaoui et al., 2020). Some microbes mediate crop growth via secretion of metabolites, drought tolerance, and protection against pests and diseases (Radhakrishnan et al., 2017). Phosphate-solubilizing bacteria can convert inorganic or organically bound phosphate into bioavailable hydrogen-phosphate ions (H2PO4– or HPO42–) through solubilization and mineralization processes (Behera et al., 2017). These microbes facilitate the conversion of complex forms of N and P to simple available forms for root uptake to enhance crop growth and yield (Kang et al., 2014, 2015; Kuan et al., 2016). Some Bacillus spp. release ammonia from nitrogenous organic matter in the soil or have nifH gene that produces nitrogenase for N2 fixation to supply plants and enhance yield (Ding et al., 2005; Hayat et al., 2010; Kuan et al., 2016). Iron chelation by Bacillus spp. via siderophore production facilitates solubilization of iron from minerals and organic compounds in the rhizosphere by binding Fe3+ in complex substances and reducing them to Fe2+ for plant uptake (Walker and Connolly, 2008; Nadeem et al., 2012).

The bacteria biofertilizer used in this study comprised a consortium of symbiotic Rhizobium for N2 fixation via root nodules to directly support the plants, and non-symbiotic PGPB to freely fix N2 in the rhizosphere for uptake by soybean roots. In addition, inoculation of arbuscular mycorrhiza fungi (AMF) was intended to boost soybean performance by indirectly modulating soil enzyme activities associated with the processes of N2 fixation, P solubilization, and mineralization, or by directly supplying the plants with N and P via its hyphal transport network. Arbuscular mycorrhiza fungi (AMF) exert significant positive effects on N2 fixation via direct or indirect interactions with PGPB through nutrient transport and crop protection (Daniel et al., 2020; Novais et al., 2020). Moreover, microbial activities in the rhizosphere and plant performance can be enhanced by incorporating appropriate amounts of chemical NPK fertilizers in combination with microbial inoculants (Islam et al., 2017; Ntambo et al., 2017; Herliana et al., 2019). Chemical NPK fertilizers were applied in combination with PGPB and/or AMF to assess the possibility of boosting the potential of biofertilizers to enhance soybean performance within the nexus of integrated soil fertility management (Vanlauwe et al., 2010; Kanomanyanga et al., 2021). Hence, this study aims at evaluating microbial dynamics in the soybean rhizosphere, and soybean productivity as influenced by the application of locally produced biofertilizer, with or without the addition of chemical NPK fertilizers. It was hypothesized that inoculating PGPB and AMF will enhance microbial activities in the rhizosphere, including root nodulation and acid phosphatase, and increase the soybean grain yield and nutrient contents.



Materials and methods


Experimental site and setup

The experiment was conducted from April to July 2021 at the Institute of Agricultural Research for Development (IRAD) Nkolbisson, Yaoundé, Cameroon. The site is located in agro-ecological zone V of Cameroon, which is a humid forest zone situated between Latitude 03° 8’ 71.2” N and Longitude 11° 45’ 38.0” E. The area has an equatorial climate with a mean annual temperature of 23.5°C (ranging between 16°C and 31°C), and 1,600 mm rainfall that occurs in a bimodal configuration such that the first and second cropping seasons are separated by a 4-month dry season, which lasts from mid-March to early July and from late August to mid-November, respectively (Ambassa-Kiki and Nill, 1999). However, the duration of each season presently varies and the second season rains are erratic due to global climate change dynamics.

Rice was previously cultivated on the field site from 2016 to 2019 and fallowed for 1 year in 2020 before this study. The field experiment was laid out as a randomized complete block design with ten treatments and three replicates each, giving a total of thirty experimental units. The treatments include T1 – control (no input), T2 – plant growth-promoting bacteria (PGPB), T3 – Arbuscular mycorrhiza fungi (AMF), T4 – PGPB+AMF, T5 – PGPB+N, T6 – PGPB+PK, T7 – PGPB+N+PK, T8 – PGPB+AMF+N, T9 – PGPB+AMF+PK, and T10 – PGPB+AMF+N+PK. Each experimental plot measured 3.2 m × 4 m (12.8 m2) with a 1 m buffer zone between plots and a 1.5 m buffer between the replicate blocks.

The experimental site was cleared and weed regrowth was allowed for 2 weeks, and the emerging weeds were sprayed with a systemic herbicide (Roundup 360SL, Belgium; comprising active components glyphosate) at a rate of 129.6 kg in 360 L of water ha–1. Three days after the application of herbicide, all plots were tilled manually to produce raised beds of approximately 30 cm high (Figure 1), and soybean was planted 1 week after herbicide spray. Three soybean seeds (Panorama 357 variety) were planted per hole at approximately 4 cm depth and 10 cm intra-row and 40 cm inter-row spacing, making 7 rows per plot. Thinning was done after germination to two vigorous plants per hole, giving a total of 382,813 plants ha–1. Synthetic insecticide K-Optimal (SCPA SIVEX International France; comprising active components Lambda—cyhalothrine 15 g L–1 + Acetamipride 20 g L–1) and fungicide Monchamp 72 WP (Mancozeb 60% + Metalaxyl 12%) were applied at 3 weeks after sowing to control insect pests and fungal infections. Each was applied at the rate of 150 ml in 15 L of knapsack sprayer, which is equivalent to 2 L ha–1 each. The field was regularly monitored and weeding was done manually.
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FIGURE 1
Experimental site with tilled soil beds before sowing (A) and soybean plants at full podding (B).




Microbial inoculation


Plant growth-promoting bacteria

The bacterial inoculant used in this study consisted of a consortium of symbiotic and non-symbiotic plant growth-promoting bacteria—PGPB (Table 1). The non-symbiotic PGPB included the following organisms: (03) Arthobacter sp., (03) Bacillus sp., (01) Lysinibacillus sp., (03) Paenibacillus sp., and (01) Sinomonas sp., which were isolated from the rhizosphere of maize plants in Cameroon (Tchakounté et al., 2018); and (01) Kosakosania radicincitans isolated from the phyllosphere of winter wheat in Germany and deposited in NCBI as DSM 16656T GenBank: CP018016.1, CP018017.1, CP018018.1 (Ruppel and Merbach, 1995; Becker et al., 2018). The symbiotic bacterium (Bradyrhizobium japonicum) was obtained from the Soil Microbiology Laboratory of the Biotechnology Center of the University of Yaoundé I, Cameroon.


TABLE 1    Plant growth-promoting bacteria (PGPB) and arbuscular mycorrhiza fungi, their functional traits, and potential roles in the consortium of biofertilizers to enhance soil fertility and performance of soybean plants.
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For the production of microbial inoculant consortium, a colony of symbiotic B. japonicum was collected from an inoculum stock and transferred into a 500-ml flask containing 100 ml sterilized yeast mannitol broth (YMB), and incubated in a shaker at 28°C at 200 rpm for 48 h. From a stock culture of each of the non-symbiotic plant growth-promoting bacteria, a pure colony was collected and transferred into a 500-ml flask containing 100 ml sterilized nutrient broth (Standard nutrient broth I, Carl Roth, Germany), and incubated at 28°C for 24–48 h. The individually cultured symbiotic and non-symbiotic plant growth-promoting bacteria were assembled into a microbial consortium in a 5 L container and sugar was added (1:1) to serve as an adjuvant because the B. japonicum used in this study is not sticky as compared to the non-symbiotic microbes. The soybean seeds were immersed in the microbial inoculant consortium (e.g., 1 kg of soybean seeds per 100 ml of biofertilizer inoculum) and thoroughly mixed. The seeds were removed from the inoculum and allowed to air-dry for 1 h before planting (Atieno et al., 2012).



Arbuscular mycorrhiza fungi

The composite inoculant product used for this experiment was obtained from the Regional Biocontrol and Applied Microbiology Laboratory of IRAD, Nkolbisson, Cameroon. It comprised the three most dominant arbuscular mycorrhiza strains (Enthophospora infrequens, Scutellospora cerradessis, and Gigaspora gigantea) identified in the soybean rhizosphere of six high-intensity soybean-producing areas across the five different agro-ecological zones of Cameroon. In total, 300 g of mycorrhiza inoculum stock was used to produce a bulk inoculum using a sterilized mixture of fine and coarse sand substrates (1:1), sterilized at 121°C for 1 h in an autoclave (model PTS-B100L). Three polypropylene bags were filled with 20 kg each of sterilized substrates, and highly mycotrophic Sorghum bicolor plants were planted and maintained in the greenhouse for 3 months with regular irrigation, before subjecting the plants to water stress for 1 month to stimulate sporulation by mycorrhiza. The suitability of the mycorrhiza inoculum was determined by the spore density, which was determined from a 100 g sample of the homogenized inoculant product by immersing in 300 ml distilled water in a 1,000-ml beaker, and the mixture was stirred and allowed to stand for 15 s. Four sieves were arranged in decreasing order of mesh size (710, 225, 125, and 45 μm) and used to filter the supernatant of each mixture. The contents of the last three sieves were collected, washed, and the number of observed mycorrhiza spores was counted on a square graduated petri-dish using a stereo microscope (WILD M2B, Germany). The observed spore density of 670 spores 100 g–1 of inoculum was considered suitable for use as AMF inoculum. The AMF inoculum was air-dried and used for field inoculation at 20 g per soybean stand (containing approximately 134 spores). The inoculum was applied by placing the 20 g inoculum at about 80 mm depth in the planting hole before planting soybean seeds.




Application of chemical fertilizers

So far there is no specific fertilizer recommendation for soybean production on the study site. Therefore, the application of nitrogen as urea, phosphorus as triple superphosphate (TSP), and potassium as muriate of potash (MOP) was based on general fertilizer recommendations for soybean. Urea was applied at the rate of 40 kg N ha–1 (Uko et al., 2002) as two split doses of 20 kg N ha–1 each 2 weeks after planting and beginning of seed development at the R5 stage. Phosphorus was applied at 30 kg P2O5 ha–1 (Lamptey et al., 2014) and potassium at 40 kg K2O ha–1 (Islam et al., 2017) 2 weeks after planting. All fertilizers were applied by ringing at approximately 5 cm from plants to avoid burns and minimize nutrient loss through leaching and volatilization.



Data collection


Soil properties

Pre-planting soil was sampled for the entire experimental site after clearing and laying out but before tillage, while post-planting soil was sampled for each plot at harvest. An auger was used to collect three pre-planting soil samples randomly using a Z-pattern at 0–15 cm depth and bulked to form a composite sample. Three post-planting soil samples were also collected randomly from each treatment plot at 0–15 cm depth using an auger, and thoroughly mixed to form a composite sample. All soil samples were air-dried at room temperature and stored in polybags before analysis. The soil samples were crushed and sieved through a 2-mm sieve for the determination of soil’s physical and chemical properties.

The soil particle size distribution was determined using the pipette sampling method with sodium hexametaphosphate as a dispersing agent, and the textural class was assigned according to USDA textural triangle (Van Reeuwijk, 1992). The soil pH was determined potentiometrically in water (H2O) and 1 N potassium chloride (KCl) solutions after 24 h in soil suspension (soil/liquid 1:2.5 w/v) using a glass electrode pH meter. The exchangeable bases (Ca2+, Mg2+, K+, and Na+) were extracted using 1 N ammonium acetate (NH4CH3CO2) solution at pH 7. Calcium (Ca) and magnesium (Mg) were determined by the titration method using Eriochrome Black T (EBT or Erio T) as an indicator while potassium (K) and sodium (Na) were determined using the flame photometer (Rowell, 1994). Exchange acidity was extracted with 1 N KCl and determined by titrating the extract with 0.01 N NaOH, using a phenolphthalein indicator (Van Reeuwijk, 1992). Effective cation exchange capacity (ECEC) was determined by the summation of exchangeable bases and exchange acidity. The total soil nitrogen (N) was determined by the macro Kjeldahl digestion method (Bremner and Mulvaney, 1982). Plant available phosphorus (P) in the soil was determined by the Bray II method (Van Reeuwijk, 1992), and organic carbon was determined by the wet oxidation method (Kalra and Maynard, 1991).



Mycorrhiza colonization

An assessment of AMF root colonization was conducted according to Begoude et al. (2016). Briefly, 1–2 cm segments of root samples were placed in 5% KOH solution for 24 h at room temperature and rinsed three times with water on a fine sieve. Root samples were acidified in 10% HCl (v/v) for 15 min and stained with 0.01% (w/v) fuchsine acid for 24 h at room temperature. Root segments were randomly selected from the stained samples and three replicates of 10 roots per slide were assessed for the occurrence of AMF structures (e.g., vesicles, arbuscules, and hyphae) using an optical microscope (Biological compound microscope with replaceable LED light, OMAX 40X-2500X Trinocular, Germany) (Figure 2). The mycorrhizal frequency (F%) was given as the ratio of colonized root fragments to the total number of observed root fragments.
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FIGURE 2
Microscopic identification of mycorrhiza structures in soybean roots; Vesicles (A), Hyphae (B), and un-infected roots (C) as influenced by inoculation of plant growth-promoting bacteria (PGPB) and arbuscular mycorrhiza fungi (AMF), with or without the addition of nitrogen (N), phosphorus (P), and potassium (K) fertilizers.




Quantification of rhizosphere acid phosphatase activity

Five plants were randomly selected from the center of each plot at full podding for assessment of acid phosphatase activity. A spade was used to dig approximately 5 cm around each plant at the depth of 20 cm, and 1 g root adhering soil was collected from each plant and bulked to form a composite sample of 5 g, from which 1 g was taken into a microcentrifuge tube and 0.5 ml of 100 mM phosphate buffer was added. P-nitrophenyl phosphate (p-NPP, 10 mM) in 100 μl solution was used as substrate. The final volume of the reaction mixture was adjusted to 1 ml by adding the required amount of distilled water. The tube was vortexed (2 min) at room temperature and incubated at 37°C for 60 min in shake condition (100 rpm). After the incubation, samples were centrifuged at 10,000 rpm (5 min) and the clear supernatants were transferred into clean test tubes and 2 ml of 1 M NaOH was added. The yellow filtrate was analyzed using a colorimeter (Klett colorimeter, Clinical model, 800-3, 115 VAC) at λ = 430 nm. The concentration of soluble protein in the supernatant was determined using the Bradford reactive procedure, and the specific activity of soil acid phosphatase was estimated using the formula:
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Where, 10 = constant, C = concentration of soluble protein, and 17,800 is the molecular extension coefficient of phosphatase. All derived values were then converted to mg h–1 kg–1 soil by multiplying by 100,000.



Root nodulation

Five plants were randomly selected from the second border rows of each plot at full podding and assessed for nodulation parameters. The nodulation rating was assessed according to Tamiru et al. (2012) as follows:
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Where the number of plants showing tap root nodulation (a), plants with nodules in secondary roots but close to tap root (b), plants with scattered nodulation (c), and plants without nodulation (d) were evaluated.

The nodule volume was also assessed according to Tamiru et al. (2012), where nodules of the five sampled plants were immersed in a 50 ml plastic cylinder containing 30 ml of water. The amount of water displaced after immersion of the nodules was recorded and the mean was considered as nodule volume per plant. For the effectiveness of root nodules, all the nodules from the five sampled plants per treatment were dissected using a sharp knife, and a hand lens was used to observe the internal nodule color. The presence of pink or reddish coloration was considered as effective and used to distinguish nodules that are actively fixing nitrogen from the inactive nodules (Ngeno et al., 2012).



Soybean grain yield

Soybean plants were harvested at physiological maturity and the weight of 1,000 randomly selected grains from each plot maintained at 10% moisture content was reported as a thousand grain weight. Soybean grain yield was obtained by adjusting the moisture level to 10% according to the following formula and converted to tons ha–1:
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Where MC is the moisture content of soybean seeds at the time of measurement, and 10 is the percentage standard moisture content of soybean seeds at harvest.



Nutrient contents of soybean grains

The proximate (e.g., protein and carbohydrate) composition of soybean grains were determined according to the official method described by the Association of Official and Analytical Chemist (AOAC, 2005). Each sample was analyzed in triplicates and values were presented in percentages. The Anthrone standard method (David, 1978) was used to estimate the content of carbohydrates where different volumes of glucose solution from 200 μg mol–1 stock solution were pipetted and made up to 1 ml with distilled water. In total, 15 tubes were used with tube 1 considered as blank, tubes 2–9 were used to construct a standard curve, and tubes 10–15 were used for unknown samples. Anthrone (5 ml) was added to each tube and vortexed to thoroughly mix and allowed to cool. The tubes were covered with marble/caps and incubated at 90°C for 17 min and allowed to cool at room temperature, and optical density was measured at 620 nm against the blank sample. The amount of glucose in the unknown sample was determined by plotting a standard curve of A620 on Y-axis and μg glucose on X-axis.

Crude protein was determined using the Kjeldahl digestion method by measuring the nitrogen content of the soybean grain samples and multiplying it by a factor of 6.25, based on the fact that protein contains approximately 16% nitrogen. Approximately 2 g of crushed soybean grain powder was weighed into a Kjeldahl flask and 25 ml of concentrated sulfuric acid, 0.5 g of copper sulfate, 5 g of sodium sulfate, and a speck of selenium tablet acid were added. Heat was first applied in a fume cupboard slowly to prevent undue frothing. The digestion continued for 45 min until the digestate became clear pale green. The digestate was transferred into a 100 ml volumetric flask and this was made up to the mark with distilled water. The Kjeldahl distillation apparatus used for distillation was steamed up and 10 ml of the digest was added into the apparatus via a funnel and allowed to boil. Sodium hydroxide (10 ml) was added from the measuring cylinder so that ammonia was not lost. It was later distilled into 50 ml of 2% boric acid containing screened methyl red indicator. The contents of the collecting flask (50 ml) were titrated with sulfuric acid standard volumetric solution using a burette and the amount of titrant used was read. When colorimetric end-point detection was applied, the end-point was reached when the color of the solution changed from green to red. The burette reading was estimated to the nearest 0.01 ml. To confirm that the reagents were free from nitrogen, a blank test was conducted (e.g., performing digestion, distillation, and titration) using only reagents without adding soybean material. The nitrogen content of soybean grains was calculated as follows:
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where Va = volume of standard HCl solution when titrating sample, Vb = volume of standard HCl solution when titrating blank, CHCl = concentration of HCl (mol L–1), MN = nitrogen molar mass (g mol–1), and mvz = weight of sample (g).
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The mineral content of zinc (Zn) and iron (Fe) were determined using atomic absorption spectrometry according to the standard method (AOAC, 2005). Samples were ashed at 550°C and boiled with 10 ml of 20% hydrochloric acid in a beaker and then filtered into a 100 ml standard flask. This was made up to the mark with distilled water. The mineral content of Zn and Fe was determined from the resulting solution using Atomic Absorption Spectrophotometer at 510, 213.86, 766.5, 213.6 nm. Different electrode lamps were used for each mineral and the equipment was run for standard solutions of each mineral before and during determination to ascertain the efficiency. All values were expressed in mg 100 g–1.
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Data analysis

All statistical analyses were done using SPSS (Ver. 23), and data sets were analyzed for normality and homogeneity using Kolmogorov–Smirnov and Levene’s tests, respectively. Data on soil chemical properties, root nodulation, acid phosphatase activity, grain yield, and nutrient contents were subjected to analysis of variance (ANOVA, p < 0.05) to test the effects of treatments as categorical predictors. Significantly different means were separated using Tukey’s HSD test (Tukey’s HSD, p < 0.05). Where applicable, correlation (p < 0.05) was performed to determine the degree of association between the dependent and independent variables.




Results


Soil chemical properties

The baseline soil analysis before establishing the experiment indicates an acidic soil with very low soil nutrient contents (e.g., N, P, Ca, Mg, K, Na) and cation exchange capacity (Table 2). Only the organic C content (1.4–2.4%) is suitable, which results in a quite wide pre-experiment C/N ratio of approximately 20 units. The post-planting soil Ca and Mg contents differed significantly across the experimental treatments. When compared to pre-planting soil, treatments with or without microbial and chemical fertilizer application increased the soil calcium content significantly (F9,20 = 3.78, p < 0.05, Table 2), which ranged from 2.40 to 7.26 cmol kg–1, with the highest in the sole mycorrhiza treatment and the lowest in PGPB+AMF+NPK. The post-planting magnesium content ranged from 1.60 to 8.30 cmol kg–1 of soil, and it was significantly higher in the PGPB+AMF+NPK treatment (F9,20 = 3.43, p < 0.05, Table 2).


TABLE 2    Soil properties as influenced by inoculation of plant growth-promoting bacteria (PGPB) and arbuscular mycorrhiza fungi (AMF), with or without the addition of nitrogen (N), phosphorus (P), and potassium (K) fertilizers.
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Mycorrhiza colonization and nodulation of soybean roots

The soybean roots were colonized by mycorrhiza at the rate of 51.1–56.7%, which was only observed in plant roots that were inoculated with AMF, but there was no significant difference between the treated plots (p > 0.05, Figure 3). Hence, the addition of PGPB or chemical NPK fertilizer to the AMF treatments did not influence the rate of colonization of soybean roots by AMF. The number of root nodules ranged from 2.9 to 9.1 with the highest in PGPB treatments followed by the sole AMF as compared to the control (F9,20 = 37.53, p < 0.001; Figure 4A). The inoculation of PGPB and AMF increased the number of root nodules by 67.2% and 57%, respectively, as compared to the control, with the PGPB performing 10.2% more than AMF in relation to the control. Meanwhile, the integration of PGPB and AMF increased the number of root nodules by 68.4% compared to the control. Furthermore, the treatments with co-application of biofertilizers (PGPB and AMF) and mineral NPK fertilizer significantly increased the number of root nodules at the range of 66.9–68.6% compared to the control, but there was no significant difference between the treated plots (Figure 4A). A similar trend of results was also observed for the number of effective nodules (F9,20 = 28.85, p < 0.001; Figure 4B). The highest nodulation rating occurred in PGPB treatments compared to the control (F9,20 = 8.36, p < 0.05; Supplementary Table 1). Nodule volume ranged from 0.16 to 0.40 ml per plant and differed significantly (F9,20 = 22.15, p < 0.05; Supplementary Table 1) with the highest in PGPB treatments. The nodule dry weight ranged from 0.017 to 0.038 g with the highest in PGPB treatments compared to the control (F9,20 = 43.38, p < 0.05; Supplementary Table 1). Overall, no additional effect of mineral NPK fertilizer application was detected in all the measured root nodulation parameters.
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FIGURE 3
Mycorrhiza colonization of soybean roots affected by inoculation of plant growth-promoting bacteria (PGPB) and arbuscular mycorrhiza fungi (AMF), with or without the addition of nitrogen (N), phosphorus (P), and potassium (K) fertilizers. Data (Mean ± SD) with different letters are significantly different (Tukey’s HSD, p < 0.05).
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FIGURE 4
The total number of root nodules per plant (A) and the number of effective root nodules per plant (B) as affected by inoculation of plant growth-promoting bacteria (PGPB) and arbuscular mycorrhiza fungi (AMF), with or without the addition of nitrogen (N), phosphorus (P), and potassium (K) fertilizers. Data (Mean ± SD) with different letters are significantly different (Tukey’s HSD, p < 0.001).




Acid phosphatase activity in the soybean rhizosphere

The acid phosphatase activity in the soybean rhizosphere ranged from 46.1 to 85.1 mg h–1 kg–1, which differed significantly across treatments (F9,20 = 13.25, p < 0.001; Figure 5), with the lowest phosphatase activity recorded in the soybean roots of the control without any microbial or mineral fertilizer application, while the highest occurred in the sole PGPB treatment as compared to all the other treatments. All the microbial treatments almost doubled the acid phosphatase activity in the soybean rhizosphere as compared to the control, with a 45.8% and 27% increase in acid phosphatase activity for PGPB and AMF, respectively, as compared to the control, while the PGPB performed 18.8% more than AMF in relation to the control. Meanwhile, the integration of PGPB and AMF increased the acid phosphatase activity by 37.6% compared to the control, but this was 8.2% lower than the sole PGPB application. Furthermore, the treatments with co-application of biofertilizers (PGPB and AMF) and mineral NPK fertilizer significantly increased the acid phosphatase activity in the range of 26.2–37.2% compared to the control, but there was no significant difference between the NPK fertilizer–treated plots (Figure 5). Meanwhile, the co-application of biofertilizers (PGPB and AMF) and mineral NPK fertilizer significantly reduced the acid phosphatase activity by 13.7–26.5% as compared to the sole PGPB treatment.
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FIGURE 5
Acid phosphatase activity in the rhizosphere of soybean plants affected by inoculation of plant growth-promoting bacteria (PGPB) and arbuscular mycorrhiza fungi (AMF), with or without the addition of nitrogen (N), phosphorus (P), and potassium (K) fertilizers. Data (Mean ± SD) with different letters are significantly different (Tukey’s HSD, p < 0.001).




Soybean grain yield and nutrient contents

The soybean grain yield ranged between 0.50 and 1.16 tons ha–1 and increased significantly in all applied treatments compared to the non-treated control (F9,20 = 8.83, p < 0.001; Figure 6). The soybean grain yield increased significantly by 46.1–57.1% for all treated plots (sole PGPB or AMF and their combination with NPK fertilizer) in relation to the control, but there was no significant difference between the treated plots. In contrast to soybean grain yield that was not influenced by the integrated application of biofertilizers (PGPB or AMF) and chemical NPK fertilizers, the nutrient contents of soybean grains increased significantly in the integrated biofertilizer and NPK fertilizer treatments as compared to the sole application of biofertilizers (Table 3). All treatments, including biofertilizers alone and their combinations with chemical NPK fertilizers, significantly increased the contents of carbohydrate, protein, zinc, and iron in the soybean grains (Table 3). The carbohydrate content ranged between 20.1 and 22.7% (F9,20 = 5926.53, p < 0.001) and protein ranged between 31 and 39.9% (F9,20 = 3977.2, p < 0.001) across treatments, with the highest in PGPB+AMF+NPK treatment, as compared to the lowest values in the control (Table 3). Inoculating PGPB and AMF with or without NPK fertilizers significantly enhanced the protein content of soybean (F9,20 = 3977.18, p < 0.001; Table 3), which ranged from 31 to 39.9% with the highest in PGPB+AMF+NPK treatment and the lowest in the control. The zinc content ranged between 2.7 and 4.9 mg 100 g–1 (F9,20 = 1842.11, p < 0.001; Table 3) and iron ranged between 16.8 and 19.9 mg 100 g–1 across treatments, again with the highest in PGPB+AMF+NPK addition, as compared to the lowest in the control.
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FIGURE 6
Soybean grain yield (tons ha1) affected by inoculation of plant growth-promoting bacteria (PGPB) and arbuscular mycorrhiza fungi (AMF), with or without the addition of nitrogen (N), phosphorus (P), and potassium (K) fertilizers. Data (Mean ± SD) with different letters are significantly different (Tukey’s HSD, p < 0.001).



TABLE 3    Nutrient contents of soybean grains as affected by inoculation of plant growth-promoting bacteria (PGPB) and arbuscular mycorrhiza fungi (AMF), with or without the addition of nitrogen (N), phosphorus (P), and potassium (K) fertilizers.
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Correlation of soil parameters and soybean performance

The soil phosphorus correlated significantly (p < 0.05; Table 4) with protein (r = 0.46) and carbohydrate (r = 0.41) contents in soybean grains. The effective root nodules correlated significantly (p < 0.001) with acid phosphatase (r = 0.67; Figure 7A) and soybean yield (r = 0.66; Figure 7B). Acid phosphatase correlated significantly (p < 0.001) with soybean yield (r = 0.63; Figure 7C) and carbohydrate (r = 0.61; Table 4) contents in the grains. The effective root nodules correlated significantly with carbohydrate (r = 0.87, p < 0.001), protein (r = 0.46, p < 0.01), zinc (r = 0.59, p < 0.001), and iron (r = 0.77, p < 0.01) contents in soybean grains (Table 4). These correlations indicate higher root nodulation with increased acid phosphatase activity in the rhizosphere of soybean plants, and the influence of symbiotic N2 fixation and plant available phosphorus in soil on the nutrient contents of soybean grains. Overall, these results highlight strong relationships between farm management practices, rhizosphere microbial activities, and soybean grain bio-fortification.


TABLE 4    Correlation of nutrient value of soybean grains with the number of effective root nodules, acid phosphatase activity in the rhizosphere, and plant available phosphorus in soil.
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FIGURE 7
Correlation of the number of effective root nodules and acid phosphatase activity (A), soybean yield and number of effective root nodules (B), or acid phosphatase activity (C).





Discussion


Mycorrhization and root nodulation

Although soil N and P did not differ significantly across treatments, increased microbial activities (root nodulation, mycorrhization, and acid phosphatase) in the rhizosphere resulting from the influence of inoculated microorganisms probably increased plant nutrient uptake, which resulted in greater yield (Rawat et al., 2020). The fact that mycorrhiza colonization was not observed in plants that were not inoculated with AMF likely reflects low native AMF presence in soil, while a consistent level of AMF colonization for all inoculated treatments reflects positive plant–AMF symbiosis, especially under low native AMF status. However, the addition of PGPB and NPK fertilizer did not affect the rate of AMF colonization compared to the sole AMF treatment, indicating a strong boost of the inoculated AMF to compensate for low native AMF presence, irrespective of other inputs. Chen et al. (2018) and Powell and Rillig (2018) also described such a low AMF colonization rate as an indication of low soil health status. This could be attributed to intensive and unsustainable farm management practices such as chemical inputs and soil tillage under rotational cropping systems that may affect the soil biota (Wakam et al., 2015; Begoude et al., 2016). The observed high root colonization in AMF inoculated plants demonstrates the capacity of the inoculated mycorrhiza to compete with other rhizosphere microbiota and survive, which is an important characteristic of efficient bio-inoculants in enhancing soil fertility and productivity.

The high root nodulation achieved with inoculation of the PGPB consortium comprising Bradyrhizobium suggests successful symbiosis between the inoculated indigenous rhizobia and the soybean roots (Korir et al., 2017; Soumare et al., 2020). Accordingly, improved soybean root nodulation and N2 fixation were reported with the inoculation of Bradyrhizobium species and fertilizer addition (Ulzen et al., 2016; Leggett et al., 2017; Dabesa and Tana, 2021). Moreover, the high root nodulation in soybean rhizosphere inoculated with PGPB comprising symbiotic Bradyrhizobium and non-symbiotic bacteria species is consistent with Jabborova et al. (2021) who reported higher root nodulation and nitrogen-fixing capacity following co-inoculation of B. japonicum and Pseudomonas putida compared to uninoculated plants. Additionally, Akley et al. (2022) reported a positive residual effect of Bradyrhizobium inoculation on soybean root nodulation after three cropping seasons. Nonetheless, root nodulation by soybean plants was not favored by inoculation of mycorrhiza, which is not consistent with other reports on the contribution of mycorrhiza to the N2 fixing process (Daniel et al., 2020; Novais et al., 2020). The poor root nodulation in the control can be attributed to a low density of native N2 fixing symbiotic rhizobium and low soil phosphorus content (Rosenblueth et al., 2018; Soumare et al., 2020). Although high plant available N in the soil can reduce or inhibit the symbiotic effectiveness of introduced rhizobia strains (Kasper et al., 2019), the addition of N to PGPB-inoculated soybean plants did not reduce root nodulation. However, the present results do not support our hypothesis that co-inoculating plant growth-promoting bacteria and mycorrhiza will enhance soybean root nodulation. This may be due to nutrient deficiencies especially low soil phosphorus as Püschel et al. (2017) reported that the contribution of AMF to N2 fixation by rhizobium can be affected by environmental factors and nutrient availability including soil phosphorus.



Acid phosphatase activity

Soil phosphatase enzymes can be produced by plant roots or rhizosphere microorganisms and they play key roles in catalyzing reactions associated with organic matter decomposition and P cycling, while their quick response to changes in soil management is considered a useful biological indicator (Chodak and Nikliñska, 2012; Rejsek et al., 2012; Behera et al., 2017). The low acid phosphatase activity recorded in the rhizosphere of non-inoculated soybean plants is likely the contributions of soybean roots and the indigenous soil microbial community, while high phosphatase activity in the inoculated plants reflects the additional influence of the inoculated microbes that are involved in mineralizing organic to inorganic P (Rawat et al., 2020), or solubilizing inorganic phosphates (Tchakounté et al., 2020). The high acid phosphatase activity in sole PGPB treatment compared to the control and sole AMF treatments highlights the potential of inoculated plant growth-promoting bacteria. Some microbes in the inoculant biofertilizer used in this study were isolated from the rhizosphere of maize plants in Cameroon, with demonstrated ability to solubilize rock phosphate, fix N2, and produce siderophores (Tchakounté et al., 2018, 2020). Therefore, acid phosphatase activity in the rhizosphere can be explored as a possible mode of action of the inoculated microbes to induce nutrient dynamics that may enhance crop productivity. The superior acid phosphatase activity in the soybean rhizosphere inoculated with PGPB comprising symbiotic Bradyrhizobium and non-symbiotic bacteria species is in line with Jabborova et al. (2021) study which reported a higher acid phosphatase activity following co-inoculation of B. japonicum and P. putida. The increase in phosphatase activity following mycorrhiza inoculation could have been due to the production of glycoproteins (e.g., glomalin-related soil proteins) that increased microbial and enzymatic activities (Agnihotri et al., 2022). The observed decrease in acid phosphatase activity in the rhizosphere of PGPB-inoculated soybean plants and amended with NPK is in line with the demonstrated ability of NPK fertilizers to reduce soil microbial functions and acid phosphatase activity as reported by Mndzebele et al. (2020). These results are consistent with the second hypothesis that inoculating plant growth-promoting bacteria and arbuscular mycorrhiza fungi will enhance acid phosphatase activity in the rhizosphere of soybean plants, although their co-inoculation did not produce greater effects.



Soybean grain yield and nutrient contents

The soybean grain yield in the control plots for this study is within the range of 448–709 kg ha–1 that was previously reported by Wendt and Atemkeng (2004), across the first and second planting seasons in the humid forest ecosystem of Cameroon. However, treatment applications in this study increased the soybean grain yield relative to the control and the previously reported yield by Wendt and Atemkeng (2004). Inoculating PGPB and AMF with or without NPK fertilizer significantly increased soybean yield as compared to the control, which supports the third hypothesis that PGPB and AMF will increase soybean grain yield and nutrient contents (Thioub et al., 2017). Ksiȩżak and Bojarszczuk (2022) also reported higher soybean yield following inoculation with Bradyrhizobium and fertilizer addition. This increased soybean yield is consistent with the role of inoculated PGPB that comprise some Bacillus strains in nutrient solubilization and siderophore production as reported by Tchakounté et al. (2018, 2020). This is supported by Radhakrishnan et al. (2017) who highlighted the role of Bacillus strains in mediating crop growth via secretion of metabolites, drought tolerance, and protection against pests and diseases. The inoculated microbes in this study likely facilitated the conversion of complex forms of essential nutrients (e.g., P and N) to simple available forms for uptake by plant roots leading to enhanced growth and yield (Kang et al., 2015; Kuan et al., 2016). Furthermore, the secretion of phosphatase and organic acids by Bacillus spp. probably facilitated the conversion of inorganic phosphate into plant available phosphate for root uptake (Kang et al., 2014, 2015). Additionally, the inoculated microbes may have released ammonia from nitrogenous organic matter in the soil or their nifH genes produced nitrogenase for N2 fixation and uptake by plant roots to enhance growth and yield as reported for Bacillus spp. (Ding et al., 2005; Hayat et al., 2010; Kuan et al., 2016). The inoculation of mycorrhiza likely enhanced the production of glycoproteins that improved soil quality via increased aggregation and carbon sequestration, water-holding capacity, nutrient storage and availability, microbial and enzymatic activities, and production of extracellular polysaccharides, which increased crop performance (Agnihotri et al., 2022). The role of microbial inoculation in the present study is supported by correlations of soybean grain yield with microbial activities in the rhizosphere such as acid phosphatase and root nodulation, which is consistent with Lamptey et al. (2014). The superior performance of soybean plants that were inoculated with the consortium of PGPB comprising Bradyrhizobium is supported by Leggett et al. (2017), who reported improved soybean growth, nodulation and N2 fixation, and grain yield following inoculation with Bradyrhizobium. Meanwhile, the lack of grain yield increase when NPK fertilizers were added to PGPB or AMF indicates that the additional NPK inputs were not enough to cause a significant difference in this study. This finding opens up avenues for further investigation on the appropriate NPK fertilizer amounts to integrate with microbial inoculants.

The higher nutrient content in soybean grains inoculated with PGPB comprising symbiotic Bradyrhizobium and non-symbiotic bacteria species is in line with Jabborova et al. (2021) study which reported superior plant nutrients following inoculation of B. japonicum and P. putida compared to uninoculated plants. Akley et al. (2022) also reported a positive residual effect of Bradyrhizobium inoculation on soybean yield after three cropping seasons. The high nutrient contents in soybean grains from plants inoculated with PGPB and AMF, with NPK fertilizer addition in this study indicates soil nutrient enhancement and their effective uptake by plants that eventually accumulated in the grains. Similar results were reported by Sogut (2016), Marro et al. (2020), and Zhang et al. (2020). Beneficial microorganisms may directly enhance nutrient uptake and accumulation or indirectly stimulate other biochemical processes that are involved in the mobilization and deposition of nutrients in the grains (Lamptey et al., 2014; Marro et al., 2020). Overall, the improved nutrient contents in soybean grains following co-inoculation of plant growth-promoting bacteria and AMF with or without NPK fertilizer addition likely results from a combination of increased biochemical processes as reported by Sheteiwy et al. (2021), and supports the concept of integrated soil fertility management (Vanlauwe et al., 2010). These results confirm the positive impact of microbial inoculation and fertilizers on grain yield and protein content of maize (Martins et al., 2017) and soybeans (Marro et al., 2020; Alemayehu and Tana, 2021; Ksiȩżak and Bojarszczuk, 2022). Yasmin et al. (2020) also reported higher nutrient contents (e.g., N, P, K, Ca, Mg) in sweet potato roots following inoculation with Klebsiella sp. and N fertilizer addition. Nitrogen is an important component that is responsible for several physiological and biochemical processes in plants, being a structural constituent of chlorophyll molecules, proteins, enzymes, and nucleic acids (Nunes-Nesi et al., 2010). Hence, plants with proper nutrition via the application of chemical and biofertilizers likely had higher chlorophyll content with increased photosynthesis and production of photoassimilates, grain filling, and chemical composition, which increased soybean yield and nutritive contents. Ramesh et al. (2014) and Khande et al. (2017) reported that Bacillus species substantially influenced the mobilization of zinc and its concentration in soybean, which can be utilized as bio-inoculants for bio-fertilization and bio-fortification. Iron chelation by Bacillus spp. via siderophore production facilitates iron solubilization from minerals and organic compounds in the rhizosphere by binding Fe3+ in complex substances and reducing them to Fe2+ for uptake by plants (Walker and Connolly, 2008; Nadeem et al., 2012). These reports support the potential of our locally produced inoculant biofertilizer comprising three Bacillus strains with the potential to produce siderophore that likely increased mobilization of zinc for uptake by soybean plants.




Conclusion

The absence of mycorrhizal colonization in non–AMF-inoculated plants compared to the inoculated ones demonstrates very low content of native AMF strains in the Yaoundé field site in Cameroon, but there was no significant difference between the AMF-inoculated treatments. The successful mycorrhizal colonization of soybean roots for plants inoculated with AMF coupled with the significantly higher soybean yield highlights the potential of AMF inoculation to boost soybean productivity as compared to the control. Sole inoculation of PGPB or AMF-enhanced root nodulation and acid phosphatase activities in the rhizosphere of soybean plants, but their co-inoculation was not significantly different from the sole inoculations. The inoculation of PGPB and AMF increased soybean grain yield and bio-fortification, while NPK fertilizer addition enhanced soybean grain bio-fortification. Overall, these results open up important pathways for further investigation on local strategies for sustainable integrated soil fertility management to boost the productivity of soybean.
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Variable Variable PCR1 PCR2

Aerial fresh weight AFW 0.965 0.082
Aerial dry weight ADW 0.962 0.059
Calcium extract ECa 0954 0029
Nitrogen extract EN 0954 onz
Leaf area LA 0942 0.085
Number of tllers NT 0928 —oam
Magnesium Mg 0.904 0.254
Number of leaves NL 0.892 ~0.095
Phosphorus extract EP 0.889 —0.088
Sulphur s 0.885 0.235
Phosphorus 3 0857 0177
Calcium Ca 0792 0.223
Mineral matter MM 061 0.488
Leaf width w 0578 0.185
Presence of anthocyanin  ANT 0557 ~0387
Manganese Mn 0512 ~0.021
Zinc extract EZn 0.405 0172
In vitro digestibility DIV 0279 ~0424
Neutral fiber detergent ~ FDN 0179 ~0.804
Leaf length u 0029 0.505
Plant height PHe ~0.053 0399
Iron Fe ~0.147 0364
Acid detergent fiber FDA -023 ~0613
Dry matter Ms -0232 ~0.664
Ether extract EE -0373 0.169
Copper cu ~0433 0018
Lignin LG ~0.587 051
inc Zn ~0658 ~0.135
Crude protein cp -067 053
Nitrogen N -067 0532
SPAD index SPAD. ~0.805 017

Potassium K —0877 —0.058
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Bacterial genus

Bacillus spp.
Enterobacter spp.
Microbacterium spp.
Micrococcus spp.
Pantoea spp.

Pseudomonas spp.

Rhizosphere

(Dry)

Origin and isolation period of strains

Rhizosphere

(Rainy)

‘aces means no microorganism was selected for a given condition.

Root

(Dry)

Root

(Rainy)

Leaf

(Dry)

Leaf

(Rainy)
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Accession number

Sample Bacterial genus Strains code (GenBank) PSI NFB TAA (pg.ml™)
Root Enterobacter spp. 103 MK521286 361 + 165.29
Root Enterobacter spp. 89 MK521276 358 + 22262
Root Enterobacter spp. 102 MK521285 3.56 + 13454
Leaf Pantoea spp. 169 MK521301 341 + 66.04
Leaf Micrococcus spp. 487 MK521314 338 + 4738
Leaf Pantoea spp. 180 MK521306 336 + 6109
Root Enterabacter spp. 84 MK521273 328 + 164.52
Leaf Pantoea spp. 178 MK521304 38 + 5233
Root Enterabacter spp. 101 MK521284 310 + 13337
Root Enterabacter spp. 106 MK521289 310 + 105.05
Leaf Pantoea spp. 177 MK521303 310 + 5932
Leaf Pantoea spp. 170 MK521302 3.06 + 43141
Root Enterobacter spp. 85 MK521274 299 + 20432
Leaf Pantoea spp. 168 MK521300 297 + 2804
Root Enterobacter spp. 88 MK521275 288 + 148.75
Root Enterobacter spp. 155 MK521296 288 + 263.74
Root Enterobacter spp. 107 MK521290 287 + 13133
Root Enterobacter spp. 1o MK521293 285 + 87.6
Root Enterobacter spp. 104 MK52 281 + 166.95
Root Enterobacter spp. 82 MK52 277 + 187.87
Root Enterobacter spp. 81 MK52 276 + 21678
Root Enterobacter spp. 98 MK52 275 + 187.73
Root Enterobacter spp. 97 MK52 27 + 135.85
Root Pseudomonas spp. 83 MK52 269 + 2325
Root Pseudomonas spp. 94 MK521279 265 + 2524
Rhizosphere Pseudomonas spp. 458 MK521308 262 + 65.12
Root Pseudomonas spp. 91 MK521277 262 + 2164
Root Enterobacter spp. 157 MK521297 262 + 142.23
Root Pseudomonas spp. 92 MK521278 261 + 2171
Root Bacillus spp. 109 MK521292 258 + 1826
Leaf Pseudomonas spp. 161 MK521299 255 + 7215
Root Pseudomonas spp. 108 MK521291 247 + 1454
Root Enterabacter spp. 95 MK521280 246 + 205.29
Root Enterobacter spp. 159 MK521298 245 + 158.29
Root Enterabacter spp. 9% MK521281 244 + 88.12
Leaf Pseudomonas spp. 179 MK521305 239 + 1285
Leaf Microbacteriun spp. 183 MK521307 223 + 2079
Rhizosphere Pseudomonas spp. 8 MK521261 220 + 16.09
Root Pseudomonas spp. 105 MK521288 218 + 3585
Rhizosphere Pseudomonas spp. 26 MK521263 202 + 2775
Rhizosphere Pseudomonas spp. 25 MK521262 200 + 4485
Rhizosphere Pseudomonas spp. 36 MK521264 200 + 2439

Rhizosphere Pseudomonas spp. 39 MK521265 200 + 2733
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Leaf

Isolation
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TSA
TSA
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_— Amount of
Dilution
sample (ml)
107 0.1
107 0.1
107" 0.1

Dilution factor
(D)
10*
10
10

Number of

colony () Mean cfuper 10mgsample
10 40x107
43 43x107

2 02107
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Mineral matter (MM), calcium (Ca), magnesium (Mg), phosphorus (P), sulfur ($), manganese (Mn), potassium (K), zinc (Zn), lignin (LIG), crude protein (CP) and nitrogen (N).
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7160
5262
3425
43.94
82.58
55.00
48.89
46.76
82.53
3822
3929
3923
78.28
4
5241

52.02
74.05
58.94
43.30
35.93
76.06
50.84

1486

816

w

47.47
4515
47.61
4737
48.40
1262
16.88
4434
4397
47.98
4831
47.39
4336
48.
4842

1392
324
4361
47.19
4727
16.08
1253
1922
45.64
10.08
4439
4554
48.62
4513
4385
4832
48.10
4694
4227
4834
4884

NL
76.00
64.33
10267
90.33
75.00
57.33
11600
80.67
92.67
8133
105.00
7333
81.00
97.67
113.00
75.67
5750
77.00

11100
78.50
90.33
6333
13100
80.67
7367
73.00
99.33
75.00
77.33
79.67
10933
8033
73.00
76.67
104.00
82.67

NT

2100
1667
29.00
24.00
2600
18.00
3967
2167
00

2833

23.00
18.00
2100
3267
2200
25.67
17.33
38.00
2200
2000
2100
3067

2033

1600
35.50
2200

ANT
0.00
0.67
0.00
0.00
0.00
0.00
200
0.67
0.00
0.00
133
0.33
0.00
0.67
233
133
050
050
0.00
050
0.00
0.00
167
0.67
033
0.00
133
0.00
0.67
133
1.00
0.33
0.00
0.00
0.50
100

LA
172829
157239
2819.05
2075.62
252089
146029
325076
1877.44
2025.18
240146
297536
1265.03
1657.16
248298
251311
193738
1247.10
170260
287892
214104
172176
159086
281321
137932
132459
132845
296134
211469
178617
2039.63
252291
2017.38
159896
122891
2681.90
172292

SPAD

94.66
98.48
78.35
92.30
93.10
9LIS
79.17
89.00
92.75
94.24

.53
96.55
93.17
82.77
80.52
9154
85.35
95.25
8107
98.53
88.71
93.22
8225
92.59
89.14
94.39
77.20
98.42
94.45
84.69
85.12
95.50
98.06
94.01
83.67
90.53

Phosphorus extract (EP), nitrogen extract (EN), calcium extract (ECa), aerial fresh weight (AFW),aerial dry weight (ADW), leaf width (LW), number of leaves (L), number of tllers

(NT), presence of anthocyanin (ANT), leaf area (LA) and SPAD index (SPAD).
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Treatments Carbohydrate Protein Zinc Iron
% mg 100 g~!

Control 20.14 + 0.02f 31.02 + 0.16h 2.74 + 0.03h 16.75 = 0.03f
PGPB 2223 4 0.02¢ 32.38 + 0.06f 321+ 001g 18.32 £ 0.03e
AMF 2224 4 0.02¢ 32.06 + 0.06g 3.19 + 0.02g 18.23 £ 0.02¢
PGPB+AMF 22.33 4+ 0.02d 32.75 4 0.06¢ 3.33 +0.03f 18.43 £ 0.02d
PGPB+N 22.30 + 0.02d 38.65 4 0.19¢ 346+ 0.07¢ 18.49 £ 0.03d
PGPB+PK 22.30 + 0.02d 32.65 4 0.10e 4.74 4 0.02¢ 19.64 =+ 0.08b
PGPB-+NPK 22.37 4 0.02¢ 38.33 4 0.10d 4.73 4 0.02¢ 19.71 £ 0.02b
PGPB+AMF+N 22.34 4 0.02cd 39.60 + 0.10b 3.64 %+ 0.03d 18.60 £ 0.01c
PGPB-+AMF+PK 22.41 +0.01b 38.85 4 0.04c 4.82 +0.03b 19.72 + 0.08b
PGPB+AMF+NPK 22.67 4 0.02a 39.92 4 0.04a 4.92 4 0.05a 19.90 + 0.02a

Data (Mean = SD) within columns with different letters are significantly different (Tukey’s HSD, p < 0.001).





OPS/images/fpls-12-772086/fpls-12-772086-g008.jpg
C

5
£ 40-
@)
A a
S
£ 30-
<
§ 20 -
2
2
= 10-
5
E
5 0-
Z
o

CK_vs_CKA

¢

O

[ | Upregulated
[ |Downregulated

$
<% g.\) g.\’
C‘(~ @ b « \)‘$Q

CK_vs_LN

CKA_vs_LNA

LN vs LNA

PC2 (18.45%)

2D PCA Plot

(cr)

20 -
O
fo) (o)
10 - o o
:
0-
CK3 |
-10- (o) CKZ
(o}
LN3 | | LN2 '
CKl1
o)
O
-20 -
LN1
-20 -10 0 10 20

PC1 (23.29%)

30

Group
o LNA
© CK






OPS/images/fpls-13-934339/fpls-13-934339-t002.jpg
Treatments pH (H,O)

Pre-plant 4.30+0.17a
Control 4.37 £0.15a
PGPB 427 £0.12a
AMF 437 £0.23a
PGPB+AMF 4.43 £0.06a
PGPB+N 423 +£0.25a
PGPB+PK 427 £0.21a
PGPB+NPK 423+£0.1a

PGPB+AMF+N 423+0.3a

PGPB+AMF+PK 437 £0.1a

PGPB+AMF+NPK  4.27 4

Data (Mean + SD) within columns with different letters are significantly different (Tukey’s HSD, p < 0.05).

t 0.40a

pH (KCI)

3.23 £ 0.06ab
3.10 £+ 0.10b
3.40 £ 0.17ab

3.50 £0.10a
3.20 £ 0.10ab
3.20 £ 0.10ab
3.33£0.15ab
3.30 £ 0.10ab
3.33£0.15ab
3.43 £ 0.12ab

3.20 £ 0.10ab

TotalN  Organic C Organic M
(%)
009+£0.02  216£027a  373+047a
0.10£0.03  236+105% 406+ 18la
007+£002  245+05% 423+ 10la
0.11£0.03a  240+0.83% 413+ 143
009+£0.04a  236+047a 406080
0.11£0.02a  232+047a  399+06la
0.11£006a  146+036a  253+038la
0.10£00la  181+0.12a  313+02la
005+£0.04a  212+07la  366+122
008+£0.02  181+053%  313+09la
006+£0.02a  236+032a  406+056a

C/N
20.66 + 2.93a
24.16 £ 11.47a
41.55 £ 24.04a
2395+ 15.35a
30.24 £ 17.61a
21.99 + 1.93a
14.75 £ 5.46a
18.74 £ 1.07a
64.28 £ 52.65a
23.63 £ 10.69a
40.77 & 15.13a

Bray P
(mgkg™")
5.56 + 1.02a
423+ 0.32a
480 £ 0.31a
5.88 + 0.64a
545+ 0.43a
5.17 £ 0.86a
8.56 £ 0.99a
9.34 £ 0.36a
8.95+ 4.76a
7.47 £ 349
8.58 £ 2.00a

Ca Mg K Na
cmol kg™!

2.40 £+ 0.13d 4.13 + 1.62b 0.76 £+ 0.12a 0.03 = 0.00b
6.51 £ 0.85abc 1.60 £ 0.92b 142+ 121a 0.42 £ 0.27ab
5.71 £ 0.53abc 1.76 £ 0.57b 2.73+£2.78a 0.14 £ 0.03ab

7.26 £+ 0.83a 2.18 £+ 0.81b 2.50 + 1.39a 0.15 =+ 0.09ab
6.81 £ 1.08ab 1.89 & 1.45b 1.93 +0.76a 0.34 =+ 0.10ab
4.78 £ 0.37abc 2.48 £ 0.64b 1.59 £ 1.10a 0.23 £ 0.13ab
5.21 £ 0.88abc 3.44 £ 3.45b 1.02 £ 0.39a 0.15 4 0.15ab
5.15 £ 0.67abc 1.81 £ 1.01b 0.50 £ 0.30a 0.10 = 0.11ab
5.79 £ 1.21abc 2.56 &+ 1.76b 0.69 £ 0.13a 0.06 £ 0.02b
4.35 £ 1.01bc 2.86 + 2.48b 0.56 £ 0.06a 0.03 % 0.00b

4.11 £ 1.40c 8.29 + 2.80a 0.62 £ 0.24a 0.03 = 0.03b

ECEC
17.70 £ 1.55a
22.19 £ 6.75a
22.08 + 6.41a
20.48 £ 7.92a
22.61 £ 1.29a
21.33+0.88a
18.56 & 1.62a
13.23 £ 5.18a
24.29 + 13.47a
17.72 & 3.85a
16.88 £ 1.47a
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Paenarthrobacter nicotinovorans B44 (MH279791)
Paenarthrobacter nicotinovorans DSM 420 (NR_026194)
Paenarthrobacter nicotinovorans JCM 3874 (MT760469)
Paenarthrobacter nicotinovorans P-HV2-1 (MT333904)

50

96
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Zn/Fe (mg/100g) = (6)
Absorbency (ppm) x dilution factor x volume of extract (mL)
Weight of sample
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mg L~!

Treatment N-Kjeldal NH4-N P K S Ca Mg Na Cl
DA 213+ 0.52ab 2.0 £0.8ab 25+ 06ab 20.8 + 5.1ab 30+£14 345+ 58a 243+ 50b 51.3+23a <6
D2 245 +0.59 a 2.3+ 0.5a 3.3+05a 225+ 1.7a 48 +1.0 335+ 17.3ab 258 +£222ab 383+1.3b <6
M1 240+ 034 a 2.3+ 0.5a 15+£06Db 18 + 2.9ab 35+1.0 315+ 58b 265+ 17.3ab 26.5+2.7¢C <6
M2 116+ 022b 1.0 £ 0.0b 1.8+£05b 1568+ 1.3b 48+05 358 £ 189 a 278 £ 9.6a 26.0+5.0¢c <6
n.s.
Treatment Mn Fe B pH EC (mScm™1)
D1 0.31 £ 0.05 ab 0.45+0.06 b 0.183 £ 0.01 ab 6.7+11a 0.25 +£0.10
D2 0.41 £ 0.06 a 0.41+0.18b 0.13+£0.001 a 6.5+ 0.1 ab 0.25 £ 0.06
M1 0.21 +£0.03 b 0.95+0.40a 0.12 £ 0.001 b 6.3+00Db 0.25 £0.05
M2 0.29+0.08b 0.49+0.06ab  0.13 £0.005 ab 6.6 +0.13a 0.20 £ 0.00
n.s.

One part of the growing medium was extracted in six parts of 0.018 mol L~ acetic acid for one h and analyzed. pH, and electrical conductivity (EC) in the growing
medium at the harvest of pak choi grown in soilless system fertilized with anaerobic digestate (D1, D2) or mineral fertilizers (M1, M2). Means within each column that do

not share a letter are statistically different (P < 0.05; n =4 + SD). n.s., no significant differences were found within the columns.
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mg L-1

Treatment NH4-N NO3-N P K S Ca Mg Na
D1 6.3+0.7 69 + 38 86+ 10b 2,800 + 183 a 77+12b 1,108 £ 159 560 + 62 290 +28a
D2 58+ 1.0 88 + 90 1856+ 31a 2,800 + 392 a 318+ 46a 1,133 + 158 603 + 57 338+ 39a
M1 6.3+0.8 86413 120+ 12b 2,625 + 457 a 1156+20b 923 4237 523 +112 170+ 22b
M2 54405 37 +18 183+ 25a 1,725 £ 180 b 283+ 17 a 1,123 £ 100 613 £57 303 +55a
n.s. n.s. n.s. n.s.
Treatment Cl Mn Fe Zn B Cu Mo
D1 2,200+ 141 a 6.8+14Db 0.93 £+ 0.06 3.1+£0.32 0.09+0.01b 0.2 +£0.03 0.16 £0.01 ¢
D2 2,150 + 265 a 104 +22a 1.17 £0.05 3.2+0,33 238+ 0.36a 0.24 +£0.03 0.41 +£0.03 a
M1 1,750 £ 359 a 33+10c¢ 0.96 £ 0.10 1.9+0,17 0.18+0.10b 0.2 +£0.02 0.20 +£0.04 ¢
M2 945 + 247 b 91+15ab 1.72 £ 0.96 3.3+ 1.76 1.88+0.30a 0.3+0.17 0.32+0.01b
n.s. n.s. n.s.

Means within each column that do not share a letter are statistically different (P < 0.05; n = 4 £+ SD). n.s., no significant differences were found within the columns.
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a/kg

Treatment N P K S Ca Mg Na

D1 22+6.2b 28+01¢ 43+ 1.4 ab 16+01d 156+ 0.9 abc 7.3 £ 0.4 abc 6.6+ 04b

D2 23+ 1.6ab 3.9+03b 37 +£2.4bc 35+02b 14+ 0.5bc 6.7+0.2c 6.9+05Db

M1 27 +£3.0a 3.7+04Db 47 +49a 22+03c¢c 14 +0.7c 7.2+0.3bc 3.9+05¢

M2 27 +1.8a 49+03a 36+1.6¢C 43+03a 17 £0.8ab 7.6 +0.3abc 7.0+03a

W 14+£21c 0.7+0.3d 9.4 +1.7d 22 08¢ 16+ 2ab 81+1.2ab 9.0+ 15a
mg/kg

Treatment Mn Fe Zn B Cu Mo

D1 86 + 11 bc 49+51a 42+ 4.7a 10+ 06b 41+04ab 1.0+02c

D2 116 +1.3a 52+44a 42+21a 33+1.1a 4.4+ 06ab 3.7+03b

M1 46 +£39d 53 +6.3a 32 +33Db 86+23b 56+1.1a 15 +02¢

M2 95 + 24 abc 55 +39a 46 +3.5a 35+32a 36+0.7b 34+06b

W 71+ 7.8cd 44+76a 43+26a 89+07b 34+09b 62+05a

Means within each column that do not share a letter are statistically different (P < 0.05; n = 4 £+ SD).
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Treatment Total amount applied Total shoot PUE and SUE,% Concentration in shoots PUEp,q and

(mg/plant) uptake (mg/plant) at harvest (g/kg) SUEp/m
Phosphorus
D1 97 63+3.1¢c 65+3.0c 280+ 0.75¢ 78%
M1 101 84 +£0.8Db 83+0.8a 3.65+0.36 b
D2 128 95+ 4.8a 75+ 3.8b 3.92+0.27b 93%
M2 128 102+7.0a 80+ 54 ab 489 +0.31a
Sulfur
D1 54 36+32c 67 £59c¢ 1.62+0.11d 71%
M1 54 51+0.6b 95+1.2a 224 +£025¢
D2 115 84+29a 73+ 25bc 3.45+0.17b 94%
M2 115 89+562a 77 +44Db 426 +£0.27a

Means within each column that do not share a letter are statistically different (P < 0.05). P (PUEp,w) and S (SUEp,w) uptake efficiency from the nitrified digestate (D)
compared to the mineral solutions (M), were determined as the ratio of the nutrient recovered from the nitrified digestate to the ratio of nutrient recovered from respective
mineral control (i.e., D1/M1, D2/M2).
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Treatment Shoot fresh weight Shoot dry weight  Chlorophyll content Leaf number Leaf area Chlorophyll fluorescence  Water content
@) (n=8) (9)(n=4) (CCI) (n=8) (n=4) (dm?) (n = 4) (Fv/Fm) (n = 8) (%) (n=4)
D1 368+ 16 b 22.4+ 0.8 ab 29.8+4.0a 1956+1.7ab 306+19a 0.81 +£0.01a 93.7+02a
D2 402 +£22a 244 +09a 242+20b 178+04ab 305+13a 0.81 £0.01 a 941+02a
M1 385+ 11 ab 231 +214ab 31.0+4.1a 196+06a 206+1.6a 0.80+0.01a 94.0+05a
M2 393 +21a 209+050b 223+22b 175+ 06b 283+19a 0.81 £0.01 a 944 +02a
W 08¢ 13+056¢ 241+46b 6.3+1.0c 1.8+0.2b 0.72 +£0.06 b 89.4+19b

Means, given with SD, within each column that do not share a letter are statistically different (P < 0.05).
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Treatment

Growing medium

Plain digestate

Amended digestate

Mineral digestate equivalent

Standard mineral solution

CaMg(COs3), (liming)

pH

D1
230
420
650

1,241

97
144

10
54
327
145

59.1
0.95
1.68
i
0.59
0.02
0.02
7.7

D2
230
420
650

1,241
128
170

4
115
327
145

59.1
2.26
1.68

0.89
0.59

0.16
0.02
7.6

M1
214
432
646
1,243
101
36
10
54
331
24
59.1
0.96
1.68
0.11
0.59
0.02
0
7.6

M2
43
605
648
885
128
413
100
116
0
101
8.05
2.26
1.08
0.89
0.13
0.16
0
5.9

2,391
1,450

6.1

The pH of the nutrient solutions and growing medium (pH-H20O). The total amount of Ca and Mg in the growing medium of each pot, provided by the dolomite lime. The
numbers highlighted in bold show which minerals were increased by addition to the digestate in D2.
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Treatment

Digestate treatments

Mineral treatments

Negative control

D2

M1

M2

Nitrified digestate.

Nitrified digestate + P, Mg, S, Mn, B, and Mo, to resemble the
nutrient composition of M2.

Mineral nutrient solution designed to mimic the total nutrient
composition of D1.

Standard mineral nutrient solution, designed for optimal growth.

Water

Variable tested

Compared to D1: The effect of added mineral nutrients on plant
growth.

Compared to D1: The plant availability of nutrients in the nitrified
digestate.

Compared to D2: The plant availability of added mineral nutrients in
the nitrified digestate.

Negative control.
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Treatments

Absolute control
Zn3(PO4)o
PO4)
PO4), + CRS-17
PO4), + CRS-30
Zng(PO4), + CRS-38

Germination (%)

76.29 + 1.209
77.05 + 1.33¢
82.76 + 1.25°
82.05 + 1.66°
86.25 + 1.50°
88.10 & 1.962

Vigor index-1

2,237.84 + 6.50
2,568.33 + 8.25°
3,565.58 + 10.029
4,075.15 + 11.25¢
4,249.25 + 9.66°
4,868.99 + 8.50°

Vigor index-IlI

50.56 + 1.96"
56.67 + 2.50°
105.96 + 2.33°
113.39 + 1.75P
90.56 + 2.259
137.44 + 3.36°

Data are mean =+ standard deviation (n = 5), and values within a column followed
by a different letter are significantly different at p < 0.05.
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Isolates

CRS-9

CRS-17
CRS-26
CRS-30
CRS-37
CRS-38
CRS-42
CRS-43
CRS-45
CRS-47
CRS-50
CRS-54
CRS-55
CRS-57
CRS-77

Zinc oxide

Zinc carbonate

Zinc phosphate *

+H++
+H++

ot

ot
e
e
4+
4+

+++
+++
+++

Halo zone (mm)

21.33+1.05
25.67 £ 2.15

24.33+1.33

23.67 +1.65
16.33 £ 1.01
20.00 £0.95
13.33 £0.45
13.33 £ 0.66

14.67 £0.25
12.33 £ 0.48
17.67 £ 0.67

Zsl

11.37 £0.35
10.28 £0.75

10.84 £ 0.42
11.87 £0.76
10.04 £ 0.86
10.98 £+ 0.56
9.67 +£ 0.67
8.22 +0.35

10.09 £ 0.27
9.81 £0.63
10.45 £ 0.25

ZSE (%)

237.037
427.778

317.391
253.571
204.13
230.68
166.63
22217

176.11
148.02
2212

Zinc concentration (g ml)

5.63 &+ 0.21
6.10 £ 0.14

5.90 £0.26

5.60 &+ 0.37
4.27 +£0.45
4.57 £0.25
4.07 +£0.33
4.17 +£0.30

4.37 +£0.20
3.73+£0.15
4.60 & 0.41

*+++4, moderated activity; ++++, strong activity, -, no activity; ZSl, zinc solubilization index; ZSE, zinc solubilization efficiency,; data are mean + standard deviation

(n=5).
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CCCCAAATCATGTTTGAGACCTTCA
CATAGATTGGCACAGTGTGACTCA
AAGGTTGGAATYTGSWTGTTA
AATWGMRCTTTSCTSCCACAG
CTATGGAGAYATACATGCAGT
AAGCTGCWCTRTTKACCTTCAA
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temperature

57

60
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Corp., China

Beijng Sangbai
Biotechnology Co., Ltd.,
China

SOM Phytopharma
Real IPM

Real IPM

Real IPM
Real IPM

Novozymes Biologicals
(formerly Earth BioSciences)

Novozymes Biologicals
(formerly Earth BioSciences)
Novozymes Biologicals
(formerly Earth BioSciences)
Novozymes Biologicals
(formerly Earth BioSciences)

"Website: http://www.chingpesticide.org.cr/hysjindex jnml (in Chines)

“Website: https://uww biosciregister. com/Becker_Undenwood/Supplier/sid2909.htm
“Website: https://sitem.herts.ac.uk/aenu/bpatyReports/1980.htm

“Website: http://www.epa.gov/oppbppd1/biopesticides/ingredients/

Country of origin
Golombia,
Dominican Republic

India

United States

Gzech Republic

Golumbia

United States.

taly

Switzeriand
United States

China
China
China

France

Venezuela

India

Spain

Switzeriand
France

Japan

Switzerland
taly Austria
Russia

United States

Netherlands
Netherlands
Mozambique
United States

Australia

India

Australia

India

United States.

Ghana
Uganda
Venezuela

Austrialtaly

Australia
Australia

United Kingdom/
France

Kenya
Kenya
South Affica
Brazi
Switzerland
Kenya

China

China
China

India

South Africa

Zambia
Canada

Zimbabwe

Tanzania
United States

United States
United States

United States

Target insect pests

Coleoptera (Curculionidae,
Scarabaeidae), Lepidoptera
(Castniidae)

Stem borers, cut worms,
root grubs, leafhoppers,
whiteflies, aphids, thrips and
mealy bugs

Grasshoppers, whiteflies,
thrips, aphids and many
other insect pests
Coleoptera (Chrysomelidae)

Colorado potato beetle;
Leptinotarsa decemineata,
and the codling moth; Cydlia
pomonela

Coleoptera (Curculionidae)

Grasshoppers, whitefies,
thrips, aphids, and many
other insect pests
Coleoptera (Chrysomelidae,
Gurcuiionidae,
Scarabaeidae),
Hymenoptera (Formicidae),
Diptera (Tipulidae),
Hemiptera (Lygaeidae,
Gercopidae, Cicadelidae,
Aeyrodidae, Aphididae,
Pseudococeidae, Psylidae)
Goleoptera (Chrysomelidae,
Curcuiionidae), Hemiptera
(Mridae, Cicadelidae,
Aeyrodidae, Aphididae,
Psylidae), Lepidoptera,
Thysanoptera (Thripidae)
Unknown

Plutella xylostela (Linnaeus)

Thrips

Lepidoptera (Crambidae)

Lepidoptera (Noctuidae)

Lepidoptera (Noctuidae)

Coleoptera (Curculionidae,
Scarabaeidae), Lepidoptera
(Castniidae, Pieridae),
Hemiptera (Aleyrodidae),
Thysanoptera (Thripidae)

European cockchafer and
other scarab beetles species

Coleoptera (Scarabaidae)

Coleoptera (Cerambycidae)

European cockchafer and
other scarab beetles species

Apple moth, Siberian pine
caterpillr, and larch
caterpillar

Whiteflies, aphids, thrips,
psylids, mealybugs, and
fungus gnats

Whitefies and thrips
Aphids

Tetranynchus urticae
Isoptera (Kalotermiticae,
Rhinotermitide,
Termopsidae)

Sugarcane pest; grayback
canegrub

Hemiptera (Aleyrodidae,
Aphididae)

Coleoptera (Scarabaeidae)

Coleoptera (Curculionidae,
Scarabaeidae), Hemiptera
(Gercopidae)

Blattodea (Blattellidae,
Blattidae)

Mealybugs

Thrips, it fes, mealyougs
Coleoptera (Scarabaeidae),
Hermiptera (Cercopidae,
Aphididae)

Coleoptera (Scarabaeidae,
Gurculionidae, Nitidulidae)

Orthoptera (Acricidae)
Orthoptera (Acrididae)
Locust and grasshopper

T urticae
Mealybugs

Aphids

Sugarcane spitte bug;
Mehanarva postica
Coleoptera (Scarabaeidac)

Thrips

Orthoptera (Acrididae)

Lepidoptera (Noctuidae)

Blattaria

Isoptera
Mealybugs, thrips,
leafminers

Fruit fies, mealybugs

. urticae, plant growth
regulator

Biofertiizer

Mealybugs

Coleoptera (Curculionidae,
Scarabaeidae), Diptera
(Ephydridae, Mycetophiidae,
Sciaridae, Tipulidae),
Thysanoptera (Thripidae)
Coleopterans; Elateridae,
Curculionidae

Acari (xodidae), Coleoptera
(Scarabaeidae)

Acari (xodidae), Coleoptera
(Scarabaeidae)

Reference

de Faria and Wraight,
2007

de Faria and Wraight,
2007; Zimmermann,
2007a

Shah and Pell, 2003; de
Faria and Wraight, 2007

de Faria and Wraight,
2007; Zimmermann,
20072

Zimmermann, 2007a

de Faria and Wraight,
2007; Zimmermann,
20072

Shah and Pell, 2003

Zimmermann, 2007a

de Faria and Wraight,
2007; Zimmermann,
20072

Website’

Website'

Website’

Wraight et al., 2001; de
Faria and Wraight, 2007;
Zimmermann, 2007a

Wraight et al., 2001; de
Faria and Wraight, 2007
Zimmermann, 2007a

de Faria and Wraight,
2007; Zimmermann,
2007a

de Faria and Wraight
2007; Zimmermann,
2007a

Shah and Pell, 2003

Zimmermann, 2007a

Wraight et al., 2001; de
Faria and Wraight, 2007
Zimmermann, 2007a

Shah and Pell, 2003

Zimmermann, 2007a
Weng et al,, 2019

Weng et al,, 2019

Shah and Pell, 2003
Shah and Pell, 2003
Akutse et al., 2020

de Faria and Wraight
2007; Zimmermann,
20070

Zimmermann, 2007b,
Website?

de Faria and Wraight
2007; Zimmermann,
20070

de Faria and Wraight,
2007; Zimmermann,
2007b

de Faria and Wraight,
2007; Zimmermann,
2007b

Zimmermann, 2007b

Akutse et al., 2020

de Faria and Wraight,
2007; Zimmermann,
2007b

de Faria and Wraight,
2007; Zimmermann,
2007b

Zimmermann, 20070
Zimmermann, 20070
Shah and Pell, 2003

Akutse et al, 2020
Akutse et al, 2020
Akutse et al, 2020
Zimmermann, 2007b

Zimmermann, 2007b

Website?

Nong et al., 2015

Nong et al., 2015

Nong et al., 2015

Zimmermann, 2007b
Akutse et al., 2020

Akutse et al., 2020

Akutse et al., 2020
Akutse et al., 2020

Zimmermann, 2007b,
Website

Zimmermann, 2007b

Zimmermann, 2007b

Zimmermann, 2007b
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Gt
Gi — Z(E)’ (Gt : Germination number at different day,

Dt : The statistical number of days):
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Treatment Plant Leaf area Aboveground vegetative Total aboveground Yield Harvest index WP

height index dry biomass dry biomass

cm kg ha=1 kg ha=1 kg ha—1 (%) kgha—! mm~1

2019
Irrigation (I)
100% ET¢ 138.0a 4.61a 1,165 ab 3,450 b 12,648 a 65.1a 27.8b
70% ET¢ 139.0a 4.61a 1,350 a 4,239 a 13,726 a 64.1a 35.0a
40% ET¢ 130.8b 429a 1,027 b 3,122b 10,527 b 66.5 a 37.6a
Biochar (B)
Bo 134.3a 4.42a 1,114 a 3,409 a 12,075 a 65.5 a 33.0a
By 136.6 a 4.63a 1,234 a 3,700 a 12,427 a 65.3a 33.8a
Bs 136.8 a 4.45a 1,194 a 3,702 a 12,398 a 64.8 a 33.7a
Interaction (I x B) ns ns ns ns ns ns ns
2020
Irrigation (I)
100% ET¢ 143.4 a 4.62a 2,804 a 5230 a 7,707 a 39.7 a 15.0b
70% ET¢ 138.3b 4.79a 2,460 b 4,830 a 7,495 a 40.7 a 17.7a
40% ET¢ 127.1¢ 430a 2371 b 3,663 b 4,320b 31.4b 14.0b
Biochar (B)
Bo 134.3b 4.49a 2,428 b 4,434 a 6,461 a 379a 154 a
Br 137.8a 478 a 2,645 a 4,716 a 6,626 a 37.0a 159a
Bs 136.8 ab 4.44 a 2,561 ab 4,573 a 6,435 a 37.0a 154 a
Interaction (I x B) ns ns ns ns ns ns ns

Different letters in a column within a factor indicate significant differences (P < 0.05) among treatments. ‘ns’ represents non-significant difference/interaction.
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EC (unScm™1) pH Bulk density (g cm—3) Porosity
Soil depth — 0-10cm 0-10 cm 0-5cm 5-10cm 0-5cm 5-10 cm
Control (Bp) 1,139a 8.14a 1.51a 1.52a 0.466 a 0.464 b
Hardwood (By) 1,147 a 8.16a 1.45b 1.49a 0.480a 0.482 a
Softwood (Bs) 1,018 a 811a 1.51a 1.51a 0.470 a 0.471 ab

Different letters within a column indicate significant differences (P < 0.05) among treatments.
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Irrigation

Irrigation amount (mm)

Rainfall (mm)

ET,

% water-saving
treatments
2019 2020 2019 2020 2019 2020 2019 2020
100% ET¢ 252 412 203 101 572 614 - -
70% ETc 189 323 203 101 572 614 24 22
40% ET¢ 78 208 203 101 572 614 69 50
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Yot Treatment

2018 oK
Urea
cu
30%OF+70%CU
50%O0F +50%CU
70%OF+30%CU
2019 oK
Urea
cu
30%O0F +70%CU
50%OF +50%CU
70%O0F+30%CU

‘Source of variation
N source

Year
N source x Year

Total biomass kg
hat

14878.3¢
16144.80
18376.9a
18980.8a
18606.7a
18782.8a
15647 8¢
20190.1b
21346580
21247.38b
22835.2a
22291.42b

0.2817%
0.3203*
0.1411%

Straw biomass kg
hat

7818.3¢
8436.3bc
1036.0ab
10565.42
10313.42
10954.42
8168.30
11902.6a
12850.42
1261512
13850.6a
13831.92

0.7959*
0.1672%
0.01*

Grain yield kg ha™!

7060.0c
7708.50
8340.8a
8415.4a
8203.3ab
7828.4b
7479.4c
8287.50
8496.0ab
8632.2a
8984.7ab
8459.5ab

0.2429%
0.2367*
0.1631*

Thousand grain  Increase rate of
weight/g grain vs. urea/%

40.6a -8.41
40.4a o
39.7a 82
40.0a 917
39.5a 7.59
38.5a 1.56
43.4a -9.75
40.62b o
41.7ab 252
40.90 4.16
40.8b 8.41
41.4ab 208

The means followed by the same letter within a row are not significantly different at p <0.05. “ns” means no significant difference. *significant at 5%.
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Property Unit Soil depth

0-10cm 10-20cm 20-30cm

% Sand % 61.8 60.8 59.3
% Silt % 271 29.1 30.9
% Clay % 11.1 10.1 9.8
Bulk density gom=3 1.461 1.749 1.728
Saturated water content (0 kPa) % v/v 0.499 0.392 0.394
Field capacity (-33 kPa) % v/v 0.223 0.225 0.226
Permanent wilting point (-1,500 % v/v 0.157 0.191 0.192
kPa)

Organic matter % % 0.8 - -
pH 7.5 o o
NO3 N ppm 3 = =
Phosphorus ppm 38 - -

Potassium ppm 488 = =
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Characteristics

Total organic matter
Total carbon
Total ash

pH

Nitrogen

Total phosphate
Potassium
Sulfur

Hydrogen
Oxygen
Calcium
Copper

Iron

Magnesium
Manganese
Zinc

Surface area correlation

Hardwood-oak

82.07 % wt.
62.96 % wt.
17.93 % wit.
8.6
0.64 % wt.
3.52 mg/kg
2,960 mg/kg
0.011 % wt.
2.09 % wt.
16.37 % wit.
64,900 mg/kg
1.72 mg/kg
1,770 mg/kg
4,540 mg/kg
1,040 mg/kg
23.2 mg/kg
17.74 m?/g

Softwood-pine

95.12 % wt.
88.01 % wt.
4.88 % wt.
7.4
0.59 % wt.
4.53 mg/kg
614 mg/kg
0.031 % wt.
0.40 % wt.
6.09 % wt.
4,128 mg/kg
3.57 mg/kg
595 mg/kg
1,225 mg/kg
234 mg/kg
4.59 mg/kg
375.76 m?/g
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Yo Treatment ARNUE/,  PPPke ANUEkg

kg™ kg™!
2018 Urea 25730 4283 3.60b
CRU 42.47a 46.34a 7.67a
30%OF+70%CRU 38.49ab 46.38a 8.09a
50%O0F+50%CRU 34.15b 46.07a 6.85a
70%O0F+30%CRU  33.22b 43.49a 4270
2019 Urea 41970 46.04a 4.49
CRU 51280b  47.2a 5.65ab
80%OF+70%CRU 60.36a 47.96a 6.41ab
50%OF+50%CRU  66.69a 49.92a 803a
70%OF+30%CRU  57.41ab  47.0a 5.458b
Source of variation
N source 02819*  03500¢  0.1741%
Year 0.5495* 0.2384* 0.0835*
N source x Year 0.1594*  08890%  0.3227%

ARNUE, apparent recovery nitrogen use efficiency; PFP, partial factor productivity;
ANUE, agronomic nitrogen use efficiency. *significant at 5%.
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cu
30%OF+70%CU
50%O0F+50%CU
70%O0F+30%CU

Fertilizer cost

301.4
397.4
4749
4797
4830
4863

Labor cost of
fertilization

725
145
725
725
725
725

Other costs

700
700
700
700
700
700

Total revenue

2018

2872.7¢
3136.60
3393.9a
3424.2a
337458
3185.4p

Other costs include seeds, machinery, pesticides, insecticides, irigation, and other materials and expenses.

2019

3043.4c
3372.20
3457.0ab
3512.4a
36565.92
3442 2ab

2018

1798.80
1894.2ab
214652
217202
2119.0a
1926.6ab

Net profit
2019

1969.5¢
2129.80
2209.6ab
2260.3ab
2400.42
2183.4ab
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Bacterial strain

Crop

Role in plant

References

1-ACC Deaminase

Klebsiella sp.

Bacillus cereus

Pseudomonas putida
2-Exopolysaccharides
Bacillus cereus

Bacilus amyloliquefaciens UCMB5113

Azospirillum brasilense NO40
Pseudomonas sp. AKM-P6&

Rhizobium sp. (Cajanus)

Pseudomonas sp. PsJN

Bacillus aryabhattai H26-2 and Bacillus siamensis H30-3

Bradyrhizobium diazoefficiens USDA110

Shinorizobium meliloti

Tricurn aestivum (Wheat)

Triicurn aestivum (Wheat)

Solanum lycopersicum (Tomato)

Triticum aestivum (Wheat)

Sorghum bicolor (Sorghurr)

Leguminosae (Legume)

Solanum tuberosum (Potato)
Brassica oferacea var. capitata (Cabbage)

Glycine max (Soybean)
Medicago sativa (Alfalfa)

Klebsiella sp. SBP-8 protects the
plants against adverse effects of
salt and heat stress; reduce
stress-induced ethylene and
regulation of ion transporters
Increase plant growth (root,
shoot fresh and dy weight,
chlorophyll contents) under heat
stress

Increase the number of flowers
and frits Increase chiorophyll,
proline, and antioxidants
Increase HSP26 and chlorophyll
ARtAlate GABA and modulate
metabolic pathways

Enhance tolerance of sorghum
seediings to elevated
temperatures

Heat shock protein (Hsp) of
63-74 kDa

Promote growth

Leaf abscisic acid (ABA) content
and reduced stomatal opening
after stresses treatments,
Biocontrol activity against soft rot
Sunvival in starvation

Affect symbiosis during heat
stress

Singh et al., 2015

Alietal., 2011

Mukhtar T. et al., 2020

Abd El-Daim et al., 2018

Aletal, 2011

Suthertand, 2001

Bensalim et al., 1998
Abd El-Daim et al., 2018

Nishihata et al., 2018
Ogden et al., 2019
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Plants

Yield loss (%age)

References

Cereal crops
(Titicum aestivum) Wheat

(Zea mays) Maize, Com

(Oryza sativa) Rice

Cash crops

(Gossypium hirsutum) Cotton
(Saccharum officinarum) Sugarcane
Vegetables

(Solanum tuberosum) Potato
(Alliurn cepa) onion

18-30
42

20-40

12-35
20-50

Balla et al., 2011; Djanaguiraman et al., 2020; Dubey et al., 2020

Lietal., 2010; Da Costa et al.,, 2021; Xu et al., 2021

Zafar et al., 2018; Majeed et al., 2021
Zheo and Li, 2015; Hussain et al., 2018

Rykaczewska, 2015; Momgilovié, 2019
Kandil et al., 2011; Ratnarajah and Gnanachelvam, 2021
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Plants

(Trticum aestivum) Wheat

(Oryza sativa) Rice

(Zea mays) Maize, Corn

Developing stage

60 days after sowing

Maturity and Grain filling

Vegetative stage
Panicle stage

Reproductive stage

Reproductive stage

During pre-anthesis and silking onwards

Temperature

30/25°C day/night

37/28°C (day/night), 20 days

25-425°C
Above 33°C, 10 days

32°C (night temperature)

35/27°C (day/night), 14 days

33-40°C, 15 days

Major effect

Reduce leaf size, elongation
of booting stage, heading
stage,

polination process.

Decrease the number of
spikelets and reduce

final yield. Early maturation
and grain filing.
Decreased grain weight.

Redluce CO, concentration
within plants.

Reduced the rates of pollen
and spikelet fertity.
Enhance pollen sterilty,
decrease grain size and
weight which leading to
yield reduction.

Suppress the production of
celluose and hemicellulose
Which leading to a reduction
in photosynthate supply in
plants

Decrease plant growth and
ear formation rate.

References

Djanaguiraman et al., 2010

Rahman et al., 2009

Djanaguiraman et al., 2011
Hurkman et al., 2009

Suwa et al., 2010

Yin et al., 2010

Zhang et al., 2013
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Plants

Cereal crops
(Titicum aestivum) Wheat

(Zea mays) Maize, Com

(Oryza sativa) Rice

Cash crops

(Gossypium hirsuturm) Cotton
(Saccharum officinarum) Sugarcane
Oilseed crops

(Brassica napus) Rapeseed

(Brassica juncea) Mustard
Vegetables

(Solanum tuberosurm) Potato

(Alliur cepa) onion

(Cucurbita pepo) Squash

Fruits

(Gitrus aurantium) Sour orange

(Vits vinifera) Grape

(Solanum lycopersicum) Tomato frits

Exposure time

10-15min
10
10-15min

30min
20min

10min
7 days
1h

10min

15-80min

Destructive temperature (°C)

45-50
49-51
38-45

40-45
50-55

49-50
40-45

425
30-36
49-51

50.5

45

References

GIMMYT, 2020
Argosubekti, 2020
Sarsu, 2018

Cotton Info, 2018
Damayanti and Putra, 2010

Argosubekti, 2020
Argosubekli, 2020

Argosubekli, 2020
Ikeda et al., 2019
Argosubekti, 2020

Argosubekti, 2020
Argosubekli, 2020
Argosubekti, 2020
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Microbial treatment Suppression Suppression ISR against
Fusarium Botrytis Botrytis

oxysporum cinerea cinerea
Bacillus amyloliquefaciens CECT 8238 ¢] o] +
Bacillus amyloliquefaciens CECT 8237 ¢] o o
Pseudomonas azotoformans o] + ¢]
Pseudomonas chlororaphis o + o
Trichoderma harzianum T22 + + o)
Trichoderma harzianum ESALQ1306 + o] ¢]
Rhizophagus irregularis nt nt +
SynCom1A + + i
SynCom1B + + e
SynCom2A + + +
SynCom2B + + o]

“+” and “0” indicates statistically different effect from the control treatment and no
effect, respectively, based on the Tukey honestly significant difference (HSD). “nt”
indicates that the microbial treatment was not tested.
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Microorganisms and/or
microbial metabolites

Acinstobacter caicoaceticus Bacterial

0-13; Bacillss simplex K-10 suspension

Ny fixer and/or auxin producer  Bacterial

mutants of Azospiilum suspension

brasikence FP2

Gluconacetobacter Bacteril

dlazotrophicus PALS: suspension

Azospirlum brasiense REC3

Pseudomonas spp.; Bacterial

Enterobacter spp.; suspension

Bacilus sporothemodurans

Burkholderia cepacia JFW16 Bacterial
suspension

Pseudomonas fluorescens Bacterial

ATCC13525 suspension

Burkholderia terricola Bacterial

LMG20594; Pseudomonas suspension

brassicacearum NFMA421;

B. pymocinia LMG14191;

P mandeli NBRC103147;

Herbaspirlum hutiense

NBRC10252

Paenibacilus polymyxa Bacterial

BFKCO1 suspension

Rhizobium leguminosarum Bacterial

(19 phaseol; Pseudomonas  suspension

spp. Am

Bacilus subtifs CPA; Bacilus  Bacterial and fungal

5p. AHPS; Pssudomonas suspension

chiororaphis PR2S; Glomus

fasciculatum

(consortium)

Arthrobacter sufonivorans Bacteral coating

'0S-68; Enterococcus hirae

05-163

Bacilus subils BHHU10, Bacterial and fungal

Trichoderma harzianum coating

TNHU27, and Pseudomonas

aenuginosa PIHUTS

(consortium)

Pseudomonas fludrescens Bacterial

C7R12; pyoverdine of suspension;

P luorescens CTR12 apo-siderophore

8. subtiis GBOS Bacteral
suspension;
Bacteral VOCs'2)

Bacilus amylolquefaciens Bacterial VOCs

BFOS

Arthrobacter sulfonivorans. Liquid bacteral

DS-68; Athrobacter sp. culture coating

08179

8. subtils GBO3. Liquid bacterial
culture

Paenibacills cookie JGRS:; Liquid bacterial

Pseudomonas. culture

pseudoalcaligenes JGR2:

Bacilus megaterium JGRY

Chryseobacterium spp. 138 Liquid bacterial
culture

P putida MTCC 103, Liquid bacterial

Enterobacteria culture

R loguminosarum PRI Liquid bacterial

Pseudomonas sp. PGERS17 culture

Trichodema asperellum T34 Fungal conidia

T asperelum T34 Fungal conidia

Hymenoscyphus ericae Fungal suspension

Glomus etunicatum WWST9A, G, Fungal cultures

dlaphanum WS798,

G. inraradices WVB94

Glomus mossae and tizosphere  Fungal spores, root

microorganisms pleces and sol

Glomus mossae, G, abidum, G, Fungal spores

fasciculatum, G. macrocarpum.  propagatedin
sterie soil

Glomus intraradices Commercial
inoculant

Arbuscular mycortiza fungi Commercial

inoculant inoculant

Gomus intraradices, G, mosseae,  Commercial

6. aggrogatum, inoculant

G. etunicatum

Glomus intraradices, G, mosseae,  Fungal spores (mix)

G. aggregatum,

G. etunicatum

Glomus intraradices, G. mosseae,  Fungal spores (mix)

G. aggregatum, G. etunicatum

Rhizophagus imegularis Fungal spores

DAOM197198

Rhizophagus imegularis Fungal spores

DAOM197198

Desferrioxamine B, sid. of Fe-siderophore

Straptomyces obtained

commercially

Ferrioxarine 8, 5d. of Fe-siderophore

Streptomyces $pp.
obtained commercially

Ferrioxarmine B, sid. of Streptomyces Fe-siderophore
$9P.obtained commercially
Ferichrome A, sid. of Ustiago

‘sphaerogena ATCC 12421;
ferroxiamine B, id. of

U. sphaerogena ATCC 12421

Agrobactin, sid. of Agrobacterium
tumefaciens B5.

Pseudobactin, syn. pyoverdine,
sid. of Pseudomonas aureofaciens
(now commoly referred to as.
Pseudomonas chiororaphis)
ATCC15926

Fe-sidorophore

Fe-siderophore

Fe-siderophore

Plants.

Potato

Maize

Stawberry

Sunflower

Mikvetch

Tomato

Leni, pea

Arabidopsis

Wheat

Wheat

Arabidopsis

Wheat

Lesser
bulrush

Tomato

Rico

Lentt

Cucumber

White lupin

Heather

Peanut,
sorghum
Galeta
grass

Sunfower

Chicory

Cotton,
maize.

Pine

Pea, bean

Pea, maize

Effects on the plant
iron status

Plant [FejFe/ @

Plant [Fe}Fe 7,
‘mod. Fe distib®.

Plant [Fe}Fe

Plant [Fe)Fe,”

Plant [FeJFe,”

Plant [FejFo,”

Plant [Fe/Fe,”

Plant [Fe)/Fo,”

Plant [Fe)Fe,/,
‘modi. Fe distib.

Plant [Fe)Fe,/

Plant [Fel/Fe 7, seed
(Fe}Fe,, mod. Fe
assimi.(D

Mod. Fe assimil.

Root [Fe/Fe\.,

shoot [FeFe.*

Pant [Fe}Fe,”

Plant [Fe}Fe,”

Plant [Fe}Fe,”

‘Shoot [Fe}Fe,*

‘Shoot [FefFe, for
strain JGR2, mod.
Fe distib.

Plant [Fe}Fe,*

Plant [Fe)Fo,,
seed [Fel/Fe !

Plant [FolFe”

Shoot [Fe}Fe,”

Shoot [FejFe

Plant [Fe)/Fe,”

Root [FejFe,”

Pant [FoFo,*
modif, Fe dstrb.

Plant [Fe}Fe,”

Shoot [Fel/Fe,~
Shoot [FeJFe,

Plant [FejFe,”

Plant [Fe}/Fe,”

Plant [Fe)/Fe/

Plant [Fe}/Fo,”

Shoot [Fel/Fe,

Root [FeJFe,"

Plant [Fej/Fe.,
modi, Fe distrib.

Root [FejFe

Plant [FejFeN. in
mycorhizal plant
Plant [FejFe,”

Shoot [Fel/Fe,”

‘Shaot [Fel/FeN,

Additional observations Effects on plant
genes

Tryptophan addition enhance

iron uptake

Root ethylene production\,(9,

00t auxin and DIMBOA®)

production,,

metabolic partitioning of carbon

difered

Phenolic compounds

content,,

chiorophyil*

Sid.© production 7,

phytohomone production,,

phosphate solubilzation,,

HON® production

Rhizosphere acidification, oot FRO2 expr.® 7,

FR® 7, flavin release, sid.and AT expr. 7,

phytchomone production,* AHAZ exx.
AT expr./”
IRT1 expr. -, FRO2
expr., NRAMPS
expr.

Rhizosphere acidification, sid.
production, 7, phytohormone
production

Root FR/ FRO2 expr. /', IRT1
expr./, FIT1
expr./ MYB72
e

Wild variety more efficient in Fe.

Uptake than cultivated variaty

after microbial inoculation

Grain protein contert,

superoide dismutase (SOD)”

catalaso CATI,, chiorophyl

Metabolome modication

Anti-nutritional factor,

Phenics, flavoncids, ascorbic:
acid and protein content,”

Numerous.
modifications.
eiidencedina
transcriptomic:
study

Changes in plant hormone
production, Incorpration of
Fe-pyoverdine suggested by
15N-tabeling and
immunodetection

Rhizosphere acidification, root
R/

FROZ expr. 7, IRT1
ot/

AT expe.

FRO2 expr. 7, IRT1
expr./ FITT
expr./

RootFR/,

Fe?* production,, Production
of VOCs implied (2R or
3R-butanedic)

‘Orgaric acid production,” ZPexrs

id. production,,
phytchomone production,,
phosphate solubiization,

Variation of peroxidase actity

Noduation ”,
leghaemogiobin,*

Peroxidase activity 7, catalase
actity”

Variation in resutts depending
on caloium addiion

Variation in resuts depending
on s0i pH and fungal stain

Plant phosphate

use of S9Fe.

Variation n results with amount
of micronutrients and P added
No effectof mineral N
fortization

Prant biomass 7,
chiorophyl, 7,

PlantS 7,

ROS\

Plant biomass /',
chiorophyl, 7,

plantS 7,

o0t FR /7,

ROS\

Pant biomass,,
chiorophyl. 7,

o0t FR,

ROS\,, CAT/,

s0D/

Genes impiied i strategy Il
were not induced

Root exploration volume,,
phosphatase production

DVAS2 0.7,
NAS2 9./,
ST exp.

FRO expr. /7,
SULTR (111,

12,13, 3:1)
expr

FROT expr. /',

IRTY expr. /',
2P1 expr. /',

OPT8 expr. /', NAS
expr

Variation of phytosiderophore
production

Fe removal from
chelate around the
oot chiorophyl,*

Chlorophyll”

Chlorophyli,

Mechanism(s) proposed
by authors

Sid.9 iron mobilzation

Reguiation of hormone
signaiing and celuar iron
transport

Sid. ron mobiization

Sid. ron mobiization

Promotion ofron
mobiization by acidiication,
stratogy liron uptake, and
homonal reguiation
Promotion of strategy | ron
Uptake, and redistrbution

ron uptake

Promotion ofron uptake by
modulation of the
expression of steategy | key.
genes and of ISR key genes.
Promotion of iron uptake

Promation of nutrient yield
by metabolic regulation and
ROS scavenging activity

Promotion of iron uptake

Promotion of ROS.
scavenging activity in plants

Sd. promotion of ron
mobilzation n the
hizosphere including the
apoplast, of stratogy | ron
uptake, and reguiation of
hormone signaing
Promotion ofron
‘mobilization by acidfication
and of stratogy | on uptako
Promation of strategy | iron
uptake through gene
expression modulation

Promotion of ron uptake
and translocation through
‘organic acid production
and stimulation of ron
transporters

Promotion ofthe plant ron
status through the.
reguiation of the plant iron
metaboism including
hormone signaing

id. promotion of ron
‘accumulation and
transiocation;relationship
between sid. production
and phosphate
solubiization

Fe-sid. used as a source of
iron under iron deficiency
Promotion ofron
solubiization, uptake and
translocation related to sid.
production

Fe-sid, used as a source of
iron underiron deficiency
Fe-sid. used as a source of
iron under iron deficiency

K. promotion of ron
‘accumuiation and
ranslocation under ron
deficiency; promotion of
ROS scavenging actiy is
implied

Sid. iron mobiization

Sid.iron mobization

Increased soil exploration

Sid.iron mobiization and
transportinto mycorrhizal
plants.

Increased soil exploration

Increased soll exploration

Promotion of strategy  ron
uptake (PS,), and of ROS
scavenging actiity

Promotion of iron
mobiization in the
thizosphere including the
fo0t apoplast, and of ROS
scavenging activity
Promotion of ron
mobilization and uptake,
and ROS scavenging
activity

Selective induction of
putative ron transporters
Increased sl exploration,
phosphatase actvies
implied

Sid. inhibition of ron uptake
via PS chelation

Sid.-mediated iron uptake

Sid.-mediated ron uptake

Fe-sid. used as a source of
iron under ron deficiency
using a specific sid. uptake
mechanism

Fe-sid. used as a source of
ron

Sid. competitive bidding of
iron
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