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Plant microbiome (or phytomicrobiome) engineering (PME) is an anticipated untapped alternative strategy that could be exploited for plant growth, health and productivity under different environmental conditions. It has been proven that the phytomicrobiome has crucial contributions to plant health, pathogen control and tolerance under drastic environmental (a)biotic constraints. Consistent with plant health and safety, in this article we address the fundamental role of plant microbiome and its insights in plant health and productivity. We also explore the potential of plant microbiome under environmental restrictions and the proposition of improving microbial functions that can be supportive for better plant growth and production. Understanding the crucial role of plant associated microbial communities, we propose how the associated microbial actions could be enhanced to improve plant growth-promoting mechanisms, with a particular emphasis on plant beneficial fungi. Additionally, we suggest the possible plant strategies to adapt to a harsh environment by manipulating plant microbiomes. However, our current understanding of the microbiome is still in its infancy, and the major perturbations, such as anthropocentric actions, are not fully understood. Therefore, this work highlights the importance of manipulating the beneficial plant microbiome to create more sustainable agriculture, particularly under different environmental stressors.
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Introduction

Different researchers have highlighted that by 2050, it is expected that the world population will reach 10 billion people. The massive surge in population will increase the amount of food necessary for the entire planet to be fed. However, food could be a problem for this drastically increased population. Even today, approximately 9% of the world’s population (690 million people) go to bed with an empty stomach each night (Sakschewski et al., 2014). Combining these challenges without compromising the environment and human health is a major issue in the agricultural production sector and the forefront of many plant scientists.

To achieve this goal, it will be obligatory to engage two closely associated goals. The first is to improve crop yield, especially for cereal crops, which can be accomplished through different procedures, such as genetic modification, selective breeding, avoiding waste in irrigation as well as fertilization regimes (Beddington, 2010; Godfray et al., 2010; Singh et al., 2022). Second, curtail crop losses due to pests and diseases, which have been causing losses on the order of 20–40%, in addition to the indirect effects on livelihoods and the environment (Oerke, 2006; Beddington, 2010; Godfray et al., 2010; Savary et al., 2012; McDonald and Stukenbrock, 2016).

Implementing strategies to attain the latter is challenging, particularly because the elements that corroborate plant maladies are extremely complex and multivariate (Savary et al., 2012). Moreover, cereal crops are affected by several different organisms, e.g., a variety of bacteria, fungi, oomycetes, nematodes, and viruses (Dean et al., 2012).

Fungal species competence to survive in soil mainly invade the plant roots, causing various notorious diseases in plants while simultaneously undermining the host plant of its nutrients; this is the case for wheat disease caused by Gaeumannomyces graminis var. triciti, which in some cases can eradicate an entire wheat crop. Thus, worldwide, the take-all of wheat is considered the most important root ailment of wheat (Coombs, 2004; Kwak and Weller, 2013; Cook et al., 2015; Hernández-Restrepo et al., 2016; Ahmad M. et al., 2022). Plant-parasitic nematodes living in the same vicinity as plant roots are among the most destructive plant pathogens, causing estimated damage of more than US$100 billion per year. An expert-based assessment of crop health listed nematodes as among the most damaging pests and pathogens for different crops (Savary et al., 2012).

To avoid crop losses due to maladies, chemical pesticides are routinely applied on crops, with the main goal of eradicating or lessening the disease invasion, infection or severity. However, it is becoming increasingly clear that long-term chemical pesticide usage poses several adverse effects on the environment and human health (Sanyal and Shrestha, 2008; Kortekamp, 2011). For instance, a myriad of pesticides can cause acute and chronic toxicity in humans, and they are progressively being shown to cause widespread damage to the broader ecosystem, affecting non-target organisms, such as pollinator species, and soil pollution and water (Arora and Sahni, 2016; Grewal et al., 2017; Anwar et al., 2023). These non-target effects can also extend to reduce the beneficial microbial diversity within soil, which in turn refrains and suppresses the available populations of pathogens from competition and elevates the risks of pathogen invasion and colonization of plant tissues (Jacobsen and Hjelmsø, 2014). Additionally, plant pathogen genetic evolution and resistance against various resistant bread crop varieties can be devastating outcomes of the continuous application of pesticides, that pathogens can rapidly evoke plant host resistance mechanisms, especially when only a single gene is responsible for resistance. In certain circumstances, there are many crop species for which resistant cultivars are unavailable. For instance, every 2–3 years, rice cultivars that are usually resistant to M. oryzae typically become ineffective. These combined issues have opened up ways to search for another alternative.

Plant-associated microbiomes have essential functions in improving plant nutrition acquisition and provide protection against biotic and abiotic stressors. Nutrient acquisition has been thoroughly studied for plant symbioses with arbuscular mycorrhizal fungi (AMF) and Rhizobium bacteria (Bergelson et al., 2019; Trivedi et al., 2020). Additionally, these diverse microbial communities of plant microbiome perform multiple functions such as nitrogen fixation, nutrient solubilization, (Adnan et al., 2022; Khan et al., 2023) protection against devastating plant pathogens and production of phytohormones (Haider et al., 2022) like indole acetic acid, auxin, gibberellin, abscisic acid, aminocyclopropane-1-carboxylate deaminase, antibiotics, development of induced resistance to pathogens in plants, and promotion of the population of other helpful microorganisms (Afridi et al., 2019, 2021; Mehmood et al., 2021a; Zainab et al., 2021).

Manipulation of the soil microbiome for plant growth and protection is considered one of the possible avenues in previous decades. The soil microbiome has complex interactions with the plant and its roots, helping to remove contaminants, provide nutrients, and proliferate growth (Liu et al., 2019). Continued research into this subject matter is necessary to elucidate the complex interactions that occur so that manipulating these relations may be used to help feed 10 billion people. Therefore, this review aimed to highlight the beneficial services of the plant-associated microbiome to be manipulated and optimized, resulting in better agricultural production, even under non-optimal conditions.



Defining the plant microbiome

Plants are associated with a diverse group of microbes, such as bacteria, oomycetes, fungi, archaea, and viruses, through three major associations, the rhizosphere (root-attached soil), endosphere (internal tissue), and phyllosphere (aboveground parts), which execute significant activities that influence host health and fitness and inhabit a well-defined area of plant microbiome. Among them, the rhizosphere is the most complex and diverse niche of microbial communities (Lakshmanan et al., 2014; Bandyopadhyay et al., 2017).

Plants have evolved to form complex, beneficial relationships with the microorganisms in their surroundings. Although the plant microbiome includes bacteria, fungi, archaea, protists and viruses, the majority of research has focused on bacterial and fungal communities (Trivedi et al., 2020). These organisms play important roles in the health and productivity of crops by forming complex co-association with plants (Fitzpatrick et al., 2018). In particular, plant-associated microbiota and plants form a ‘holobiont,’ and evolutionary selection among microbes and plants contributes to the stability of the ecosystem (Hamonts et al., 2018; Xu et al., 2018a).

Recently, developed culture-independent high-throughput sequencing has accelerated the identification of microbial communities inhabiting the surrounding spaces, as well as inside tissues and surfaces of plants, and demonstrated the existence of microbial lineage subsets, termed ‘core microbiota,’ which reproducibly make contacts with host plants across a wide range of environmental conditions (Bergelson et al., 2019).

In terms of therapeutic or diagnostic benefits and technical advancements, the study of the microbial community has been a leading interest amongst scientific society. In addition to compensation, all or some of these microbes actively support plant improvement (Parray and Shameem, 2019). In accordance with distribution, these microbes can be found in the phyllosphere (above the ground–stem and tissues), endosphere (underground–tissues within the plant) and rhizosphere (roots alongside growth layers) of the host (Figure 1). This is because the plant anatomy represents and provides a remarkably suitable environment for these microbes (Schlaeppi and Bulgarelli, 2015). Over the past decades, individual microbes from these microbiomes have displayed exceptional features (Rani et al., 2019; Gupta et al., 2020) containing their interactions with the host. The symbiotic association has been determined to be pathogenic and/or non-pathogenic to the host plants, including nitrogen fixation, development, bioremediation and stress tolerability (Chhabra and Dowling, 2017; Roth and Paszkowski, 2017; Li et al., 2019). To overview an extended mutualistic to parasitic and commensalism dealing, plants correlated with the microbiota cover a large portion. Additionally, the study of this connection may lead to in-depth knowledge and could provide appreciative outputs.
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FIGURE 1
The holistic overview of plant microbiome compositions, the interaction between plant and its associated microbes, function and its positive effect on plant growth and development under extreme conditions. Plant recruit and assembly beneficial microbes via exudation and constitute a healthy and beneficial microbial community. This microbiome improves plant health, alleviates abiotic stresses and provides a safeguard to the host exhibiting various direct and indirect mechanisms.


According to the growth of the global population, a sustainable environment of high food security is urgently needed, which is achieved mostly by strengthening crop practices. In this regard, the microbial system has been a key technology in such progress. Since ∼300 BC, this goal has been founded by the manipulation of the soil microbiome (Vessey, 2003), which is a key to the green revolution (Parnell et al., 2016). It is interesting to note that soil microbiomes are now touted as a cornerstone of the next green revolution.



The plant microbiome at work

The microbiome, as a ‘second genome’ of organisms, including plants, has a mutualistic relation with health and general well-being. Taking this into consideration, Figure 1 depicts a holistic overview of the plant microbiome with some attributes, signaling and cross-talk between the plant and its relevant biota. This mutualism can be direct and/or indirect; plant–plant, microbe–microbe, plant–microbe, and/or with some microbe–microbe and macrosoil eukaryote interactions (Tarkka et al., 2008). In addition, these interactions could be classified into competition, parasitism, mutualism and commensalism. Being more common, the latter two interactions provide major benefits to one or both interacting species.


Microbial services

Within this context, the manipulation of the phytomicrobiome can be of greater interest to boost diagnostics and therapies in plants, which are extendable to animals and humans in the future (Zmora et al., 2016). However, the phytomicrobiome is generally associated with multiple microorganisms that are major factors for agricultural production and play a critical function. Agricultural sustainability has been a major proposal in the world and has been completed by the implementation of many microorganisms. In fact, some of these microbes colonized the plant roots, improve plant growth and regulate vital functions against detrimental pathogens and thereby lead to plant productivity (van der Heijden and Hartmann, 2016; Cordovez et al., 2019; Rafique et al., 2019). The world is transitioning to ecologically safe and economically effective approaches that could be used to promote agricultural productivity. Therefore, a balanced farming system is critical in terms of the survival of Earth. In this regard, crop output per unit area of land must be raised to fulfill the demand for food (Doran, 2002). As per recommendations, an equivalent improvement in plant health could be achieved via various strategies. Among them, PGPR, as probiotics for plant roots and prebiotic substrates/additives, can be used to cause compositional alterations in the phytomicrobiome and are termed soil amendments. The plant microbiome has a strong influence on nutrient availability and the growth and development of the host (Carvalhais et al., 2013). Accordingly, plants on the basis of natural exudate recruit and “engineer” a local microbiome (Kumar et al., 2018b; Rojas-Solís et al., 2018) and make this habitat fit to their survival.



Signaling and cross-talk

In general, plants of the local habitat are in cross-talk with numerous surrounding stimuli incorporating the microbial communities (Figure 1); therefore, this is termed the homeostatic photomicrobiome. In such a homeostatic phytomicrobiome, plants are allowed to sense and properly respond to any interactive stimulus of the system. However, after microbial substance recognition, they can ultimately lead to mutualism or immunity. Furthermore, communicatory signaling is an important phenomenon responsible for healthy lifestyles and the survival of organisms (Cook et al., 2015; Müller et al., 2016). This communicatory network can be predicted for any of the micro- or macroorganisms living on the planet, such as quorum sensing bacteria (Cornforth et al., 2014), whales (Parks et al., 2015) and those across the tree of life. Such communicating circuitry plays a decisive role in the evolution of the life of associated organisms (West et al., 2015). Overlooking such a communicatory web, chemical signaling is highly vital and participates in perception and modulation in stationary organisms, such as plants. However, plants use these chemical bases as signals to maintain mutual links with presided microbes either on the aerial (trunk, shoots, leaves, etc.) and/or the underground parts (roots). As per estimation, approximately 5–20% photosynthetically fixed carbon has been an active ingredient in plant rhizosphere-inducing microbes for healthier microbial community formation (Marschner, 1995). In addition to carbon, microorganisms discharge many more signaling chemical substances to the rhizosphere. Through them, the most prominent are phytohormones, extracellular enzymes, organic acids, antibiotics, volatile contents and surface factors, e.g., immunomodulatory precursors such as flagellins and lipopolysaccharides in Pseudomonas (Ping, 2004; Dangl et al., 2013). As a signaling molecule, quorum sensing, e.g., N-acyl-homoserine lactones (AHLs), when secreted, is used to regulate gene expression by plant-associated bacteria (Berendsen et al., 2012). However, AHLs have been major precursors affecting root development in a model plant of Arabidopsis (Ortíz-Castro et al., 2008). Moreover, AHLs have the tendency to elicit “systemic resistance” (ISR) that allows plants to evade lethal pathogens without requiring bacterial factors. This effect can be a systemic mechanism because the roots are inoculated with manifold plant growth-promoting rhizobacteria (PGPR), such as Pseudomonas, Burkholderia, and Bacillus sp. that turn host plants non-susceptible to invaders (Schuhegger et al., 2006; Choudhary et al., 2007; Tarkka et al., 2008). In line, such a microbial combination is essential and responsible for fitness and plant health and beyond fulfilling fundamental demands (water, nutrients, etc.), they increase the tolerability of plants against any of the (a)biotic stressors (van der Heijden and Hartmann, 2016; Cordovez et al., 2019). This association provides the main benefits to soil biochemistry to suppress soil-borne diseases and detrimental pathogens. It is noteworthy that these pathogens may still be present but in an inactive state that would not be able to cause soil-borne diseases or damage their resident host, while this setup can be termed “soil suppression.”




The relevant role of plant-associated fungi and bacteria

Plants can be associated with an immense diversity of microorganisms, including fungi. There is sufficient evidence that some fungi, such as AMF, can provide broad benefits to the plant in a type of symbiotic interaction. AMF are obligate biotrophic organisms that supply mineral nutrients to the host plant and, in return, receive carbon derived from photosynthesis. In this same sense, AMF can modulate carbon distribution in plants by modifying the expression and activity of key enzymes for the synthesis, transport and/or catabolism of carbon compounds, such as sucrose. Since sucrose can be essential for the maintenance of all metabolic and physiological processes, the modifications addressed by AMF can significantly affect plant development and responses to stress. Additionally, the interaction between AMF and plants can also host lipid biosynthesis to acquire storage reserves and generate biomass.

Other fungal species that provide various services to the plant are Trichoderma spp. richoderma (teleomorph Hypocrea) is a fungal genus that inhabits many ecosystems, including those involved in agricultural and production practices. There are several examples of how Trichoderma is part of microbial bioinoculants, either individually or carrying out synergistic interactions with other microorganisms, such as plant growth-promoting bacteria or PGPB. Trichoderma species, such as T. harzianum, T. viride, and T. virens, among many more species, can ameliorate the severity of plant diseases by inhibiting the growth of phytopathogens in the soil (mainly), since they exhibit antagonistic and mycoparasitic activities. Additionally, it has been reported that Trichoderma spp. It is also capable of interacting directly with the roots, which leads to promoting the growth and development of vegetable crops, as well as of course, stimulating resistance to diseases and tolerance to multiple types of environmental stress, such as salinity or drought to name a few. To further explore topics on the importance of plant-associated fungi and their beneficial role, readers are directed literature (Santoyo et al., 2021).

The root surfaces tightly adhering to the rhizosphere’s soil interface colonize these PGPR (Jain, 2016). PGPR-mediated biocontrol processes are wide-ranging, like availability of nutrients and ecological niches, synthesis of allelochemicals including enzymes and antibiotics, development of induced resistance to pathogens in plants, and promotion of the population of other helpful microorganisms (Table 1). The best-known PGPR that colonizes in the rhizosphere strains are Bacillus, Rhizobium, Acinetobacter, Alcaligenes, Arthrobacter, Enterobacter, Pseudomonas, Serratia, and Burkholderia (Vinayarani and Prakash, 2018; Mehmood et al., 2021b) successfully induce disease resistance against the bacterial pathogen in plants, including R. solanacearum (Cao et al., 2018), E. carotovora (Chandrasekaran and Chun, 2016), D. solani, E. amylovora, and P. carotovorum (Vega et al., 2019). Both growth promotion and biological control can regulate by the same strain of PGPR. Generally, biological control of these bacteria relies on direct or indirect modes of action; however, all these mechanisms are highly influenced by the type of host plants (Dey et al., 2004; Singh et al., 2019). In direct mechanism, pathogens directly affected by the production of metabolites, for instance, antibiotics, hydrogen cyanide (HCN), iron-chelating siderophores, pyoluteorin, tensin, 2,4- diacetylphloroglucinol, phenazines, viscosinamide, and other cell wall-degrading enzymes, while another mechanism is known as induced systemic resistance, this happens by the intervention of an inducing agent that systemically stimulates the chemical or physical defensive mechanisms of the host plant, resulting in decreased symptoms of pathogens that invade tissues distal to the inducer (Table 1; Khatoon et al., 2020; Raj et al., 2020).


TABLE 1    Plant growth promoting microbes underpinning plant growth and enhance tolerance against biotic and abiotic stresses employing various mechanisms.

[image: Table 1]



Why engineer the plant microbiome?

In light of the intensification of cropping practices and changing climatic conditions, nourishing a growing global population requires optimizing environmental sustainability and reducing the ecosystem impacts of food production. The use of microbiological systems to ameliorate agricultural production in a sustainable and eco-friendly way is widely accepted as a future key technology. The manipulation of soil microbiomes to optimize crop productivity is an ancient practice; records can be traced to ∼ 300 BC (Vessey, 2003). It is interesting to note that soil microbiomes are now touted as a cornerstone of the next green revolution (Parnell et al., 2016). In addition, the continuous growth of the world population demands that the global availability of food be one of the major concerns in the near future. According to the projected data (DESA, 2019), if this increment continues, in turn, the demands for food will reciprocally increase by 8.5 billion in 2030, 9.7 billion in 2050, and 11 billion by 2100. However, the fulfillment of such demand must be ascertained with green and innovative technologies incorporating plant and microbial resources.

Environmental stressors have caused major alterations in plant physiology and biochemistry that lead to significant reductions in plant yield and production. In accordance with previous reports (Kumar et al., 2018a), 30–50% of agricultural losses have been impacted by unfavorable environmental conditions. Agronomic loss coupled with continual population growth demands at least a 60% boost in agrarian production to meet food demand on a larger scale (Wild, 2003). Often, the agricultural production has mostly been supplemented with pesticides. Consistently, approximately 2 million tons of pesticides are globally administered to reduce causative pests, aiming for maximum crop production (Foong et al., 2020). Concurrently, the use of agrochemicals influences biodiversity and soil fertility, biochemistry, agricultural sustainability, food safety and nutritional security, among others. However, excessive use of pesticides not only produces environmental pollution, but over time, their drastic chemical substances can cause diseases in humans and livestock (Sharma et al., 2010; Fu et al., 2022). Additionally, they kill beneficial microbes and reduce nutrient availability, which are essential elements for plant growth and productivity (Meena et al., 2020).

Thus, the plant microbiome contributes to the basic functions of microbial ecosystem services in agriculture, plant production and performance, nutrition, improved quality of the soil, and tolerance to (a)biotic stresses (Figure 1; Quiza et al., 2015; Vandenkoornhuyse et al., 2015; Enebe and Babalola, 2018; Ojuederie et al., 2019). The plant microbiome supports plants through the mechanisms of regulating hormones, specific antagonistic metabolite (rhizobitoxine) production that induces resistance against drastic pathogens, suppression of soil-borne disease, antibiosis, and competition for nutrients in the rhizosphere (Choudhary et al., 2007; Penton et al., 2014; Reitz et al., 2015; Zhang et al., 2019; Rodríguez et al., 2020).

Therefore, plant microbiome engineering is an alternative but an untapped strategy that can be exploited for plant health, growth, and productivity under extreme conditions. Recently, a number of accessible approaches have been proposed for plant microbiome engineering (Figure 2; Arif et al., 2020; Kumar and Dubey, 2020). An interesting avenue is to harness variations in exudation patterns to enhance the beneficial rhizosphere microbiome (Quiza et al., 2015). The microbiome can be engineered by traditionally amending soil with (in)organic supplementation and agricultural practices to promote microbial diversity, functions and interactions with the targeted host (Figure 2; Sankar Ganesh et al., 2017; Saeid and Chojnacka, 2019). Therefore, the living components of the rhizosphere can be engineered to promote plant health and growth, two features that strongly depend upon the interactions of living organisms with their environment (Dessaux et al., 2016). Thus, aiming at viable agronomic production, several innovative tools could play a central role by improving microbial bioengineering that is beneficial to replace lethal agrochemical substances.
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FIGURE 2
Plant microbiome engineering via biotechnological and conventional approaches. Host-mediated microbiome (indirectly selection of microbiome through utilization of host phenotype), artificial seed microbiome (artificial selection of microbiome and its integration/inoculation with seeds. This establish microbiome may evolve during the development and germination that consequently impact plant microbiome structure and function), Rhizosphere microbiome (bacterial competitiveness engineering) Synthetic microbiome (genetically engineered microbes inoculation to host plant) In situ microbiome (manipulation of native microbial community in their native context) Plant mycobiome (optimization and improvement of beneficial plant–fungal interactions).




Engineering the plant microbiome for green agricultural production

In addition to protection, plant microbiomes provide key benefits regarding better health, with improved growth and production and plant environmental adaptation (Haney et al., 2015; Berg et al., 2016). Most microorganisms are found in such a biome that they tend to cause physiological alterations and allow plants to survive detrimental invasions (Dubey et al., 2019; Santoyo et al., 2021). Within the microbiome, these microbes are clustered on the surface and tissues of the host plants. The bimodal association thereby allows nutrient acquisition, promoting the growth and resilience of the host against environmental stressors (van der Heijden and Hartmann, 2016; Cordovez et al., 2019).

The traits displayed by the microbiome community are of high relevance to plant health, yet they are influenced by microbial diversity, unwanted conditions and even host plant species (Jain et al., 2020). The entire microbiome is not involved in corresponding functions; however, they are performed by unique microbial species because of synergistic effects between two or more strains (Rojas-Solís et al., 2018). The manipulation of the bacterial microbiome and the production of bioinoculants have enabled scientists to control and properly monitor plant health and production (Adesemoye et al., 2009).

In this regard, several strategies, including soil amendment, artificial microbial consortia and host-dependent microbiome engineering, have been proposed that could strengthen stress tolerance, disease resistance and nutrient acquisition in host plants (Figure 2) A traditional method of soil engineering or amendments is adding (in)organic substances directly to soil or using alternative agricultural tools. Any of these sources guide farmers to manipulate plant–microbiome interactions to increase crop production (Wang et al., 2015; Sankar Ganesh et al., 2017).

Conforming reported data, a host-mediated microbiome engineering approach is a host-based indirect selection of proper microbes and leveraging out those that are influential to the microbiome in context (Mueller and Sachs, 2015). In addition, an “artificial microbial consortium (AMC)” has also been used in microbiome engineering.

A recent example of biostimulant consortium application in phytomicrobiome for enhancement productivity of chickpea and soil health was conducted by Mukherjee et al. (2022). These experiments were carried out in two different locations like Banaras Hindu University Varanasi, and Sarai Dangri village, Uttar Pradesh, India. Microbial strains BHUJPCS-15 and BHUJPVCRS-1 were isolated from chickpea seed and chickpea rhizosphere soil respectively. This study depicts that consortium significantly increased yield NPK, microbial counts and soil enzymes. Interestingly, the results showed that microbiome manipulation via potential biostimulant consortium directly influenced the yields and soil health. Recently Glick and Gamalero (2021) explored in their article that mostly plant attract and beneficial microbes. This study further highlighted that bacterial consortia assist plants in various ways such as promoting plant growth and providing protection to hosts from a wide range of direct and indirect environmental stresses. This study also suggests that the microbiome could be engineered by engineering plant seeds to contain desired bacterial strains. It is unquestioned that Phytomicrobiome is an untapped source which might be potentially resolved the current and future challenges of sustainable agriculture and food security. But at the same time biotic and abiotic constraints substantially imbalance the functionality of phytomicrobiome and we are unable to overlook them (Chouhan et al., 2021). This study also recommends and shaded light on the potential of Culturable PGPR and endophytes that could be harnessed for resilient microbiome engineering.

However, in this functional consortium, an established complex interactive network of different microbes in the rhizosphere environment has been essential (Kumar et al., 2018b). Other than the rhizosphere, microbes can also be found in the root part that permits only useful microbes to access plants as endophytes (Rojas-Solís et al., 2018). As a key benefit, AMC via microbiome engineering can be used to modify the respective phytomicrobiome. An ideal AMC fabrication is based on a systematic method that can contain a series of crucial steps. Similarly, active microbe selection and regulation of their mutual interactions, excavation along the culturing core microbiota to evaluate consortium efficacy (Kong et al., 2018), are major parts of the process utilized in AMC production (Figure 2).

Additionally, genotype-dependent host microbiome engineering has been harnessed for microbiome engineering to enhance host functions and induce resistance in diverse environments. The genetic bases of plants are fundamental for the shaping and functioning of microcosms (Arif et al., 2020), such as Pseudomonas simiae WCS417r, for improved biomass production in Arabidopsis (Wintermans et al., 2016). This indicates a genetic relation of Arabidopsis loci (controlling plant defense and cell wall integrity) with phyllospheric bacteria (Horton et al., 2014). It has also been proven that plants can expel bacterial species into the rhizosphere, but the mechanisms by which useful or harmful microbes exchange with related holobionts are unknown.


Improving plant growth-promoting mechanisms

The microbiome is composed of several different types of organisms, including bacteria, fungi, protozoa, archaea, and viruses (Mueller and Sachs, 2015). This array of microbial communities plays a pivotal role in the functioning of plants by influencing their physiology and development (Mendes et al., 2013). Plant microbiomes can play a beneficial role, protecting the plant from potential pathogens, improving plant growth and fitness and inducing tolerance to abiotic stresses (Haney et al., 2015; Berg et al., 2016).

Unsurprisingly, the rhizosphere microbiome also inherits soil-borne plant pathogens that colonize plant roots and successfully hack plant innate immunity by breaking the preventive microbial shield of beneficial microbes and causing disease (Mendes et al., 2013). However, it has been proven in various studies that plants secrete small molecules for the recruitment of actively beneficial microflora to assist their conformation under extreme conditions (Busby et al., 2014). It is well known that plants and associated microbes establish symbiotic relationships that facilitate nutrient acquisition and induce resistance in unfavorable environments. However, the plant unable to distinguish beneficial microbes and restrict the formation of pathogenic associations is still unknown (Zipfel and Oldroyd, 2017).

It is well documented that the interactions between plants and their microbiomes are mediated by metabolic signaling. Plant release 20–35% photosynthetic carbon into the rhizosphere in the form of metabolites that recruit beneficial microbes (Figure 1). These microbes symbiotically associate with host plants and underpin them under adverse conditions (Arif et al., 2020; Trivedi et al., 2020). However, concomitantly, the rhizosphere is also a playground and battlefield for soil-borne pathogens that establish parasitic relationships with host plants. Moreover, the diversity and population ratio of plant pathogens and beneficial microorganisms are linked to the amount and quality of plant root exudates and microbial interactions in the rhizosphere (Somers et al., 2004; Raaijmakers et al., 2009). For example, the model plant Sorghum bicolor secretes specific metabolites, which facilitates bacterial ATP-binding cassette transporter gene expression and, in turn, modifies the root-associated microbiome composition by promoting the abundance and activity of monoderm bacteria, which has a positive impact on the growth and development of Sorghum bicolor plants facing drought stress (Xu et al., 2018b). This is a potential blueprint for developing SynComs from such plant-associated microbiomes to increase crop productivity in arid areas with low precipitation and poor irrigation systems. Understanding the substantial role of metabolites and biotechnological approaches might help to unravel the mechanisms underlying beneficial microbe recruitment for microbiome engineering.



Enhancing phytoremediation activities

Phytoremediation is an environmentally friendly, solar-powered and cost-effective soil remediation technology. Based on plant ability, this technology has to do with the already existing contamination in the system biome, where it intercepts, takes up, accumulates and translocates contaminants (Pilon-Smits, 2005). The efficiency of phytoremediation depends on plants (Vangronsveld et al., 2009), contaminant concentration, soil pH, nutrients and oxidoreduction (Sessitsch et al., 2013) as well as those microorganisms that are associated with soil and plants, respectively. Phytoremediation, instead of a better technology, has often been observed with non-uniform results at the field scale, slow and incomplete degradation, and long clean-up processes (Vangronsveld et al., 2009; Stephenson and Black, 2014). To date, the improvement in soil, contaminant availability and accessibility (de La Torre-Roche et al., 2012), plant growth (Sessitsch et al., 2013), and exploration for the exploitation of soil and plant-associated organisms in phytoremediation (Barac et al., 2004; Abhilash et al., 2012) have been main topics of interest. In recent decades, many approaches have been focused on individual organisms rather than on integrated meta-organisms, while in such regards, the potential impact has been limited. Improved phytoremediation necessitates a central understanding of plant–microbe interactions, and responses to pollutants can be of high relevance. In line, the comprehension of how the host combines the beneficial microbiome and its function under contaminant stress is unavoidable. Molecular data and ecological models in this regard have clarified the assemblage of fewer insects (Scheuring and Yu, 2012), respectively.

Beyond plants and related microorganisms, the metaorganism has shown successful improvement in agriculture practices (Mendes et al., 2013; Berg et al., 2014) and disease mitigation (Berendsen et al., 2012) and has uncovered mutual interactions between plants and unlimited degradative microbial taxa. It has been declared that the plant microbiome can be helpful in extending the functional potential of targeted hosts. Therefore, such a microbiome enables regulation of the expression of traits in plants, thus strengthening physiological state and tolerance (Mendes et al., 2013). However, it can be emphasized that the phytoremediation is microbiome dependent. Moreover, it is accepted that hosts assemble non-random sets of microbial symbionts with a higher proportion of beneficial microbes than expected. With respect to polluted soil, a host plant is free to choose microbes with degradative genes within a pool of candidates in bulk soil (Siciliano et al., 2001), but a full understanding of how hosts carry the process is lacking. Expressively, hosts can be found with a mutualistic symbiosis of PGPR and mycorrhizal fungi. Within this symbiotic association, plants provide root exudates and produce a microbial habitat, while PGPR degradative bacteria and mycorrhiza sponsor plant growth and detoxify the environment. In the presence of contamination, the rhizosphere and root microbial communities are strongly damaged (Siciliano et al., 2001).



Ameliorating plant stress

The plant microbiome presents a complex interrelationship among many environmental factors and bacterial communities. In particular, under open field conditions, the possible bias in laboratory experiments is emphasized due to the lack of variability in environmental changes. Extreme environmental stresses, mainly climatic changes, can influence microbial communities. The soil microbiome can be affected by these stresses directly from drought-, salt- or heat-tolerant taxa (Martiny et al., 2017; Naylor et al., 2017) and indirectly by altering soil chemistry or diffusion rates (Liptzin et al., 2011).

The impact of salinity can be alleviated by the implementation of halo-tolerant synthetic microbiomes in saline soil systems. As the majority of microbes are halo-sensitive, some halophytic plant-associated members are halotolerant and can be considered potential targets for developing synthetic microbiomes. It has been demonstrated that inoculated halotolerant rhizobacteria improve the native microbial community’s resilience to salinity stress and, as a result, can improve plant growth and stability in saline states (Bharti et al., 2015; Ali et al., 2022c). An engineered microbiome approach is recommended for use in areas with saline water irrigation systems.

Drought is among the worst obstacles to agricultural productivity. Plant stress tolerance must be improved to allow acceptable crop production in limited resources of water under drought situations (Liu et al., 2019; Salam et al., 2022). Drought stress tolerance in plants based on root-associated bacteria has also been reported. In addition, molecular compositions (such as root exudates) have shown promising potential in the relevant scenario of plant microbiome perturbations. Studies have better explored an example of the biosynthetic salicylic acid in A. thaliana that collects a normal root microbiome (Lundberg et al., 2012). This study has shown that central regulators in the immune system of plants have an impact on root microbiome composition. Moreover, such regulators can be adapted to amend the microbial community, which, in addition to improved productivity, can increase resilience against unwanted stressors. Most studies on the plant microbiome have considered model plants, particularly A. thaliana. All information attained could be extrapolated to other plant communities. Therefore, more effort should be directed to microbiome engineering to enhance crop characteristics, such as tolerance against drought and diseases, thus allowing sustainable agricultural production (Dola et al., 2022). However, this technology has recently demonstrated its potential for the root microbiome of S. bicolor, for which drought conditions have caused the enrichment of a set of root microbes. Drought-based induced upgradation with metabolic shift was observed for the plants and microbes, revealing it to be a potential blueprint in handling the microbiome to strengthen crop fitness and upsurge production (Xu et al., 2018a).



Stimulating antagonistic and biocontrol activities

Plant diseases are the cause of major economic losses for farmers worldwide. The FAO estimated that pests and diseases are responsible for approximately 25% of crop loss (Dean et al., 2005). There are regional differences reported: it is estimated that diseases typically reduce crop yields by 10% every year in more developed countries, but yield loss due to diseases often exceeds 20% in less developed areas. To avoid crop losses due to maladies, chemical pesticides are routinely applied on crops, with the main goal of eradicating or lessening the disease invasion, infection, or severity (McMichael et al., 2007). However, it is becoming increasingly clear that long-term chemical pesticide usage poses several adverse effects on the environment and human health (Rani et al., 2021).

Plants harbor a diverse array of microbes in the rhizosphere that establish beneficial relationships with their hosts, guarding from plant pathogens and influencing their health and fitness through direct and indirect mechanisms. Competition, hyperparasitism, antibiosis, production of extracellular enzymes, and induction of resistance are well documented mechanisms (Figure 1; Raymaekers et al., 2020). All these beneficial microbes associated with the roots of crop plants exert beneficial effects on their hosts and are referred to as plant growth-promoting biocontrol agents. Various studies have proven that plants secrete small molecules for the recruitment of actively beneficial microflora to assist their conformation under extreme conditions (Busby et al., 2014). This array of microbes possesses various biological control traits, such as competition for food space and colonization (Hunziker et al., 2015; Lloyd and Allen, 2015; Santhanam et al., 2015), antibiosis (Gómez Expósito et al., 2017), hyperparasitism (McNeely et al., 2017) and the production of degradative enzymes. In addition, these microorganisms associated with plants form a mutual association that impacts the host plant-associated microbiome and hosts an innumerable wealth of bacterial taxa, many of which promote tolerance to abiotic and biotic stresses and plant growth, suppress plant diseases, degrade xenobiotic compounds, and positively affect yields (Berg et al., 2016). This immense microbial diversity can be a target of manipulation by employing artificial microbial consortia, providing new synergistic opportunities for enhancing disease management (Poudel et al., 2016).




Current challenges


Difficulties in isolating and characterizing microbiomes

Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria are the major rhizobacterial phyla that are compliant with cultivation. Several studies have been conducted for their isolation, genome sequencing and characterization of their phenotypes (Bai et al., 2015; Mauchline et al., 2015; Levy et al., 2018). Experiments are performed in laboratories mimicking their natural interaction with plants to find the key features of plant–microbe relations. These studies enable scientists to understand the microbial recruitment behavior in the rhizosphere as microorganisms take part in the growth and tolerance of the plant (Bai et al., 2015; Niu et al., 2017). Isolation makes the assembly and sequencing of individual genomes simpler. Moreover, it provides more resolved data compared to assembling metagenomes. Furthermore, the isolation step also confirmed the presence of isolates in the rhizospheric community and their interaction with the host plant (Levy et al., 2018). After isolation, strains can be easily detected for key enzymes and molecular mechanisms involved, e.g., the proteomic or transcriptomic response of a single fungus or bacterium to nutrient stress or the plant microbiome enlightens the plant growth promoting (PGP) potential of microorganisms. This helps discover novel traits of the microorganisms related to their PGP activities (Bruto et al., 2014; Lidbury et al., 2016). The phenotypes embarked with the plants for PGP traits are not revealed by in vitro screening methods. In this regard, fast and large-scale screening can be performed by genome sequencing, which also encourages the discovery of novel PGP traits or genes (Finkel et al., 2017). The knowledge of interactions between plants and microorganisms and the role of PGP traits or genes in enabling these interactions can be improved by combining these strategies with complementary molecular approaches, i.e., bioreporter and mutagenic expression systems (Wetmore et al., 2015).



Efforts to assign functions to microbes

The task of assigning a specific function to an individual microbiome or a group of microbiomes is often challenging, as a completely different lifestyle is evident in species of even a particular genus. It varies from mutualist to pathogen and vice versa depending upon the transfer of functional genes between distantly related species or the environmental conditions (Qiu et al., 2009; Hacquard et al., 2016). The desired traits, such as phosphate mobilization in microbial phenotypes, are altered by this changeability (Lidbury et al., 2016). Therefore, there is a need to find more sensitive methods for the characterization of bacterial species beyond the genus level, and large-scale throughput methods are required for better functional characterization of each species (Schlaeppi and Bulgarelli, 2015). Advancement in technology, combined with modeling/computational techniques, can be very auspicious. For example, a combination of metagenomics products with the environment i.e., the adaptation of metagenomics to metaphenomics takes into account all the parameters that may sway the plant–microbiome interaction within a community or environment (Jansson and Hofmockel, 2018). This transition makes metagenomics more powerful and widens its functional capabilities, such as carbohydrate utilization or secondary metabolite production (Bulgarelli et al., 2015). Moreover, these new advancements also enable researchers to gain more specific insights into the specific taxa responsible for imparting key functional characteristics. Ready-to-use commercial kits facilitate DNA extraction from a sample easily (Prosser, 2015).

In soils, most of the microbial biomass (>90%) is dormant or inactive (Fierer, 2017), but in the rhizosphere, this number drops significantly as most of the microorganisms are made metabolically active in these habitats by plant-mediated factors (Bulgarelli et al., 2013). Microorganisms from these niches have been isolated, and their RNA is extracted to identify the mechanisms involved in inducing responses to microbial or plant stimuli (Yergeau et al., 2014). Similarly, 13C-labeled CO2 enrichment is combined with metatranscriptomics to study the response of microorganisms to plant exudates released in the rhizosphere and to better understand the plant-microbiome relation (Haichar et al., 2016). Exoproteins are more stable in the environment than RNA, which has short turnover times, reducing the robustness and simplicity of sampling efficiency and making sampling more prone to errors (Prosser, 2015). Metaproteomics also enables an intriguing possibility of studying metabolic activities, as it gives the profiles of expressed proteins (Heyer et al., 2015). The ecologically important proteins for nutrient uptake and microbial–host and microbial–microbial relationships (e.g., transporter systems and extracellular hydrolytic enzymes) are enriched by exometaproteomics or exoproteomics (Lidbury et al., 2016). However, the need for enough starting material (up to 100 g of soil) (Johnson-Rollings et al., 2014), accurate peptide profiles, and adequate computational power limit the applications of metaproteomics (Muth et al., 2016). These might be the reasons that restrict the use of meta(exo)proteomics in rhizosphere research.



Omics approaches to unveil plant-associated microbiota

Recently, the advent of omics tools, gene-editing techniques, and sequencing technology has allowed us to unravel the entangled webs of plant-microbes interactions, enhancing plant fitness and tolerance to biotic and abiotic challenges. Genomics is an effective tool for studying and predicting the interactions of microbes and plants and developing pathogen stress tolerance in plants (Frantzeskakis et al., 2020).

High genetic variability in the soil microbiome can be confirmed by multiple sequencing methodologies, such as prokaryotic16S, fungal ITS (internal transcribed spacer regions), and/or metagenomic analysis. Describing who is associated with the plant is relevant to unveiling their functions, so these microorganisms can become the extended genome partner of the host (Berendsen et al., 2012). More reports on genome engineering, gene editing, and advanced plant–microbe interaction technologies have been discussed (Frantzeskakis et al., 2019; Sharma et al., 2020). The microbiome composition can be altered by environmental factors such as soil conditions and temperature. However, plant biochemistry and the immune system also play key roles in determining the variability of the microbiome (Turner et al., 2013). Although plants bring beneficial microorganisms, such as PGPR and disease-suppressing microorganisms, it has been evident that they can also bring phytopathogens as well as human pathogenic bacteria. These harmful bacteria may enter the food chain, can cause plant disease, and can alter the entire microbiome composition (Gorshkov et al., 2020). Therefore, tools such as metagenomics, for example, offer a promising strategy to diagnose these phytopathogens (Chiu and Miller, 2019). Currently, nanopore sequencing using Oxford Nanopore Technologies (ONT) is the most encouraging technology for the identification of pathogens by metagenome sequencing (Jain et al., 2016). It is fast and is a direct sequencing method requiring no amplification step. It can be used even if we lack any prior knowledge of pathogens, as it can directly detect and identify all pathogens except RNA viruses. Moreover, it can also reconstruct the functional pathways in the microbiome and can foresee its composition. A high error rate limits the use of ONT (Rang et al., 2018). Therefore, it can be combined with Illumina technologies to enhance the sequence assembly quality (Sevim et al., 2019). MinON™ has already been used for metagenomics sequencing of bacterial, fungal and viral pathogens on several crops (Jongman et al., 2020; Mechan Llontop et al., 2020). Low sequencing cost and high quality suggest that direct sequencing is likely to be the future of metagenomics (Ciuffreda et al., 2021). An increasing number of propositions are becoming feasible because of the expanding information in metagenomics. It was first proposed that the initial molecular assessment of the soil and soil microbiome could help in the improvement of agricultural treatments (Schlaeppi and Bulgarelli, 2015). Conversely, the complimentary response of the host toward beneficial microbes should also be a part of the engineering program because the host is also involved in bringing the interaction. It would enable the plant cultivars to interact efficaciously with natural as well as acquired microorganisms (Bulgarelli et al., 2013). The drawback of genomic analysis is that it does not provide knowledge about the functional states of biological objects; therefore, a metagenomics approach can be used in combination with a transcriptomic approach to evaluate key traits in plant-microbiome interactions.

Next Generation Sequencing (NGS)-based transcriptomics is another approach used to unravel the molecular mechanisms involved in plant–microbiome interactions. It is usually applied in plant pathology and stress studies. It reveals the physiological response of plants to pathogens and characterizes the signaling events taking place in the rhizosphere. Although we can predict community function from multi-omics data alone to some extent, validation of interactions requires the complementary work with cultured isolates that can be interrogated in the laboratory (Terekhov et al., 2018; Kehe et al., 2019). For example, the resistance of barley to Blumeria graminis by the gene network has been uncovered by NGS (Li et al., 2020). It also revealed the underlying mechanism of resistance against Pectobacterium atrosepticum (Tsers et al., 2020). Moreover, the characteristic interactions between Phytophthora infestans and potato plants have been revealed by gene expression patterns or NGS (Duan et al., 2020). NGS can also be used to study plant interactions with non-infectious microbes and plant responses to abiotic stresses. For example, the tolerance of tomato to hypoxia (Safavi-Rizi et al., 2020), changes in the gene expression pattern of orchard grass due to short-term flooding (Qiao et al., 2020), and gene expression changes in Arabidopsis because of high ultraviolet stress (Huang et al., 2019) have been revealed by NGS. However, the vast data profiles generated by NGS are too enormous to be efficaciously translated into simple language. This makes the interpretation of NGS transcriptomic data difficult for higher plants (Murat et al., 2012). Moreover, in most cases, the expression level is not restricted to a single gene (Das et al., 2020). Therefore, the focus of transcriptomic studies has shifted from the individual gene level to the gene set level. Significant impact of anthropogenic activities on the plant microbiome.

Over the past few decades, industrialization and urbanization have caused an increase in carbon dioxide and temperature, which affect the climate globally. These changes cause erratic events worldwide, such as a decrease in moisture level, an increase in temperature, excessive greenhouse gas emissions, and an increase in snowfall and rainfall. Climate change, range shift and urbanization are key factors that affect plant microbial interactions in the rhizosphere (Figure 3). Soil microbial community determines the soil, and plant health and prerequisite for external constraints. Soil microbial ecosystem functions and diversity are significantly influenced by anthropogenic activities These activities produce a diverse array of hazardous substances including pesticides, heavy metals (Ma et al., 2022a) and organic pollutants and put tremendous pressure on soil microbiomes. Heavy metals notoriously imbalance the microbial population, diversity and seriously decline their activities (Abdu et al., 2017; Fajardo et al., 2019; Li et al., 2020).
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FIGURE 3
Plant Microbiome provides key functions for plant health and its protection. Plant microbiome offers vital services for plant health. It facilitates biogeochemical cycling of plant nutrients, assist plant growth under biotic and abiotic conditions, induces systemic acquired resistance (SAR) and induces systemic resistance (ISR) in plant against plant pathogen. Inversely, Plant microbiome synchronously encounters biotic and abiotic stresses which are the substantial drivers that influence or alter microbiome diversity and functionality.




Climate change

Abrupt changes in climate and weather patterns have become a global dilemma among researchers and farmers (Amna et al., 2021; Wahab et al., 2022). Anthropogenic activities such as global warming, deforestation, the greenhouse effect, and urbanization have made these climate changes inevitable. Excessive fertilizer and pesticide use, livestock farming, nitrous oxide emissions, and fossil fuel combustion are the other contributors to climate change. The development of plants is affected by different climatic factors, such as CO2 levels in the atmosphere, temperature (Saeed et al., 2022), drought (Wahab et al., 2022), salinity (Mehmood et al., 2021a; Hussain et al., 2022), heavy metals (Ma et al., 2022b; Nawaz et al., 2022), and rainfall patterns. However, the impact of climate change on the variety of microfauna is also worthy of attention because microorganisms are also influenced by these changes as they perform carbon and nutrient cycling. Abrupt changes in climate can disrupt the microbial population above and below ground and can have a negative impact on plant development. For example, global warming affects microbial respiration and therefore directly alters the microbial composition (Classen et al., 2015). Temperature plays a key role in defining the microbial community of plants and is also decisive in plant phenological characteristics and development (Kashyap et al., 2017). In the past few decades, emissions of greenhouse gases (CO2, CH4, water vapor, etc.) due to rapid urbanization and industrialization has elevated the temperature. According to Compant et al. (2010), the average temperature is expected to rise by 1.8–3.6°C by 2100, which would lead to water scarcity and droughts (Farooq et al., 2022). Several studies have been performed to describe the effects of elevated temperature on plant morphology (Chen et al., 2021). Similarly, elevated temperature also influences the activities and composition of microorganisms in the rhizosphere. An increase in temperature increases the growth rate of microorganisms with altered respiration (Figure 3; Classen et al., 2015). Karhu et al. (2014) reported an exponential increase in soil respiration with increasing temperature. Additionally, organic matter utilization by microorganisms is also dependent on temperature (Frey et al., 2013). Temperature alterations are also correlated with the pathogenicity of microbes. Increased temperature increases the growth of Glomus mossae and Glomus intraradices (Monz et al., 1994). Disease incidences in plants by certain seed-borne microbes that degrade cell walls and Pectobacterium atrosepticum causing soft rot can be increased by an increase in temperature (Hasegawa et al., 2005). Drought conditions pose a threat to plant carbohydrate exchange and nutrient uptake in the rhizosphere by AFM (Newsham et al., 1995). In mountainous soil, the warming effect is amplified when heat waves combined with elevated temperature increase the C and N cycling of microorganisms (Donhauser et al., 2021). However, other factors, such as UV radiation and moisture, also affect microbial communities. AFM cannot colonize plants under drought conditions (Staddon et al., 2004). The bacterial population is also reduced in the rhizosphere of sorghum roots under drought conditions (Xu et al., 2018c).

The allocation of carbon in the rhizosphere is regulated by atmospheric carbon dioxide. Therefore, atmospheric CO2 regulates the root exudate composition in soil, which defines the microbial community in the rhizosphere (Williams et al., 2018). Microorganisms are the key factors in the net exchange of carbon in soil. They perform this function in various ways by altering the nutrient status of the soil, forming symbiotic or pathogenic interactions with plants, respiration and organic matter decomposition. Therefore, high levels of CO2 can alter the microbial population directly or indirectly by altering plant physiology and metabolism. Elevated CO2 levels alter the root exudate composition and nutrient availability in soil (Compant et al., 2010). Some fungi have the potential to assimilate more carbon than bacteria; therefore, they can store carbon than mobilization. Thus, the microbial population in soil is stimulated by excessive emission of carbon by roots. This microbial propagation eventually reduces nitrogen availability for plants because of nitrogen immobilization in the soil. Soil respiration is also increased by elevated CO2 levels. Microorganisms respond differently to elevated CO2 levels in soil. No significant effect was observed by Gavito et al. (2000) in AMF of Pisum sativum with an increase of 700 ppm of CO2, while only with an increase of 7 ppm CO2 was an increase in mycorrhizal colonization observed by Tang et al. (2009) in Barnyard grass. The 18S RNA sequencing-based Illumina MiSeq technique revealed a significant decrease in the populations of Glomus and Claroideoglomus species after long-term CO2 (550 ppm) exposure in paddy fields (Panneerselvam et al., 2020). In Pinus strobus and Boswellia papyrifera plants, an increase in CO2 (700 ppm) concentration increased the ectomycorrhizal fungi (ECM) population (Godbold and Berntson, 1997). Similarly, a threefold increase in ECM mycelia was observed in P. sylvestris with an increase in CO2 concentration (Fransson et al., 2005). PGPB are also influenced by the CO2 concentrations in the soil. Several studies have been performed to observe the effect of CO2 elevation on plant microbe interactions (Thakur et al., 2019; Yu and Chen, 2019; Prescott et al., 2020; Terrer et al., 2021). A threefold increase in R. leguminosarum was observed by Schortemeyer in the rhizosphere of white clover by an increase in CO2 (600 ppm) concentration (Schortemeyer et al., 1996). In addition, more efforts are required to understand the behavior of plant–microbial interactions under elevated CO2 levels to engineer the desired beneficial microorganisms for plant development.



Range shifts

Human activities have introduced new species to the new habitats (Essl et al., 2011) and have caused environmental warming that expands the potential survival capabilities of these species in the habitats where they could never survive before or have contracted their habitat (Walther et al., 2009). These two reasons have triggered the shifting ranges. Plant–microbial interactions have gone through unforeseen impacts because of these range shifts. The elevation gradient provides a practical system to evaluate the effect of abiotic and biotic factors on plant–microbe interactions, microbial composition and distribution. Cobian et al. (2019) revealed that a parabolic relationship was followed by leaf fungal endophyte specialization, where specialization was maximum at the center of tree species ranges and reduced toward edges. Balsam poplars’ fungal community has higher diversity when relocated to the upper edges of the elevation gradient because they experience higher abiotic stresses (Bálint et al., 2015). Compared to fungi, leaf bacterial communities are less affected by changes in elevation gradients because fungi are more sensitive to temperature changes (Vacher et al., 2016). Along the elevation gradient, plant community dynamics also face a turn from competition to facilitation. However, a vast majority of research is required to study the positive and negative effects of elevation gradient shifts on plant-microbial interactions. Plant–soil feedback (PSF) is a mechanism by which plants influence abiotic and biotic factors in soil, and feedbacks influence their development and growth (van der Putten et al., 2016). PSF and microorganisms negatively affect native species (Bever, 2003). Previously established communities of microorganisms are reestablished by the novel soil biota through species range expansion, e.g., negative interactions develop between the soil biota and Centaurea maculosa in native ranges, while in North America, they develop positive interactions with microorganisms in soil (Callaway et al., 2004). The survival of non-native species in novel environments is favored by the dearth of natural enemies. A significant reduction in foliar and floral pathogens has been evident in invasive plants (Ramirez et al., 2019). In comparison, seed germination of Acer saccharum was reduced in soil beyond its native range limits even though the abiotic conditions were sufficient (Carteron et al., 2020). A variety of microbial interactions can influence species range shifts; however, thorough research is needed in this sector to evaluate the contrasting roles of microorganisms in driving plant range shifts.



Urbanization

Urbanization has been a source of various airborne pollutants. The use of chemicals and micro- and macronutrients influences local vegetation, eventually altering plant-microbial interactions (Annamalai and Namasivayam, 2015). Moreover, these anthropogenic activities also have the impact of the microbial population, which has the potential to remediate air pollution. The phyllosphere communities of bacteria and fungi are distinct in rural and urban trees (Smets et al., 2016; Laforest-Lapointe et al., 2017). A 10% increase in alpha-bacteria was observed by Laforest-Lapointe et al. (2017) and Imperato et al. (2019) in urban tree leaves. Espenshade et al. (2019) also observed the impact of traffic patterns and urban density on the bacterial composition of tree leaves, which was associated with black carbon and ultrafine particulate matter. A lower diversity of fungi was observed on urban trees by Jumpponen and Jones (2010). However, a higher fungal load was observed by Imperato et al. (2019). Moreover, traffic levels also influenced the phyllosphere community of bacteria (Smets et al., 2016). These findings enable the need to better understand the elements that bring changes in the phyllosphere of urban trees and to check the varying changes that take place within microbial functions.

Recent investigations have started to generate a link between the impact of urbanization on the genetic and functional changes of the phyllosphere microbiota. For instance, a higher number of bacteria was observed in urban trees. These bacteria have genes encoding enzymes for aromatic degradation that impart PGP traits to plants (Imperato et al., 2019). Additionally, it has also been observed that hydrocarbon-degrading bacteria are selected by plants when hydrocarbon levels increase in the atmosphere (Gandolfi et al., 2017). This phenomenon is termed phytoremediation, and plant-microbial interactions play a pivotal role in efficacious phytoremediation. Endophytes can remediate soil and water contaminants and promote the growth of plants (Siciliano et al., 2001; Mukhtar et al., 2018). Soil contaminants increase the prevalence of catabolic genes in endophytes, and this phenomenon can be artificially introduced in bacteria. The introduction of toluene-degrading genes in endophytic bacteria can enhance toluene degradation in soil, thus reducing phytotoxicity and toluene evapotranspiration through the leaves by up to 70% (Barac et al., 2004). A number of studies have been performed to evaluate the contaminant-degrading capabilities of bacteria (Hong et al., 2018; Undugoda et al., 2018; Ben-Israel, 2020). However, the true potential of microorganisms and plants in degrading air and soil pollutants has yet to be discovered. In addition, these findings suggest that we need to determine the influence of urbanization on plant-microbial interactions if we want to engineer the microbiome of plants.




Conclusion

Chemical fertilizers and pesticides have been used for a long time among agricultural platforms. The goal of using such sources is to attain better crop production as per the demand of the growing human population. Excessive implementation of these chemical means may not be an acceptable choice for sustainable ecosystems. In such a way, this review, in addition to unveiling the complexities of the plant-microbiome interactions, as well as the wide possibilities to manipulate them under stressful conditions, has unraveled vital factors that are relevant to generate sustainable agriculture. Therefore, the engineering of the microbiome is a highly fundamental approach dedicated to the betterment of the health, growth and functions of plants. Studies aiming to grasp this interplay at the community level can enhance the understanding of factors that control the microbiome assemblage with its relevant feedback to a host plant. Such goals are obtainable with the support of modern tools such as “omics,” yet combining such an innovative approach with additional efforts in rhizosphere microbiome engineering can interestingly provide new insights. Similarly, an optimized phytomicrobiome meta-organism may result in a sustainable ecosystem with better agricultural production and can similarly diminish greenhouse gas emissions and soil pollution. As the microbes in the rhizosphere are scarcely investigated, further efforts are required to monitor and engineer the arrangement and activities of this microbiome. A large body of research covered the various aspects of phytomicrobiome engineering. In the last decade, massive progress has been made in plant microbiome studies but some gaps are still needed to address and fulfilled. Understanding the importance of the plant microbiome, (1) the influence of secondary metabolites of microorganisms on beneficial microbes of the plant microbiome, (2) The alteration of continuous environmental condition and their impact on the host and its associated microbial communities, (3) to investigate the ability of host plant to refrain pathogenic microbes, (4) the integration of agronomic practices with synthetic biology and their optimization and compatibility to each other.

As per demand, further elaboration can support the comprehension of the mutual association of many microbes with their host plant based on their molecular and genetic basis under any environmental constraints, which beyond can open up new avenues to advance biological and ecological practices. Future studies are directed to explore the identified gaps and, based on current knowledge, should mainly focus on classifying those biotic and abiotic factors that responsibly influence the diversity, functions and association of the microbial communities with hosts in extreme habitats. Therefore, novel findings can lead us to better understand the ecological connections between plant and underground microbes.



Author contributions

MA, MJ, SA, FD, and BA: conceptualization. AS, Sumaira, RM, DA, and SS: data curation. AS, Sumaira, and RM: formal analysis. GS: funding acquisition. FD, RM, DA, and SS: software. MA, MJ, SA, FD, and BA: writing – original draft. MA, MJ, SA, FD, BA, AS, Sumaira, RM, DA, SS, and GS: writing – review and editing. All the authors have reviewed, edited, and approved the manuscript before submission.



Funding

This work was supported by CONACYT-México, Proposal: A1-S-15956, granted to GS.



Acknowledgments

We acknowledge the collaboration and assistance of all team members and the Brazilian funding agencies CNPq acknowledge the receipt of fellowship under “TWAS-CNPq Postgraduate Fellowship Programme (grant number 147998/2017-4)” for doctoral studies.



Conflict of interest

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



Publisher’s note

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



References

Abdu, N., Abdullahi, A. A., and Abdulkadir, A. (2017). Heavy metals and soil microbes. Environ. Chem. Lett. 15, 65–84. doi: 10.1007/s10311-016-0587-x

Abhilash, P. C., Powell, J. R., Singh, H. B., and Singh, B. K. (2012). Plant–microbe interactions: Novel applications for exploitation in multipurpose remediation technologies. Trends Biotechnol. 30, 416–420. doi: 10.1016/j.tibtech.2012.04.004

Adesemoye, A. O., Torbert, H. A., and Kloepper, J. W. (2009). Plant Growth-Promoting Rhizobacteria Allow Reduced Application Rates of Chemical Fertilizers. Microb. Ecol. 58, 921–929. doi: 10.1007/s00248-009-9531-y

Adnan, M., Fahad, S., Saleem, M. H., Ali, B., Mussart, M., Ullah, R., et al. (2022). Comparative efficacy of phosphorous supplements with phosphate solubilizing bacteria for optimizing wheat yield in calcareous soils. Sci. Rep. 12:11997. doi: 10.1038/s41598-022-16035-3

Afridi, M. S., Amna, Sumaira, Mahmood, T., Salam, A., Mukhtar, T., et al. (2019). Induction of tolerance to salinity in wheat genotypes by plant growth promoting endophytes: Involvement of ACC deaminase and antioxidant enzymes. Plant Physiol. Biochem. 139, 569–577. doi: 10.1016/j.plaphy.2019.03.041

Afridi, M. S., van Hamme, J. D., Bundschuh, J., Sumaira, Khan, N., and Salam, A. (2021). Biotechnological approaches in agriculture and environmental management - bacterium Kocuria rhizophila 14ASP as heavy metal and salt- tolerant plant growth- promoting strain. Biologia 76, 3091–3105. doi: 10.1007/s11756-021-00826-6

Ahmad, M., Ishaq, M., Shah, W. A., Adnan, M., Fahad, S., Saleem, M. H., et al. (2022). Managing phosphorus availability from organic and inorganic sources for optimum wheat production in calcareous soils. Sustainability 14:7669. doi: 10.3390/su14137669

Ahmad, S., Chaudhary, H. J., and Damalas, C. A. (2022). Microbial detoxification of dimethoate through mediated hydrolysis by Brucella sp. PS4: Molecular profiling and plant growth-promoting traits. Environ. Sci. Pollut. Res. 29, 2420–2431. doi: 10.1007/s11356-021-15806-1

Ali, J., Ali, F., Ahmad, I., Rafique, M., Munis, M. F. H., Hassan, S. W., et al. (2021). Mechanistic elucidation of germination potential and growth of Sesbania sesban seedlings with Bacillus anthracis PM21 under heavy metals stress: An in vitro study. Ecotoxicol. Environ. Saf. 208:111769.

Ali, B., Hafeez, A., Ahmad, S., Javed, M. A., Sumaira, and Afridi, M. S. (2022c). Bacillus thuringiensis PM25 Ameliorates Oxidative Damage of Salinity Stress in Maize via Regulating Growth, Leaf Pigments, Antioxidant Defense System, and Stress Responsive Gene Expression. Front. Plant Sci. 13:921668. doi: 10.3389/fpls.2022.921668

Ali, B., Wang, X., Saleem, M. H., Hafeez, A., Afridi, M. S., Khan, S., et al. (2022b). PGPR-mediated salt tolerance in maize by modulating plant physiology, antioxidant defense, compatible solutes accumulation and bio-surfactant producing genes. Plants 11:345. doi: 10.3390/plants11030345

Ali, B., Wang, X., Saleem, M. H., Azeem, M. A., Afridi, M. S., Nadeem, M., et al. (2022a). Bacillus mycoides PM35 reinforces photosynthetic efficiency, antioxidant defense, expression of stress-responsive genes, and ameliorates the effects of salinity stress in maize. Life 12:219. doi: 10.3390/life12020219

Amna Ali, B., Azeem, M. A., Qayyum, A., Mustafa, G., Ahmad, M. A., et al. (2021). “Bio-Fabricated Silver Nanoparticles: A Sustainable Approach for Augmentation of Plant Growth and Pathogen Control,” in Sustainable Agriculture Reviews, eds M. Faizan, S. Hayat, and F. Yu (Berlin: Springer), 345–371.

Annamalai, J., and Namasivayam, V. (2015). Endocrine disrupting chemicals in the atmosphere: Their effects on humans and wildlife. Environ. Int. 76, 78–97.

Anwar, T., Qureshi, H., Parveen, N., Mahmood, S., Haider, M. Z., Mumtaz, S., et al. (2023). Herbicidal effectiveness of wild poisonous plant Rhazya stricta using different media by the sandwich method. Pak. J. Bot. 55. doi: 10.30848/PJB2023-2(10) [Epub ahead of print].

Arif, I., Batool, M., and Schenk, P. M. (2020). Plant Microbiome Engineering: Expected Benefits for Improved Crop Growth and Resilience. Trends Biotechnol. 38, 1385–1396. doi: 10.1016/j.tibtech.2020.04.015

Arora, S., and Sahni, D. (2016). Pesticides effect on soil microbial ecology and enzyme activity- An overview. J. Appl. Nat. Sci. 8, 1126–1132.

Bai, Y., Müller, D. B., Srinivas, G., Garrido-Oter, R., Potthoff, E., Rott, M., et al. (2015). Functional overlap of the Arabidopsis leaf and root microbiota. Nature 528, 364–369.

Bálint, M., Bartha, L., O’Hara, R. B., Olson, M. S., Otte, J., Pfenninger, M., et al. (2015). Relocation, high-latitude warming and host genetic identity shape the foliar fungal microbiome of poplars. Mol. Ecol. 24, 235–248. doi: 10.1111/mec.13018

Bandyopadhyay, P., Bhuyan, S. K., Yadava, P. K., Varma, A., and Tuteja, N. (2017). Emergence of plant and rhizospheric microbiota as stable interactomes. Protoplasma 254, 617–626. doi: 10.1007/s00709-016-1003-x

Barac, T., Taghavi, S., Borremans, B., Provoost, A., Oeyen, L., Colpaert, J. V., et al. (2004). Engineered endophytic bacteria improve phytoremediation of water-soluble, volatile, organic pollutants. Nat. Biotechnol. 22, 583–588. doi: 10.1038/nbt960

Beddington, J. (2010). Food security: Contributions from science to a new and greener revolution. Philos. Trans. R. Soc. Lond. B 365, 61–71.

Ben-Israel, M. (2020). Performance Evaluation of Microbe and Plant-Mediated Processes in Phytoremediation of Toluene in Fractured Bedrock Using Hybrid Poplars, Ph.D thesis, Guelph: The University of Guelph.

Berendsen, R. L., Pieterse, C. M. J., and Bakker, P. A. H. M. (2012). The rhizosphere microbiome and plant health. Trends Plant Sci. 17, 478–486. doi: 10.1016/j.tplants.2012.04.001

Berg, G., Grube, M., Schloter, M., and Smalla, K. (2014). Unraveling the plant microbiome: Looking back and future perspectives. Front. Microbiol. 5:148. doi: 10.3389/FMICB.2014.00148/FULL

Berg, G., Rybakova, D., Grube, M., and Köberl, M. (2016). The plant microbiome explored: Implications for experimental botany. J. Exp. Bot. 67, 995–1002. doi: 10.1093/jxb/erv466

Bergelson, J., Mittelstrass, J., and Horton, M. W. (2019). Characterizing both bacteria and fungi improves understanding of the Arabidopsis root microbiome. Sci. Rep. 9:24. doi: 10.1038/s41598-018-37208-z

Bever, J. D. (2003). Soil community feedback and the coexistence of competitors: Conceptual frameworks and empirical tests. New Phytol. 157, 465–473. doi: 10.1046/j.1469-8137.2003.00714.x

Bharti, N., Barnawal, D., Maji, D., and Kalra, A. (2015). Halotolerant PGPRs Prevent Major Shifts in Indigenous Microbial Community Structure Under Salinity Stress. Microb. Ecol. 70, 196–208. doi: 10.1007/s00248-014-0557-4

Bruto, M., Prigent-Combaret, C., Muller, D., and Moënne-Loccoz, Y. (2014). Analysis of genes contributing to plant-beneficial functions in plant growth-promoting rhizobacteria and related Proteobacteria. Sci. Rep. 4:6261. doi: 10.1038/srep06261

Bulgarelli, D., Garrido-Oter, R., Münch, P. C., Weiman, A., Dröge, J., Pan, Y., et al. (2015). Structure and function of the bacterial root microbiota in wild and domesticated barley. Cell Host Microbe 17, 392–403. doi: 10.1016/j.chom.2015.01.011

Bulgarelli, D., Schlaeppi, K., Spaepen, S., Van Themaat, E. V. L., and Schulze-Lefert, P. (2013). Structure and functions of the bacterial microbiota of plants. Annu. Rev. Plant Biol. 64, 807–838.

Busby, P. E., Newcombe, G., Dirzo, R., and Whitham, T. G. (2014). Differentiating genetic and environmental drivers of plant-pathogen community interactions. J. Ecol. 102, 1300–1309. doi: 10.1111/1365-2745.12270

Cabral, C., Sabine, R., Ivanka, T., and Bernd, W. (2016). Arbuscular mycorrhizal fungi modify nutrient allocation and composition in wheat (Triticum aestivum L.) subjected to heat-stress. Plant Soil 408, 385–399. doi: 10.1007/s11104-016-2942-x

Callaway, R. M., Thelen, G. C., Rodriguez, A., and Holben, W. E. (2004). Soil biota and exotic plant invasion. Nature 427, 731–733.

Calvo-Polanco, M., Sanchez-Romera, B., Aroca, R., Asins, M. J., Declerck, S., Dodd, I. C., et al. (2016). Exploring the use of recombinant inbred lines in combination with beneficial microbial inoculants (AM fungus and PGPR) to improve drought stress tolerance in tomato. Environ. Exp. Bot. 131, 47–57. doi: 10.1016/j.envexpbot.2016.06.015

Cao, Y., Pi, H., Chandrangsu, P., Li, Y., Wang, Y., Zhou, H., et al. (2018). Antagonism of Two Plant-Growth Promoting Bacillus velezensis Isolates Against Ralstonia solanacearum and Fusarium oxysporum. Sci. Rep. 8:4360.

Carteron, A., Parasquive, V., Blanchard, F., Guilbeault-Mayers, X., Turner, B. L., Vellend, M., et al. (2020). Soil abiotic and biotic properties constrain the establishment of a dominant temperate tree into boreal forests. J. Ecol. 108, 931–944.

Carvalhais, L. C., Muzzi, F., Tan, C.-H., Hsien-Choo, J., and Schenk, P. M. (2013). Plant growth in Arabidopsis is assisted by compost soil-derived microbial communities. Front. Plant Sci. 4:235. doi: 10.3389/fpls.2013.00235

Chandrasekaran, M., and Chun, S. C. (2016). Expression of PR-protein genes and induction of defense-related enzymes by Bacillus subtilis CBR05 in tomato (Solanum lycopersicum) plants challenged with Erwinia carotovora subsp. carotovora. Biosci. Biotechnol. Biochem. 80, 2277–2283. doi: 10.1080/09168451.2016.1206811

Chen, J., Liu, Q., Yu, L., Korpelainen, H., Niinemets, Ü, and Li, C. (2021). Elevated temperature and CO2 interactively modulate sexual competition and ecophysiological responses of dioecious Populus cathayana. For. Ecol. Manag. 481:118747.

Chen, L., Liu, Y., Wu, G., Veronican Njeri, K., Shen, Q., Zhang, N., et al. (2016). Induced maize salt tolerance by rhizosphere inoculation of Bacillus amyloliquefaciens SQR9. Physiol. Plant. 158, 34–44. doi: 10.1111/ppl.12441

Chhabra, S., and Dowling, D. N. (2017). “Endophyte-Promoted Nutrient Acquisition: Phosphorus and Iron,” in Functional Importance of the Plant Microbiome, (Berlin: Springer International Publishing), 21–42. doi: 10.1007/978-3-319-65897-1_3

Chiu, C. Y., and Miller, S. A. (2019). Clinical metagenomics. Nat. Rev. Genet. 20, 341–355.

Choudhary, D. K., Prakash, A., and Johri, B. N. (2007). Induced systemic resistance (ISR) in plants: Mechanism of action. Indian J. Microbiol. 47, 289–297. doi: 10.1007/s12088-007-0054-2

Chouhan, G. K., Verma, J. P., Jaiswal, D. K., Mukherjee, A., Singh, S., de Araujo Pereira, A. P., et al. (2021). Phytomicrobiome for promoting sustainable agriculture and food security: Opportunities, challenges, and solutions. Microbiol. Res. 248:126763. doi: 10.1016/j.micres.2021.126763

Ciuffreda, L., Rodríguez-Pérez, H., and Flores, C. (2021). Nanopore sequencing and its application to the study of microbial communities. Comput. Struct. Biotechnol. J. 19, 1497–1511. doi: 10.1016/j.csbj.2021.02.020

Classen, A. T., Sundqvist, M. K., Henning, J. A., Newman, G. S., Moore, J. A. M., Cregger, M. A., et al. (2015). Direct and indirect effects of climate change on soil microbial and soil microbial-plant interactions: What lies ahead? Ecosphere 6, 1–21.

Cobian, G. M., Egan, C. P., and Amend, A. S. (2019). Plant–microbe specificity varies as a function of elevation. ISME J. 13, 2778–2788.

Compant, S., Van Der Heijden, M. G. A., and Sessitsch, A. (2010). Climate change effects on beneficial plant–microorganism interactions. FEMS Microbiol. Ecol. 73, 197–214.

Cook, D. E., Mesarich, C. H., and Thomma, B. P. H. J. (2015). Understanding Plant Immunity as a Surveillance System to Detect Invasion. Annu. Rev. Phytopathol. 53, 541–563. doi: 10.1146/annurev-phyto-080614-120114

Coombs, W. T. (2004). Impact of Past Crises on Current Crisis Communication: Insights From Situational Crisis Communication Theory. J. Bus. Commun. 41, 265–289. doi: 10.1177/0021943604265607

Cordovez, V., Dini-Andreote, F., Carrión, V. J., and Raaijmakers, J. M. (2019). Ecology and Evolution of Plant Microbiomes. Annu. Rev. Microbiol. 73, 69–88. doi: 10.1146/annurev-micro-090817-062524

Cornforth, D. M., Popat, R., McNally, L., Gurney, J., Scott-Phillips, T. C., Ivens, A., et al. (2014). Combinatorial quorum sensing allows bacteria to resolve their social and physical environment. Proc. Natl. Acad. Sci. U.S.A. 111, 4280–4284.

Dangl, J. L., Horvath, D. M., and Staskawicz, B. J. (2013). Pivoting the Plant Immune System from Dissection to Deployment. Science 341, 746–751. doi: 10.1126/science.1236011

Das, S., McClain, C. J., and Rai, S. N. (2020). Fifteen years of gene set analysis for high-throughput genomic data: A review of statistical approaches and future challenges. Entropy 22:427. doi: 10.3390/e22040427

de La Torre-Roche, R., Hawthorne, J., Deng, Y., Xing, B., Cai, W., Newman, L. A., et al. (2012). Fullerene-Enhanced Accumulation of p, p ’-DDE in Agricultural Crop Species. Environ. Sci.Technol. 46, 9315–9323. doi: 10.1021/es301982w

Dean, R. A., Talbot, N. J., Ebbole, D. J., Farman, M. L., Mitchell, T. K., Orbach, M. J., et al. (2005). The genome sequence of the rice blast fungus Magnaporthe grisea. Nature 434, 980–986. doi: 10.1038/nature03449

Dean, R., van Kan, J. A. L., Pretorius, Z. A., Hammond-Kosack, K. E., di Pietro, A., Spanu, P. D., et al. (2012). The Top 10 fungal pathogens in molecular plant pathology. Mol. Plant Pathol. 13, 414–430. doi: 10.1111/j.1364-3703.2011.00783.x

DESA (2019). World Population Prospects 2019: Highlights | Multimedia Library - United Nations Department of Economic and Social Affairs. New York, NY: DESA.

Dessaux, Y., Grandclément, C., and Faure, D. (2016). Engineering the Rhizosphere. Trends Plant Sci. 21, 266–278. doi: 10.1016/j.tplants.2016.01.002

Dey, R., Pal, K. K., Bhatt, D. M., and Chauhan, S. M. (2004). Growth promotion and yield enhancement of peanut (Arachis hypogaea L.) by application of plant growth-promoting rhizobacteria. Microbiol. Res. 159, 371–394. doi: 10.1016/j.micres.2004.08.004

Dola, D. B., Mannan, M. A., Sarker, U., Mamun, M. A. A., Islam, T., Ercisli, S., et al. (2022). Nano-iron oxide accelerates growth, yield, and quality of Glycine max seed in water deficits. Front. Plant Sci. 13:992535.

Donhauser, J., Qi, W., Bergk-Pinto, B., and Frey, B. (2021). High temperatures enhance the microbial genetic potential to recycle C and N from necromass in high-mountain soils. Glob. Change Biol. 27, 1365–1386. doi: 10.1111/gcb.15492

Doran, J. W. (2002). Soil health and global sustainability: Translating science into practice. Agric. Ecosyst. Environ. 88, 119–127. doi: 10.1016/S0167-8809(01)00246-8

Duan, Y., Duan, S., Armstrong, M. R., Xu, J., Zheng, J., Hu, J., et al. (2020). Comparative transcriptome profiling reveals compatible and incompatible patterns of potato toward Phytophthora infestans. G3 10, 623–634. doi: 10.1534/g3.119.400818

Dubey, A., Malla, M. A., Khan, F., Chowdhary, K., Yadav, S., Kumar, A., et al. (2019). Soil microbiome: A key player for conservation of soil health under changing climate. Biodivers. Conserv. 28, 2405–2429. doi: 10.1007/s10531-019-01760-5

El-Esawi, M. A., Alaraidh, I. A., Alsahli, A. A., Alamri, S. A., Ali, H. M., and Alayafi, A. A. (2018). Bacillus firmus (SW5) augments salt tolerance in soybean (Glycine max L.) by modulating root system architecture, antioxidant defense systems and stress-responsive genes expression. Plant Physiol. Biochem. 132, 375–384. doi: 10.1016/j.plaphy.2018.09.026

Enebe, M. C., and Babalola, O. O. (2018). The influence of plant growth-promoting rhizobacteria in plant tolerance to abiotic stress: A survival strategy. Appl. Microbiol. Biotechnol. 102, 7821–7835. doi: 10.1007/s00253-018-9214-z

Espenshade, J., Thijs, S., Gawronski, S., Bové, H., Weyens, N., and Vangronsveld, J. (2019). Influence of urbanization on epiphytic bacterial communities of the platanus× hispanica tree leaves in a biennial study. Front. Microbiol. 10:675. doi: 10.3389/fmicb.2019.00675

Essl, F., Dullinger, S., Rabitsch, W., Hulme, P. E., Hülber, K., Jarošík, V., et al. (2011). Socioeconomic legacy yields an invasion debt. Proc. Natl. Acad. Sci. U.S.A. 108, 203–207. doi: 10.1073/pnas.1011728108

Fajardo, C., Costa, G., Nande, M., Botías, P., García-Cantalejo, J., and Martín, M. (2019). Pb, Cd, and Zn soil contamination: Monitoring functional and structural impacts on the microbiome. Appl. Soil Ecol. 135, 56–64. doi: 10.1016/j.apsoil.2018.10.022

Farooq, T. H., Rafay, M., Basit, H., Shakoor, A., Shabbir, R., Riaz, M. U., et al. (2022). Morpho-physiological growth performance and phytoremediation capabilities of selected xerophyte grass species toward Cr and Pb stress. Front. Plant Sci. 13:997120.

Fierer, N. (2017). Embracing the unknown: Disentangling the complexities of the soil microbiome. Nat. Rev. Microbiol. 15, 579–590. doi: 10.1038/nrmicro.2017.87

Finkel, O. M., Castrillo, G., Paredes, S. H., González, I. S., and Dangl, J. L. (2017). Understanding and exploiting plant beneficial microbes. Curr. Opin. Plant Biol. 38, 155–163.

Fitzpatrick, C. R., Copeland, J., Wang, P. W., Guttman, D. S., Kotanen, P. M., and Johnson, M. T. J. (2018). Assembly and ecological function of the root microbiome across angiosperm plant species. Proc. Natl. Acad. Sci. U. S.A. 115:E1157–E1165. doi: 10.1073/pnas.1717617115

Foong, S. Y., Ma, N. L., Lam, S. S., Peng, W., Low, F., Lee, B. H. K., et al. (2020). A recent global review of hazardous chlorpyrifos pesticide in fruit and vegetables: Prevalence, remediation and actions needed. J. Hazard. Mater. 400:123006. doi: 10.1016/j.jhazmat.2020.123006

Fransson, P., Taylor, A. F. S., and Finlay, R. D. (2005). Mycelial production, spread and root colonisation by the ectomycorrhizal fungi Hebeloma crustuliniforme and Paxillus involutus under elevated atmospheric CO2. Mycorrhiza 15, 25–31. doi: 10.1007/s00572-003-0289-7

Frantzeskakis, L., di Pietro, A., Rep, M., Schirawski, J., Wu, C.-H., and Panstruga, R. (2020). Rapid evolution in plant-microbe interactions - a molecular genomics perspective. New Phytol. 225, 1134–1142. doi: 10.1111/nph.15966

Frantzeskakis, L., Kusch, S., and Panstruga, R. (2019). The need for speed: Compartmentalized genome evolution in filamentous phytopathogens. Mol. Plant Pathol. 20, 3–7. doi: 10.1111/mpp.12738

Frey, S. D., Lee, J., Melillo, J. M., and Six, J. (2013). The temperature response of soil microbial efficiency and its feedback to climate. Nat. Clim. Change 3, 395–398.

Fu, H., Tan, P., Wang, R., Li, S., Liu, H., Yang, Y., et al. (2022). Advances in organophosphorus pesticides pollution: Current status and challenges in ecotoxicological, sustainable agriculture, and degradation strategies. J. Hazard. Mater. 424:127494. doi: 10.1016/j.jhazmat.2021.127494

Gandolfi, I., Canedoli, C., Imperato, V., Tagliaferri, I., Gkorezis, P., Vangronsveld, J., et al. (2017). Diversity and hydrocarbon-degrading potential of epiphytic microbial communities on Platanus x acerifolia leaves in an urban area. Environ. Pollut. 220, 650–658. doi: 10.1016/j.envpol.2016.10.022

Gavito, M. E., Curtis, P. S., Mikkelsen, T. N., and Jakobsen, I. (2000). Atmospheric CO2 and mycorrhiza effects on biomass allocation and nutrient uptake of nodulated pea (Pisum sativum L.) plants. J. Exp. Bot. 51, 1931–1938. doi: 10.1093/jexbot/51.352.1931

Glick, B. R., and Gamalero, E. (2021). Recent developments in the study of plant microbiomes. Microorganisms 9:1533. doi: 10.3390/microorganisms9071533

Godbold, D. L., and Berntson, G. M. (1997). Elevated atmospheric CO2 concentration changes ectomycorrhizal morphotype assemblages in Betula papyrifera. Tree Physiol. 17, 347–350.

Godfray, H. C. J., Beddington, J. R., Crute, I. R., Haddad, L., Lawrence, D., Muir, J. F., et al. (2010). Food Security: The Challenge of Feeding 9 Billion People. Science 327, 812–818. doi: 10.1126/science.1185383

Gómez Expósito, R., de Bruijn, I., Postma, J., and Raaijmakers, J. M. (2017). Current Insights into the Role of Rhizosphere Bacteria in Disease Suppressive Soils. Front. Microbiol. 8:2529. doi: 10.3389/fmicb.2017.02529

Gorshkov, V., Osipova, E., Ponomareva, M., Ponomarev, S., Gogoleva, N., Petrova, O., et al. (2020). Rye snow mold-associated Microdochium nivale strains inhabiting a common area: Variability in genetics, morphotype, extracellular enzymatic activities, and virulence. J. Fungi 6:335. doi: 10.3390/jof6040335

Grewal, A. S., Singla, A., Kamboj, P., and Dua, J. S. (2017). Pesticide Residues in Food Grains, Vegetables and Fruits: A Hazard to Human Health. J. Med. Chem. Toxicol. 2, 40–46. doi: 10.15436/2575-808X.17.1355

Gupta, P., Kumar, V., Usmani, Z., Rani, R., Chandra, A., and Gupta, V. K. (2020). Implications of plant growth promoting Klebsiella sp. CPSB4 and Enterobacter sp. CPSB49 in luxuriant growth of tomato plants under chromium stress. Chemosphere 240:124944. doi: 10.1016/j.chemosphere.2019.124944

Habib, S. H., Kausar, H., and Saud, H. M. (2016). Plant Growth-Promoting Rhizobacteria Enhance Salinity Stress Tolerance in Okra through ROS-Scavenging Enzymes. BioMed Res. Int. 2016:6284547. doi: 10.1155/2016/6284547

Hacquard, S., Kracher, B., Hiruma, K., Münch, P. C., Garrido-Oter, R., Thon, M. R., et al. (2016). Survival trade-offs in plant roots during colonization by closely related beneficial and pathogenic fungi. Nat. Commun. 7:11362.

Haichar, F., Heulin, T., Guyonnet, J. P., and Achouak, W. (2016). Stable isotope probing of carbon flow in the plant holobiont. Curr. Opin. Biotechnol. 41, 9–13. doi: 10.1016/j.copbio.2016.02.023

Haider, M. W., Nafees, M., Ahmad, I., Ali, B., Maryam Iqbal, R., et al. (2022). Postharvest dormancy-related changes of endogenous hormones in relation to dierent dormancy-breaking methods of potato (Solanum tuberosum L.) tubers. Front. Plant Sci. 13:945256. doi: 10.3389/fpls.2022.945256

Hamonts, K., Trivedi, P., Garg, A., Janitz, C., Grinyer, J., Holford, P., et al. (2018). Field study reveals core plant microbiota and relative importance of their drivers. Environ. Microbiol. 20, 124–140. doi: 10.1111/1462-2920.14031

Haney, C. H., Samuel, B. S., Bush, J., and Ausubel, F. M. (2015). Associations with rhizosphere bacteria can confer an adaptive advantage to plants. Nat. Plants 1:15051. doi: 10.1038/nplants.2015.51

Hasegawa, H., Chatterjee, A., Cui, Y., and Chatterjee, A. K. (2005). Elevated temperature enhances virulence of Erwinia carotovora subsp. carotovora strain EC153 to plants and stimulates production of the quorum sensing signal, N-acyl homoserine lactone, and extracellular proteins. Appl. Environ. Microbiol. 71, 4655–4663. doi: 10.1128/AEM.71.8.4655-4663.2005

Hashem, A., Alqarawi, A. A., Radhakrishnan, R., Al-Arjani, A. F., Aldehaish, H. A., Egamberdieva, D., et al. (2018). Arbuscular mycorrhizal fungi regulate the oxidative system, hormones and ionic equilibrium to trigger salt stress tolerance in Cucumis sativus L. Saudi J. Biol. Sci. 25, 1102–1114. doi: 10.1016/j.sjbs.2018.03.009

Hernández-Restrepo, M., Groenewald, J. Z., Elliott, M. L., Canning, G., McMillan, V. E., and Crous, P. W. (2016). Take-all or nothing. Stud. Mycol. 83, 19–48. doi: 10.1016/j.simyco.2016.06.002

Heyer, R., Kohrs, F., Reichl, U., and Benndorf, D. (2015). Metaproteomics of complex microbial communities in biogas plants. Microb. Biotechnol. 8, 749–763.

Hong, S. U. N., Ya-guang, Z., Hui, L. I., and Yang, L. I. (2018). Phyllosphere bacterial community structure of Osmanthus fragrans and Nerium indicum in different habitats. Ying Yong Sheng Tai Xue Bao 29, 1653–1659. doi: 10.13287/j.1001-9332.201805.036

Horton, M. W., Bodenhausen, N., Beilsmith, K., Meng, D., Muegge, B. D., Subramanian, S., et al. (2014). Genome-wide association study of Arabidopsis thaliana leaf microbial community. Nat. Commun. 5:5320. doi: 10.1038/ncomms6320

Huang, J., Zhao, X., and Chory, J. (2019). The Arabidopsis transcriptome responds specifically and dynamically to high light stress. Cell Rep. 29, 4186–4199. doi: 10.1016/j.celrep.2019.11.051

Hunziker, L., Bönisch, D., Groenhagen, U., Bailly, A., Schulz, S., and Weisskopf, L. (2015). Pseudomonas Strains Naturally Associated with Potato Plants Produce Volatiles with High Potential for Inhibition of Phytophthora infestans. Appl. Environ. Microbiol. 81, 821–830. doi: 10.1128/AEM.02999-14

Hussain, S. Q., Rasheed, M., Saleem, M. H., Ahmed, Z. I., Hafeez, A., Jilani, G., et al. (2022). Salt tolerance in maize with melatonin priming to achieve sustainability in yield on salt affected soils. Pak. J. Bot. 55.

Imperato, V., Kowalkowski, L., Portillo-Estrada, M., Gawronski, S. W., Vangronsveld, J., and Thijs, S. (2019). Characterisation of the Carpinus betulus L. phyllomicrobiome in urban and forest areas. Front. Microbiol. 10:1110. doi: 10.3389/fmicb.2019.01110

Jaber, L. R., and Alananbeh, K. M. (2018). Fungal entomopathogens as endophytes reduce several species of Fusarium causing crown and root rot in sweet pepper (Capsicum annuum L.). Biol. Control 126, 117–126.

Jacobsen, C. S., and Hjelmsø, M. H. (2014). Agricultural soils, pesticides and microbial diversity. Curr. Opin. Biotechnol. 27, 15–20. doi: 10.1016/j.copbio.2013.09.003

Jain, A. (2016). Insight into the Interaction between Plants and Associated Fluorescent Pseudomonas spp. Int. J. Agron. 2016:4269010. doi: 10.1155/2016/4269010

Jain, M., Olsen, H. E., Paten, B., and Akeson, M. (2016). The Oxford Nanopore MinION: Delivery of nanopore sequencing to the genomics community. Genome Biol. 17:239.

Jain, S., Jain, J., and Singh, J. (2020). “The Rhizosphere Microbiome: Microbial Communities and Plant Health,” in Plant Microbiome Paradigm, eds A. Varma, S. Tripathi, and R. Prasad (Berlin: Springer International Publishing), 175–190. doi: 10.1007/978-3-030-50395-6_10

Jansson, J. K., and Hofmockel, K. S. (2018). The soil microbiome—from metagenomics to metaphenomics. Curr. Opin.in Microbiol. 43, 162–168. doi: 10.1016/j.mib.2018.01.013

Johnson-Rollings, A. S., Wright, H., Masciandaro, G., Macci, C., Doni, S., Calvo-Bado, L. A., et al. (2014). Exploring the functional soil-microbe interface and exoenzymes through soil metaexoproteomics. ISME J. 8, 2148–2150. doi: 10.1038/ismej.2014.130

Jongman, M., Carmichael, P. C., and Bill, M. (2020). Technological advances in phytopathogen detection and metagenome profiling techniques. Curr. Microbiol. 77, 675–681. doi: 10.1007/s00284-020-01881-z

Jumpponen, A., and Jones, K. L. (2010). Seasonally dynamic fungal communities in the Quercus macrocarpa phyllosphere differ between urban and nonurban environments. New Phytol. 186, 496–513. doi: 10.1111/j.1469-8137.2010.03197.x

Karhu, K., Auffret, M. D., Dungait, J. A. J., Hopkins, D. W., Prosser, J. I., Singh, B. K., et al. (2014). Temperature sensitivity of soil respiration rates enhanced by microbial community response. Nature 513, 81–84.

Kashyap, A. S., Pandey, V. K., Manzar, N., Kannojia, P., Singh, U. B., and Sharma, P. K. (2017). “Role of plant growth-promoting rhizobacteria for improving crop productivity in sustainable agriculture,” in Plant-Microbe Interactions in Agro-Ecological Perspectives, eds D. Singh, H. Singh, and R. Prabha (Berlin: Springer), 673–693.

Kehe, J., Kulesa, A., Ortiz, A., Ackerman, C. M., Thakku, S. G., Sellers, D., et al. (2019). Massively parallel screening of synthetic microbial communities. Proc. Natl. Acad. Sci. U.S.A. 116, 12804–12809. doi: 10.1073/pnas.1900102116

Khalloufi, M., Martínez-Andújar, C., Lachaâl, M., Karray-Bouraoui, N., Pérez- Alfocea, F., and Albacete, A. (2017). The interaction between foliar GA3 application and arbuscular mycorrhizal fungi inoculation improves growth in salinized tomato Solanum lycopersicum L. plants by modifying the hormonal balance. J. Plant Physiol. 214, 134–144. doi: 10.1016/j.jplph.2017.04.012

Khan, M. A., Adnan, M., Basir, A., Fahad, S., Hafeez, A., Saleem, M. H., et al. (2023). Impact of tillage and potassium levels and sources on growth, yield and yield attributes of wheat. Pak. J. Bot. 55. doi: 10.30848/PJB2023-1(30) [Epub ahead of print].

Khatoon, Z., Huang, S., Rafique, M., Fakhar, A., Kamran, M. A., and Santoyo, G. (2020). Unlocking the potential of plant growth-promoting rhizobacteria on soil health and the sustainability of agricultural systems. J. Environ. Manag. 273:111118. doi: 10.1016/j.jenvman.2020.111118

Köhl, J., Medeiros, F. H., Lombaers-van der Plas, C., Groenenboom-de Haas, L., and van den Bosch, T. (2020). Efficacies of bacterial and fungal isolates in biocontrol of Botrytis cinerea and Pseudomonas syringae pv. tomato and growth promotion in tomato do not correlate. Biol. Control 150:104375. doi: 10.1016/j.biocontrol.2020.104375

Kong, Z., Hart, M., and Liu, H. (2018). Paving the Way From the Lab to the Field: Using Synthetic Microbial Consortia to Produce High-Quality Crops. Front. Plant Sci. 9:1467. doi: 10.3389/fpls.2018.01467

Kortekamp, A. (2011). Herbicides and Environment. London: In Tech, doi: 10.5772/550

Kumar, A., and Dubey, A. (2020). Rhizosphere microbiome: Engineering bacterial competitiveness for enhancing crop production. J. Adv. Res. 24, 337–352. doi: 10.1016/j.jare.2020.04.014

Kumar, A., Vyas, P., Kumar, D., and Dubey, A. (2018b). Screening and Characterization of Achromobacter xylosoxidans isolated from rhizosphere of Jatropha curcas L. (Energy Crop) for plant-growth-promoting traits. J. Adv. Res. Biotechnol. 3, 1–8. doi: 10.15226/2475-4714/3/1/00134

Kumar, A., Singh, V. K., Tripathi, V., Singh, P. P., and Singh, A. K. (2018a). “Plant Growth-Promoting Rhizobacteria (PGPR): Perspective in Agriculture Under Biotic and Abiotic Stress,” in Crop Improvement Through Microbial Biotechnology, (Amsterdam: Elsevier), 333–342. doi: 10.1016/B978-0-444-63987-5.00016-5

Kwak, Y.-S., and Weller, D. M. (2013). Take-all of Wheat and Natural Disease Suppression: A Review. Plant Pathol. J. 29, 125–135. doi: 10.5423/PPJ.SI.07.2012.0112

Laforest-Lapointe, I., Messier, C., and Kembel, S. W. (2017). Tree leaf bacterial community structure and diversity differ along a gradient of urban intensity. mSystems 2:e00087–17. doi: 10.1128/mSystems.00087-17

Lakshmanan, V., Selvaraj, G., and Bais, H. P. (2014). Functional Soil Microbiome: Belowground Solutions to an Aboveground Problem. Plant Physiol. 166, 689–700. doi: 10.1104/pp.114.245811

Levy, A., Gonzalez, I. S., Mittelviefhaus, M., Clingenpeel, S., Paredes, S. H., Miao, J., et al. (2018). Genomic features of bacterial adaptation to plavnts. Nat. Genet. 50, 138–150.

Li, Q., You, P., Hu, Q., Leng, B., Wang, J., Chen, J., et al. (2020). Effects of co-contamination of heavy metals and total petroleum hydrocarbons on soil bacterial community and function network reconstitution. Ecotoxicol. Environ. Saf. 204:111083. doi: 10.1016/j.ecoenv.2020.111083

Li, Y., Zhang, J., Zhang, J., Xu, W., and Mou, Z. (2019). Characteristics of Inorganic Phosphate-Solubilizing Bacteria from the Sediments of a Eutrophic Lake. Int. J. Environ. Res. Public Health 16:2141. doi: 10.3390/ijerph16122141

Lidbury, I. D. E. A., Murphy, A. R. J., Scanlan, D. J., Bending, G. D., Jones, A. M. E., Moore, J. D., et al. (2016). Comparative genomic, proteomic and exoproteomic analyses of three Pseudomonas strains reveals novel insights into the phosphorus scavenging capabilities of soil bacteria. Environ. Microbiol. 18, 3535–3549. doi: 10.1111/1462-2920.13390

Liptzin, D., Silver, W. L., and Detto, M. (2011). Temporal Dynamics in Soil Oxygen and Greenhouse Gases in Two Humid Tropical Forests. Ecosystems 14, 171–182. doi: 10.1007/s10021-010-9402-x

Liu, X., Li, Q., Li, Y., Guan, G., and Chen, S. (2019). Paenibacillus strains with nitrogen fixation and multiple beneficial properties for promoting plant growth. PeerJ 7:e7445. doi: 10.7717/peerj.7445

Lloyd, D. P., and Allen, R. J. (2015). Competition for space during bacterial colonization of a surface. J. R. Soc. Interface 12:20150608. doi: 10.1098/rsif.2015.0608

Lundberg, D. S., Lebeis, S. L., Paredes, S. H., Yourstone, S., Gehring, J., Malfatti, S., et al. (2012). Defining the core Arabidopsis thaliana root microbiome. Nature 488, 86–90. doi: 10.1038/nature11237

Ma, J., Saleem, M. H., Ali, B., Rasheed, R., Ashraf, M. A., Aziz, H., et al. (2022a). Impact of foliar application of syringic acid on tomato (Solanum lycopersicum L.) under heavy metal stress-insights into nutrient uptake, redox homeostasis, oxidative stress, and antioxidant defense. Front. Plant Sci. 13:950120. doi: 10.3389/fpls.2022.950120

Ma, J., Saleem, M. H., Yasin, G., Mumtaz, S., Qureshi, F. F., Ali, B., et al. (2022b). Individual and combinatorial eects of SNP and NaHS on morpho-physio-biochemical attributes and phytoextraction of chromium through Cr-stressed spinach (Spinacia oleracea L.). Front. Plant Sci. 13:973740. doi: 10.3389/fpls.2022.973740

Marschner, H. (1995). Mineral Nutrition of Higher Plants. Amsterdam: Elsevier, doi: 10.1016/B978-0-12-473542-2.X5000-7

Martínez-Álvarez, P., Fernández-González, R. A., Sanz-Ros, A. V., Pando, V., and Diez, J. J. (2016). Two fungal endophytes reduce the severity of pitch canker disease in Pinus radiata seedlings. Biol. Control 94, 1–10.

Martiny, J. B., Martiny, A. C., Weihe, C., Lu, Y., Berlemont, R., Brodie, E. L., et al. (2017). Microbial legacies alter decomposition in response to simulated global change. ISME J. 11, 490–499. doi: 10.1038/ismej.2016.122

Mathur, S., Sharma, M. P., and Jajoo, A. (2016). Improved photosynthetic efficacy of maize Zea mays plants with arbuscular mycorrhizal fungi (AMF) under high temperature stress. J. Photochem. Photobiol. B 180, 149–154. doi: 10.1016/j.jphotobiol.2018.02.002

Mauchline, T. H., Chedom-Fotso, D., Chandra, G., Samuels, T., Greenaway, N., Backhaus, A., et al. (2015). An analysis of P seudomonas genomic diversity in take-all infected wheat fields reveals the lasting impact of wheat cultivars on the soil microbiota. Environ. Microbiol. 17, 4764–4778. doi: 10.1111/1462-2920.13038

McDonald, B. A., and Stukenbrock, E. H. (2016). Rapid emergence of pathogens in agro-ecosystems: Global threats to agricultural sustainability and food security. Philos. Trans. R. Soc. Lond. B 371:20160026. doi: 10.1098/rstb.2016.0026

McMichael, A. J., Powles, J. W., Butler, C. D., and Uauy, R. (2007). Food, livestock production, energy, climate change, and health. Lancet 370, 1253–1263. doi: 10.1016/S0140-6736(07)61256-2

McNeely, D., Chanyi, R. M., Dooley, J. S., Moore, J. E., and Koval, S. F. (2017). Biocontrol of Burkholderia cepacia complex bacteria and bacterial phytopathogens by Bdellovibrio bacteriovorus. Can. J. Microbiol. 63, 350–358. doi: 10.1139/cjm-2016-0612

Mechan Llontop, M. E., Sharma, P., Aguilera Flores, M., Yang, S., Pollok, J., Tian, L., et al. (2020). Strain-level identification of bacterial tomato pathogens directly from metagenomic sequences. Phytopathology 110, 768–779. doi: 10.1094/PHYTO-09-19-0351-R

Meena, R., Kumar, S., Datta, R., Lal, R., Vijayakumar, V., Brtnicky, M., et al. (2020). Impact of Agrochemicals on Soil Microbiota and Management: A Review. Land 9:34. doi: 10.3390/land9020034

Mehmood, S., Khatoon, Z., Amna, Ahmad, I., Muneer, M. A., Kamran, M. A., et al. (2021a). Bacillus sp. PM31 harboring various plant growth-promoting activities regulates Fusarium dry rot and wilt tolerance in potato. Arch. Agron. Soil Sci. 1–15.

Mehmood, S., Muneer, M. A., Tahir, M., Javed, M. T., Mahmood, T., Afridi, M. S., et al. (2021b). Deciphering distinct biological control and growth promoting potential of multi-stress tolerant Bacillus subtilis PM32 for potato stem canker. Physiol. Mol. Biol. Plants 27, 2101–2114. doi: 10.1007/s12298-021-01067-2

Mendes, R., Garbeva, P., and Raaijmakers, J. M. (2013). The rhizosphere microbiome: Significance of plant beneficial, plant pathogenic, and human pathogenic microorganisms. FEMS Microbiol. Rev. 37, 634–663. doi: 10.1111/1574-6976.12028

Monz, C. A., Hunt, H. W., Reeves, F. B., and Elliott, E. T. (1994). The response of mycorrhizal colonization to elevated CO2 and climate change in Pascopyrum smithii and Bouteloua gracilis. Plant Soil 165, 75–80.

Mueller, U. G., and Sachs, J. L. (2015). Engineering Microbiomes to Improve Plant and Animal Health. Trends Microbiol. 23, 606–617. doi: 10.1016/j.tim.2015.07.009

Mukherjee, A., Singh, S., Gaurav, A. K., Chouhan, G. K., Jaiswal, D. K., de Araujo Pereira, A. P., et al. (2022). Harnessing of phytomicrobiome for developing potential biostimulant consortium for enhancing the productivity of chickpea and soil health under sustainable agriculture. Sci. Total Environ. 836:155550. doi: 10.1016/j.scitotenv.2022.155550

Mukhtar, T., Afridi, M. S., McArthur, R., Van Hamme, J. D., Rineau, F., Mahmood, T., et al. (2018). Draft genome sequence of Bacillus pumilus SCAL1, an endophytic heat-tolerant plant growth-promoting bacterium. Genome Announc. 6:e306–e318. doi: 10.1128/genomeA.00306-18

Mukhtar, T., Ali, F., Rafique, M., Ali, J., Afridi, M. S., Smith, D., et al. (2022). Biochemical Characterization and Potential of Bacillus safensis Strain SCAL1 to Mitigate Heat Stress in Solanum lycopersicum L. J. Plant Growth Regul. 1–16. doi: 10.1007/s00344-021-10571-4

Müller, D. B., Vogel, C., Bai, Y., and Vorholt, J. A. (2016). The Plant Microbiota: Systems-Level Insights and Perspectives. Annu. Rev. Genet. 50, 211–234. doi: 10.1146/annurev-genet-120215-034952

Murat, F., Van de Peer, Y., and Salse, J. (2012). Decoding plant and animal genome plasticity from differential paleo-evolutionary patterns and processes. Genome Biol. Evol. 4, 917–928. doi: 10.1093/gbe/evs066

Muth, T., Renard, B. Y., and Martens, L. (2016). Metaproteomic data analysis at a glance: Advances in computational microbial community proteomics. Expert Rev. Proteomics 13, 757–769. doi: 10.1080/14789450.2016.1209418

Nawaz, H., Ali, A., Saleem, M. H., Ameer, A., Hafeez, A., Alharbi, K., et al. (2022). Comparative effectiveness of EDTA and citric acid assisted phytoremediation of Ni contaminated soil by using canola (Brassica napus). Braz. J. Biol. 82:e261785. doi: 10.1590/1519-6984.261785

Naylor, D., DeGraaf, S., Purdom, E., and Coleman-Derr, D. (2017). Drought and host selection influence bacterial community dynamics in the grass root microbiome. ISME J. 11, 2691–2704. doi: 10.1038/ismej.2017.118

Newsham, K. K., Fitter, A. H., and Watkinson, A. R. (1995). Multi-functionality and biodiversity in arbuscular mycorrhizas. Trends Ecol.Evol. 10, 407–411. doi: 10.1016/s0169-5347(00)89157-0

Niu, B., Paulson, J. N., Zheng, X., and Kolter, R. (2017). Simplified and representative bacterial community of maize roots. Proc. Natl. Acad. Sci. U.S.A. 114:E2450–E2459. doi: 10.1073/pnas.1616148114

Niu, S.-Q., Li, H.-R., Paré, P. W., Aziz, M., Wang, S.-M., Shi, H., et al. (2016). Induced growth promotion and higher salt tolerance in the halophyte grass Puccinellia tenuiflora by beneficial rhizobacteria. Plant Soil 407, 217–230. doi: 10.1007/s11104-015-2767-z

Oerke, E.-C. (2006). Crop losses to pests. J. Agric. Sci. 144, 31–43. doi: 10.1017/S0021859605005708

Ojuederie, O., Olanrewaju, O., and Babalola, O. (2019). Plant Growth Promoting Rhizobacterial Mitigation of Drought Stress in Crop Plants: Implications for Sustainable Agriculture. Agronomy 9:712. doi: 10.3390/agronomy9110712

Ortíz-Castro, R., Valencia-Cantero, E., and López-Bucio, J. (2008). Plant growth promotion by Bacillus megaterium involves cytokinin signaling. Plant Signal. Behav. 3, 263–265. doi: 10.4161/psb.3.4.5204

Panneerselvam, P., Kumar, U., Senapati, A., Parameswaran, C., Anandan, A., Kumar, A., et al. (2020). Influence of elevated CO2 on arbuscular mycorrhizal fungal community elucidated using Illumina MiSeq platform in sub-humid tropical paddy soil. Appl. Soil Ecol. 145:103344.

Parks, S. E., Cusano, D. A., Stimpert, A. K., Weinrich, M. T., Friedlaender, A. S., and Wiley, D. N. (2015). Evidence for acoustic communication among bottom foraging humpback whales. Sci. Rep. 4:7508. doi: 10.1038/srep07508

Parnell, J. J., Berka, R., Young, H. A., Sturino, J. M., Kang, Y., Barnhart, D. M., et al. (2016). From the Lab to the Farm: An Industrial Perspective of Plant Beneficial Microorganisms. Front. Plant Sci. 7:1110. doi: 10.3389/fpls.2016.01110

Parray, J., and Shameem, N. (2019). Sustainable Agriculture: Advances in Plant Metabolome and Microbiome. Cambridge: Academic Press.

Penton, C. R., Gupta, V. V. S. R., Tiedje, J. M., Neate, S. M., Ophel-Keller, K., Gillings, M., et al. (2014). Fungal Community Structure in Disease Suppressive Soils Assessed by 28S LSU Gene Sequencing. PLoS One 9:e93893. doi: 10.1371/journal.pone.0093893

Pilon-Smits, E. (2005). Phytoremediation. Annu. Rev. Plant Biol. 56, 15–39. doi: 10.1146/annurev.arplant.56.032604.144214

Pinedo, I., Ledger, T., Greve, M., and Poupin, M. J. (2015). Burkholderia phytofirmans PsJN induces long-term metabolic and transcriptional changes involved in Arabidopsis thaliana salt tolerance. Front. Plant Sci. 6:466. doi: 10.3389/fpls.2015.00466

Ping, L. (2004). Signals from the underground: Bacterial volatiles promote growth in Arabidopsis. Trends Plant Sci. 9, 263–266. doi: 10.1016/j.tplants.2004.04.008

Poudel, R., Jumpponen, A., Schlatter, D. C., Paulitz, T. C., Gardener, B. B. M., Kinkel, L. L., et al. (2016). Microbiome Networks: A Systems Framework for Identifying Candidate Microbial Assemblages for Disease Management. Phytopathology§ 106, 1083–1096. doi: 10.1094/PHYTO-02-16-0058-FI

Prescott, C. E., Grayston, S. J., Helmisaari, H.-S., Kaštovská, E., Körner, C., Lambers, H., et al. (2020). Surplus carbon drives allocation and plant–soil interactions. Trends Ecol.Evol. 35, 1110–1118. doi: 10.1016/j.tree.2020.08.007

Prosser, J. I. (2015). Dispersing misconceptions and identifying opportunities for the use of’omics’ in soil microbial ecology. Nat. Rev. Microbiol. 13, 439–446. doi: 10.1038/nrmicro3468

Qiao, D., Zhang, Y., Xiong, X., Li, M., Cai, K., Luo, H., et al. (2020). Transcriptome analysis on responses of orchardgrass (Dactylis glomerata L.) leaves to a short term flooding. Hereditas 157:20. doi: 10.1186/s41065-020-00134-0

Qiu, X., Kulasekara, B. R., and Lory, S. (2009). “Role of horizontal gene transfer in the evolution of Pseudomonas aeruginosa virulence,” in Microbial Pathogenomics, eds H. de Reuse and S. Bereswill (Berlin: Karger Publishers), 126–139.

Quiza, L., St-Arnaud, M., and Yergeau, E. (2015). Harnessing phytomicrobiome signaling for rhizosphere microbiome engineering. Front. Plant Sci. 6:507. doi: 10.3389/fpls.2015.00507

Raaijmakers, J. M., Paulitz, T. C., Steinberg, C., Alabouvette, C., and Moënne-Loccoz, Y. (2009). The rhizosphere: A playground and battlefield for soilborne pathogens and beneficial microorganisms. Plant Soil 321, 341–361. doi: 10.1007/s11104-008-9568-6

Rafique, M., Ortas, I., Ahmed, I. A., Rizwan, M., Afridi, M. S., Sultan, T., et al. (2019). Potential impact of biochar types and microbial inoculants on growth of onion plant in differently textured and phosphorus limited soils. J. Environ. Manag. 247, 672–680. doi: 10.1016/j.jenvman.2019.06.123

Raj, M., Kumar, R., Lal, K., Sirisha, L., Chaudhary, R., and Patel, S. K. (2020). Dynamic role of plant growth promoting rhizobacteria (PGPR) in agriculture. Int. J. Chem. Stud. 8, 105–110. doi: 10.22271/chemi.2020.v8.i5b.10284

Ramirez, K. S., Snoek, L. B., Koorem, K., Geisen, S., Bloem, L. J., Ten Hooven, F., et al. (2019). Range-expansion effects on the belowground plant microbiome. Nat. Ecol. Evol. 3, 604–611.

Rang, F. J., Kloosterman, W. P., and de Ridder, J. (2018). From squiggle to basepair: Computational approaches for improving nanopore sequencing read accuracy. Genome Biol. 19, 1–11. doi: 10.1186/s13059-018-1462-9

Rani, B. (2016). Effect of Arbuscular Mycorrhiza Fungi on Biochemical Parameters in Wheat Triticum Aestivum L. Under Drought Conditions, Ph.D thesis, Hisar: CCSHAU.

Rani, L., Thapa, K., Kanojia, N., Sharma, N., Singh, S., Grewal, A. S., et al. (2021). An extensive review on the consequences of chemical pesticides on human health and environment. J. Clean. Prod. 283:124657. doi: 10.1016/j.jclepro.2020.124657

Rani, R., Kumar, V., Usmani, Z., Gupta, P., and Chandra, A. (2019). Influence of plant growth promoting rhizobacterial strains Paenibacillus sp. IITISM08, Bacillus sp. PRB77 and Bacillus sp. PRB101 using Helianthus annuus on degradation of endosulfan from contaminated soil. Chemosphere 225, 479–489. doi: 10.1016/j.chemosphere.2019.03.037

Raymaekers, K., Ponet, L., Holtappels, D., Berckmans, B., and Cammue, B. P. A. (2020). Screening for novel biocontrol agents applicable in plant disease management – A review. Biol. Control 144:104240. doi: 10.1016/j.biocontrol.2020.104240

Reitz, M. U., Gifford, M. L., and Schäfer, P. (2015). Hormone activities and the cell cycle machinery in immunity-triggered growth inhibition. J. Exp. Bot. 66, 2187–2197. doi: 10.1093/jxb/erv106

Rodríguez, M., Torres, M., Blanco, L., Béjar, V., Sampedro, I., and Llamas, I. (2020). Plant growth-promoting activity and quorum quenching-mediated biocontrol of bacterial phytopathogens by Pseudomonas segetis strain P6. Sci. Rep. 10:4121. doi: 10.1038/s41598-020-61084-1

Rojas-Solís, D., Zetter-Salmón, E., Contreras-Pérez, M., Rocha-Granados, M., del, C., Macías-Rodríguez, L., et al. (2018). Pseudomonas stutzeri E25 and Stenotrophomonas Maltophilia CR71 endophytes produce antifungal volatile organic compounds and exhibit additive plant growth-promoting effects. Biocatal. Agric. Biotechnol. 13, 46–52. doi: 10.1016/j.bcab.2017.11.007

Roth, R., and Paszkowski, U. (2017). Plant carbon nourishment of arbuscular mycorrhizal fungi. Curr. Opin. Plant Biol. 39, 50–56. doi: 10.1016/j.pbi.2017.05.008

Ryder, L. S., Harris, B. D., Soanes, D. M., Kershaw, M. J., Talbot, N. J., and Thornton, C. R. (2012). Saprotrophic competitiveness and biocontrol fitness of a genetically modified strain of the plant-growth-promoting fungus Trichoderma hamatum GD12. Microbiology 158, 84–97. doi: 10.1099/mic.0.051854-0

Saeed, S., Ullah, A., Ullah, S., Noor, J., Ali, B., Khan, M. N., et al. (2022). Validating the Impact of Water Potential and Temperature on Seed Germination of Wheat (Triticum aestivum L.) via Hydrothermal Time Model. Life 12:983. doi: 10.3390/life12070983

Saeid, A., and Chojnacka, K. (2019). “Fertlizers,” in Organic Farming, eds S. Chandran, M. R. Unni, and S. Thomas (Sawston: Woodhead Publishing), 91–116. doi: 10.1016/B978-0-12-813272-2.00004-5

Safavi-Rizi, V., Herde, M., and Stöhr, C. (2020). RNA-Seq reveals novel genes and pathways associated with hypoxia duration and tolerance in tomato root. Sci. Rep. 10, 1–17.

Sakschewski, B., von Bloh, W., Huber, V., Müller, C., and Bondeau, A. (2014). Feeding 10 billion people under climate change: How large is the production gap of current agricultural systems? Ecol. Model. 288, 103–111. doi: 10.1016/j.ecolmodel.2014.05.019

Salam, A., Ali, A., Afridi, M. S., Ali, S., and Ullah, Z. (2022). “Agrobiodiversity: Effect of drought stress on the eco-physiology and morphology of wheat,” in Biodiversity, conservation and sustainability in asia, eds M. Öztürk, S. M. Khan, V. Altay, R. Efe, D. Egamberdieva, and F. O. Khassanov (Cham: Springer), doi: 10.1007/978-3-030-73943-0_33

Sankar Ganesh, K., Sundaramoorthy, P., Nagarajan, M., and Lawrence Xavier, R. (2017). “Role of Organic Amendments in Sustainable Agriculture,” in Sustainable Agriculture towards Food Security, ed. A. Dhanarajan (Singapore: Springer Singapore), 111–124. doi: 10.1007/978-981-10-6647-4_7

Santhanam, R., Luu, V. T., Weinhold, A., Goldberg, J., Oh, Y., and Baldwin, I. T. (2015). Native root-associated bacteria rescue a plant from a sudden-wilt disease that emerged during continuous cropping. Proc. Natl. Acad. Sci. 112:E5013–E5120. doi: 10.1073/pnas.1505765112

Santoyo, G., Gamalero, E., and Glick, B. R. (2021). Mycorrhizal-Bacterial Amelioration of Plant Abiotic and Biotic Stress. Front. Sustain. Food Syst. 5:139. doi: 10.3389/fsufs.2021.672881

Sanyal, D., and Shrestha, A. (2008). Direct Effect of Herbicides on Plant Pathogens and Disease Development in Various Cropping Systems. Weed Sci. 56, 155–160. doi: 10.1614/WS-07-081.1

Savary, S., Ficke, A., Aubertot, J.-N., and Hollier, C. (2012). Crop losses due to diseases and their implications for global food production losses and food security. Food Secur. 4, 519–537. doi: 10.1007/s12571-012-0200-5

Scheuring, I., and Yu, D. W. (2012). How to assemble a beneficial microbiome in three easy steps. Ecol. Lett. 15, 1300–1307. doi: 10.1111/j.1461-0248.2012.01853.x

Schlaeppi, K., and Bulgarelli, D. (2015). The Plant Microbiome at Work. Mol. Plant Microbe Interact.§ 28, 212–217. doi: 10.1094/MPMI-10-14-0334-FI

Schortemeyer, M., Hartwig, U. A., Hendrey, G. R., and Sadowsky, M. J. (1996). Microbial community changes in the rhizospheres of white clover and perennial ryegrass exposed to free air carbon dioxide enrichment (FACE). Soil Biol. Biochem. 28, 1717–1724.

Schuhegger, R., Ihring, A., Gantner, S., Bahnweg, G., Knappe, C., Vogg, G., et al. (2006). Induction of systemic resistance in tomato by N-acyl-L-homoserine lactone-producing rhizosphere bacteria. Plant Cell Environ. 29, 909–918. doi: 10.1111/j.1365-3040.2005.01471.x

Sessitsch, A., Kuffner, M., Kidd, P., Vangronsveld, J., Wenzel, W. W., Fallmann, K., et al. (2013). The role of plant-associated bacteria in the mobilization and phytoextraction of trace elements in contaminated soils. Soil Biol. Biochem. 60, 182–194. doi: 10.1016/j.soilbio.2013.01.012

Sevim, V., Lee, J., Egan, R., Clum, A., Hundley, H., Lee, J., et al. (2019). Shotgun metagenome data of a defined mock community using Oxford Nanopore, PacBio and Illumina technologies. Sci. Data 6:285. doi: 10.1038/s41597-019-0287-z

Sharma, D., Nagpal, A., Pakade, Y. B., and Katnoria, J. K. (2010). Analytical methods for estimation of organophosphorus pesticide residues in fruits and vegetables: A review. Talanta 82, 1077–1089. doi: 10.1016/j.talanta.2010.06.043

Sharma, M., Sudheer, S., Usmani, Z., Rani, R., and Gupta, P. (2020). Deciphering the Omics of Plant-Microbe Interaction: Perspectives and New Insights. Curr. Genomics 21, 343–362. doi: 10.2174/1389202921999200515140420

Siciliano, S. D., Fortin, N., Mihoc, A., Wisse, G., Labelle, S., Beaumier, D., et al. (2001). Selection of Specific Endophytic Bacterial Genotypes by Plants in Response to Soil Contamination. Appl. Environ. Microbiol. 67, 2469–2475. doi: 10.1128/AEM.67.6.2469-2475.2001

Singh, D., Dhillon, T. S., Javed, T., Singh, R., Dobaria, J., Dhankhar, S. K., et al. (2022). Exploring the genetic diversity of carrot genotypes through phenotypically and genetically detailed germplasm collection. Agronomy 12:1921. doi: 10.3390/agronomy12081921

Singh, M., Singh, D., Gupta, A., Pandey, K. D., Singh, P. K., and Kumar, A. (2019). “Chapter Three - Plant Growth Promoting Rhizobacteria: Application in Biofertilizers and Biocontrol of Phytopathogens,” in PGPR Amelioration in Sustainable Agriculture, eds A. K. Singh, A. Kumar, and P. K. Singh (Sawston: Woodhead Publishing), 41–66. doi: 10.1016/B978-0-12-815879-1.00003-3

Smets, W., Wuyts, K., Oerlemans, E., Wuyts, S., Denys, S., Samson, R., et al. (2016). Impact of urban land use on the bacterial phyllosphere of ivy (Hedera sp.). Atmos. Environ. 147, 376–383.

Somers, E., Vanderleyden, J., and Srinivasan, M. (2004). Rhizosphere Bacterial Signalling: A Love Parade Beneath Our Feet. Crit. Rev. Microbiol. 30, 205–240. doi: 10.1080/10408410490468786

Staddon, P. L., Gregersen, R., and Jakobsen, I. (2004). The response of two Glomus mycorrhizal fungi and a fine endophyte to elevated atmospheric CO2, soil warming and drought. Glob. Change Biol. 10, 1909–1921.

Stephenson, C., and Black, C. R. (2014). One step forward, two steps back: The evolution of phytoremediation into commercial technologies. Biosci. Horiz. 7:hzu009–hzu009. doi: 10.1093/biohorizons/hzu009

Sukweenadhi, J., Kim, Y.-J., Choi, E.-S., Koh, S.-C., Lee, S.-W., Kim, Y.-J., et al. (2015). Paenibacillus yonginensis DCY84T induces changes in Arabidopsis thaliana gene expression against aluminum, drought, and salt stress. Microbiol. Res. 172, 7–15. doi: 10.1016/j.micres.2015.01.007

Tang, J., Xu, L., Chen, X., and Hu, S. (2009). Interaction between C4 barnyard grass and C3 upland rice under elevated CO2: Impact of mycorrhizae. Acta Oecol. 35, 227–235.

Tarkka, M., Schrey, S., and Hampp, R. (2008). “Plant Associated Soil Micro-organisms,” in Molecular Mechanisms of Plant and Microbe Coexistence. Soil Biology, eds C. S. Nautiyal and P. Dion (Berlin: Springer), 3–51. doi: 10.1007/978-3-540-75575-3_1

Terekhov, S. S., Smirnov, I. V., Malakhova, M. V., Samoilov, A. E., Manolov, I., Nazarov, A. S., et al. (2018). Ultrahigh-throughput functional profiling of microbiota communities. Proc. Natl. Acad. Sci. U.S.A. 115, 9551–9556. doi: 10.1073/pnas.1811250115

Terrer, C., Phillips, R. P., Hungate, B. A., Rosende, J., Pett-Ridge, J., Craig, M. E., et al. (2021). A trade-off between plant and soil carbon storage under elevated CO2. Nature 591, 599–603. doi: 10.1038/s41586-021-03306-8

Thakur, M. P., Del Real, I. M., Cesarz, S., Steinauer, K., Reich, P. B., Hobbie, S., et al. (2019). Soil microbial, nematode, and enzymatic responses to elevated CO2, N fertilization, warming, and reduced precipitation. Soil Biol. Biochem. 135, 184–193.

Trivedi, P., Leach, J. E., Tringe, S. G., Sa, T., and Singh, B. K. (2020). Plant–microbiome interactions: From community assembly to plant health. Nat. Rev. Microbiol. 18, 607–621. doi: 10.1038/s41579-020-0412-1

Tsers, I., Gorshkov, V., Gogoleva, N., Parfirova, O., Petrova, O., and Gogolev, Y. (2020). Plant soft rot development and regulation from the viewpoint of transcriptomic profiling. Plants 9:1176. doi: 10.3390/plants9091176

Turner, T. R., James, E. K., and Poole, P. S. (2013). The plant microbiome. Genome Biol. 14:209. doi: 10.3390/microorganisms9010188

Undugoda, L. J. S., Kandisa, R. V., Kannangara, S., and Sirisena, D. M. (2018). Plasmid Encoded Toluene and Xylene Degradation by Phyllosphere Bacteria. J. Environ. Anal. Toxicol. 8:559.

Vacher, C., Cordier, T., and Vallance, J. (2016). Phyllosphere fungal communities differentiate more thoroughly than bacterial communities along an elevation gradient. Microb. Ecol. 72, 1–3. doi: 10.1007/s00248-016-0742-8

Vaishnav, A., Kumari, S., Jain, S., Varma, A., Tuteja, N., and Choudhary, D. K. (2016). PGPR-mediated expression of salt tolerance gene in soybean through volatiles under sodium nitroprusside. J. Basic Microbiol. 56, 1274–1288. doi: 10.1002/jobm.201600188

van der Heijden, M. G. A., and Hartmann, M. (2016). Networking in the Plant Microbiome. PLoS Biol. 14:e1002378. doi: 10.1371/journal.pbio.1002378

van der Putten, W. H., Bradford, M. A., Pernilla Brinkman, E., van de Voorde, T. F. J., and Veen, G. F. (2016). Where, when and how plant–soil feedback matters in a changing world. Funct. Ecol. 30, 1109–1121.

Vandenkoornhuyse, P., Quaiser, A., Duhamel, M., le Van, A., and Dufresne, A. (2015). The importance of the microbiome of the plant holobiont. New Phytol. 206, 1196–1206. doi: 10.1111/nph.13312

Vangronsveld, J., Herzig, R., Weyens, N., Boulet, J., Adriaensen, K., Ruttens, A., et al. (2009). Phytoremediation of contaminated soils and groundwater: Lessons from the field. Environ. Sci. Pollut. Res. 16, 765–794. doi: 10.1007/s11356-009-0213-6

Vega, C., Rodríguez, M., Llamas, I., Béjar, V., and Sampedro, I. (2019). Silencing of Phytopathogen Communication by the Halotolerant PGPR Staphylococcus equorum Strain EN21. Microorganisms 8:42. doi: 10.3390/microorganisms8010042

Vessey, J. K. (2003). Plant growth promoting rhizobacteria as biofertilizers. Plant Soil 255, 571–586. doi: 10.1023/A:1026037216893

Vinayarani, G., and Prakash, H. (2018). Growth promoting rhizospheric and endophytic bacteria from Curcuma longa L. as biocontrol agents against rhizome rot and leaf blight diseases. Plant Pathol. J. 34:218. doi: 10.5423/PPJ.OA.11.2017.0225

Wahab, A., Abdi, G., Saleem, M. H., Ali, B., Ullah, S., Shah, W., et al. (2022). Plants’ Physio-Biochemical and Phyto-Hormonal Responses to Alleviate the Adverse Effects of Drought Stress: A Comprehensive Review. Plants 11:1620. doi: 10.3390/plants11131620

Walther, G.-R., Roques, A., Hulme, P. E., Sykes, M. T., Pyšek, P., Kühn, I., et al. (2009). Alien species in a warmer world: Risks and opportunities. Trends Ecol. Evol. 24, 686–693. doi: 10.1016/j.tree.2009.06.008

Wang, B., Zhai, H., He, S., Zhang, H., Ren, Z., Zhang, D., et al. (2016). A vacuolar Na+/H+ antiporter gene, IbNHX2, enhances salt and drought tolerance in transgenic sweetpotato. Sci. Hortic. 201, 153–166.

Wang, S., Tan, Y., Fan, H., Ruan, H., and Zheng, A. (2015). Responses of soil microarthropods to inorganic and organic fertilizers in a poplar plantation in a coastal area of eastern China. Appl. Soil Ecol. 89, 69–75. doi: 10.1016/j.apsoil.2015.01.004

West, S. A., Fisher, R. M., Gardner, A., and Kiers, E. T. (2015). Major evolutionary transitions in individuality. Proc. Natl. Acad. Sci. U.S.A. 112, 10112–10119. doi: 10.1073/pnas.1421402112

Wetmore, K. M., Price, M. N., Waters, R. J., Lamson, J. S., He, J., Hoover, C. A., et al. (2015). Rapid quantification of mutant fitness in diverse bacteria by sequencing randomly bar-coded transposons. mBio 6:e00306–15. doi: 10.1128/mBio.00306-15

Wild, A. (2003). Soils, Land and Food: Managing the Land During the Twenty-First Century. Cambridge: Cambridge University Press.

Williams, A., Pétriacq, P., Beerling, D. J., Cotton, T. E., and Ton, J. (2018). Impacts of atmospheric CO2 and soil nutritional value on plant responses to rhizosphere colonization by soil bacteria. Front. Plant Sci. 9:1493. doi: 10.3389/fpls.2018.01493

Wintermans, P. C. A., Bakker, P. A. H. M., and Pieterse, C. M. J. (2016). Natural genetic variation in Arabidopsis for responsiveness to plant growth-promoting rhizobacteria. Plant Mol. Biol. 90, 623–634. doi: 10.1007/s11103-016-0442-2

Xu, J., Zhang, Y., Zhang, P., Trivedi, P., Riera, N., Wang, Y., et al. (2018a). The structure and function of the global citrus rhizosphere microbiome. Nat. Commun. 9:4894. doi: 10.1038/s41467-018-07343-2

Xu, L., Naylor, D., Dong, Z., Simmons, T., Pierroz, G., Hixson, K. K., et al. (2018b). Drought delays development of the sorghum root microbiome and enriches for monoderm bacteria. Proc. Natl. Acad. Sci. U.S.A. 115:E4284–E4293. doi: 10.1073/pnas.1717308115

Xu, L., Naylor, D., Dong, Z., Simmons, T., Pierroz, G., Hixson, K. K., et al. (2018c). Drought delays development of the sorghum root microbiome and enriches for monoderm bacteria. Proc. Natl. Acad. Sci. U.S.A. 115:E4284–E4293.

Yergeau, E., Sanschagrin, S., Maynard, C., St-Arnaud, M., and Greer, C. W. (2014). Microbial expression profiles in the rhizosphere of willows depend on soil contamination. ISME J. 8, 344–358. doi: 10.1038/ismej.2013.163

Yu, T., and Chen, Y. (2019). Effects of elevated carbon dioxide on environmental microbes and its mechanisms: A review. Sci. Total Environ. 655, 865–879.

Zainab, N., Amna, Khan, A. A., Azeem, M. A., Ali, B., Wang, T., et al. (2021). PGPR-Mediated Plant Growth Attributes and Metal Extraction Ability of Sesbania sesban L. in Industrially Contaminated Soils. Agronomy 11:1820.

Zameer, M., Zahid, H., Tabassum, B., Ali, Q., Nasir, I. A., Saleem, M., et al. (2016). PGPR Potentially Improve Growth of Tomato Plants in Salt-Stressed Environment. Turk. J. Agric. Food Sci. Technol. 4, 455–463. doi: 10.24925/turjaf.v4i6.455-463.614

Zhang, F., Jia-Dong, H. E., Qiu-Dan, N. I., Qiang-Sheng, W. U., and Zou, Y. N. (2018). Enhancement of drought tolerance in trifoliate orange by mycorrhiza: Changes in root sucrose and proline metabolisms. Not. Bot. Horti. Agrobot. Cluj-Napoca 46:270. doi: 10.15835/nbha46110983

Zhang, J., Liu, Y.-X., Zhang, N., Hu, B., Jin, T., Xu, H., et al. (2019). NRT1.1B is associated with root microbiota composition and nitrogen use in field-grown rice. Nat. Biotechnol. 37, 676–684. doi: 10.1038/s41587-019-0104-4

Zipfel, C., and Oldroyd, G. E. D. (2017). Plant signalling in symbiosis and immunity. Nature 543, 328–336. doi: 10.1038/nature22009

Zmora, N., Zeevi, D., Korem, T., Segal, E., and Elinav, E. (2016). Taking it Personally: Personalized Utilization of the Human Microbiome in Health and Disease. Cell Host Microbe 19, 12–20. doi: 10.1016/j.chom.2015.12.016



OPS/images/fpls-13-899464-g003.jpg
| ' |
Induced systemic tolerance — Host protection from
disease & soil suppression

v v

Alleviation of (a)biotic stresses Nutrients acquisition & symbiosis

Abiotic factors (temp., light,
precipitation, humidity)

Drought, heat, chill, salinity
stresses

\ Challenges /






OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		New opportunities in plant microbiome engineering for increasing agricultural sustainability under stressful conditions



		Introduction



		Defining the plant microbiome



		The plant microbiome at work



		Microbial services



		Signaling and cross-talk







		The relevant role of plant-associated fungi and bacteria



		Why engineer the plant microbiome?



		Engineering the plant microbiome for green agricultural production



		Improving plant growth-promoting mechanisms



		Enhancing phytoremediation activities



		Ameliorating plant stress



		Stimulating antagonistic and biocontrol activities







		Current challenges



		Difficulties in isolating and characterizing microbiomes



		Efforts to assign functions to microbes



		Omics approaches to unveil plant-associated microbiota



		Climate change



		Range shifts



		Urbanization







		Conclusion



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Plant Science

New opportunities in plant
microbiome engineering
for increasing agricultural
sustainability under stressful
conditions









OPS/images/fpls-13-899464-t001.jpg
Host species

Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Abelmoschus esculentus
Glycine max

Glycine max
Gossypium hirsutum
Puccinellia tenuiflora
Saccharum officinarum
Solanum lycopersicum
Solanum lycopersicum
Solanum lycopersicum
Solanum lycopersicum
Solanum tuberosum
Solanum tuberosum
Solanum lycopersicum L.
Zea mays L.

Lettuce microcosms
Curcuma longa L
Solanum lycopersicum
Solanum lycopersicum
Capsicum annuum L
Pinus radiata

Poncirus trifoliata
Triticum aestivum
Triticum aestivum L.
Zea mays

Solanum lycopersicum
Cucumis sativus L.

Solanum lycopersicum L.

PGPR

B. phytofirmans PIN
B. subtilis GBO3

P. yonginensis DCY$4T
Enterobacter sp. UPMRIS
P. simiae strain AU

B. firmus SW5

Brucella sp. PS4

B. subtilis GBO3

B. xiamenensis

B. megaterium

E. cloacae PM23.

B. safensis (SCAL1)

B. anthracis PM21

B. subtilis PM32

B. mycoides PM35

B. safensis Strain SCAL1

B. amyloliquefaciens SQRO
T. hamatum GD12

T. harzianum TharDOB-31
A. pullulans 490

C. rosea 016

Beauveria bassiana

F. circinatum

F. mosseae

G. mosseae

R.irregularis

R. intraradices

R. irregulari

G. intraradices

R irregularis

Functions/Response

Abscisic acid signaling, proline and ROS production
Import of Sodium ions in root

ROS Detoxification, Sodium ion homeostasis

ROS pathway Antioxidant enzymes production

Antioxidant enzymes Production

Production of antioxidant enzymes, salinity tolerance,
Pesticide degradation

Modulation of Na* homeostasis

Phytoremediation

Metallothionein Glutathione reductase enzyme synthesis
ROS Detoxification, Sodium ion homeostasis

Heat Stress

Phytoremediation

Fungal diseases biocontrol

Proline production, and ROS scavenging

Produced exopolysaccharide and ACC deaminase
Photosynthesis, Na* export, and sequestration
N-acetyl-p-D-glucosaminidase genes

Indole-3-acetic acid hydrogen cyanide production

Produces biosurfactants, biocontrol activity

Produces biosurfactants, biocontrol activity

Niche or resources and antibiosis

Antagonism,

Drought stress, Hyphal water absorption rate

Drought stress, osmotic potential, antioxidant enzymes

Heat stress, nutrient allocation nutrient composition in root
High temperature, enhanced transpiration photosynthetic rate
High temperature, Enhanced photosynthetic phosphorylation
Salinity stress, enhanced antioxidant enzymes, biomass

Salinity stress, Enhanced biomass and growth hormones

References

Pinedo etal, 2015

Wang etal,, 2016
Sukweenadhi et al,, 2015
Habib et al, 2016
Vaishnay et al, 2016
El-Esawi et al,, 2018
Ahmad$. etal, 2022
Niuetal, 2016

Zainab et al,, 2021
Zameer etal,, 2016
Alietal, 2022b

Mukhtar et al., 2022
Alietal, 2021

Mehmood et al. (2021a)
Alietal,, 2022a;

Mukhtar etal, 2022

Chen L. etal,, 2016

Ryder etal,, 2012
Vinayarani and Prakash, 2018
Kohl et al, 2020

Kohl etal., 2020

Jaber and Alananbeh, 2018
Martinez-Alvarez et al., 2016
Zhang etal, 2018

Rani, 2016

Cabral etal, 2016

Mathur et al, 2016
Calvo-Polanco etal.,, 2016
Hashem et al, 2018
Khalloufi etal,, 2017








OPS/images/logo.jpg
’ frontiers | Frontiers in Plant Science







OPS/images/fpls-13-899464-g002.jpg
E

Soil amendments

-

Agricultural practices

v

O ——

Host mediated microbiome

Artificial seed microbiome

Rhizosphere microbiome

Synthetic microbiome

/n-situ microbiome

Plant microbiome

«

pra—

<






OPS/images/fpls-13-899464-g001.jpg
Beneficial microbes & functions

Beneficial rhizosphere microbes
P solubilizing bacteria

N fixing bacteria

Mycorrhizae

Nutrients availability
Antimicrobial compounds
Siderophores

Plant defense

Signaling & cross talk

Immune suppression
Systemic response
Phytohormones
Toxin production
Symbiosis mutualism
Root exudation

Root exudates * *

Microbes O -
Deliverable in field condition

Alleviation of (a)biotic stresses
Enhance plant-water relationship
Enhance stress tolerance
Increased plant production
Assist phytoremediation

Microbiome assembly root
exudates

Phenolic acids
Fatty acids
Malic acids
Coumarins
Camalexin
Ethylene





