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Abstract

:

To date, an understanding of how plant growth-promoting bacteria facilitate plant growth has been primarily based on studies of individual bacteria interacting with plants under different conditions. More recently, it has become clear that specific soil microorganisms interact with one another in consortia with the collective being responsible for the positive effects on plant growth. Different plants attract different cross-sections of the bacteria and fungi in the soil, initially based on the composition of the unique root exudates from each plant. Thus, plants mostly attract those microorganisms that are beneficial to plants and exclude those that are potentially pathogenic. Beneficial bacterial consortia not only help to promote plant growth, these consortia also protect plants from a wide range of direct and indirect environmental stresses. Moreover, it is currently possible to engineer plant seeds to contain desired bacterial strains and thereby benefit the next generation of plants. In this way, it may no longer be necessary to deliver beneficial microbiota to each individual growing plant. As we develop a better understanding of beneficial bacterial microbiomes, it may become possible to develop synthetic microbiomes where compatible bacteria work together to facilitate plant growth under a wide range of natural conditions.
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1. Introduction


An enormous number of bacteria are typically found in soil. Various soils contain ~1 × 106 to 1 × 109 bacterial cells per gram of soil, often including as many as 1 × 106 different taxa [1]. These bacteria may be beneficial (plant growth-promoting bacteria; PGPB), harmful (phytopathogens) or neutral in terms of their interaction with plants [2]. The greatest number of bacteria are typically found in the plant rhizosphere i.e., the region of the soil immediately around the roots [3]. The high concentration of bacteria occurring around plant roots is a direct consequence of the fact that plant roots commonly exude a significant fraction of the carbon that is fixed through photosynthesis [4,5]. In addition to being present in the rhizosphere, PGPB may also be endophytic, i.e., some bacteria are able to colonize the plant’s interior, symbiotic, i.e., some bacteria colonize the interior of the roots of specific plants by forming nodules on the plant root, or phyllospheric (i.e., they are found on the surfaces of plant leaves and stems) [2].



The vast majority of the reported laboratory and greenhouse studies of the interaction between soil bacteria and plants have been focused on the mechanisms used by individual bacterial strains, either PGPB or pathogens. However, in the past 10–15 years many scientists have turned their attention to the functioning of groups of bacteria, that often act together to affect plant growth and development. Much of the available evidence that exists to date indicates that different plants attract different cross-sections of the soil bacteria [1,6,7,8,9,10,11]. Each plant exudes or secretes through its roots a unique mixture of small molecules that attracts a specific fraction of the soil bacteria. In addition, different bacteria are attracted to and found in the plant microbiota (the characteristic microbial community occupying different parts of a plant). Thus, it is shown schematically in Figure 1 that microbiota that is found in a plant rhizosphere is quite different from the microbiota within the plant root tissues (the endosphere) and from the biota found in the bulk soil.



While plant microbiomes may include bacteria, fungi, oomycetes and archaea, the majority of the studies published on this topic deal with bacteria (bacteriome), and to a lesser extent, fungi (mycobiome). Consequently, this review is directed toward developing an understanding of the functioning of bacteria within plant microbiomes. Although the microbiome of the phyllosphere impact plant health and, often, food production, only a limited number of studies have been aimed at discovering these particular communities, well adapted to the hostile leaf environment and mainly dominated by Alphaproteobacteria and by the genera Methylobacterium and Sphingomonas [12]. Given that the plant root is the major site where plants and bacteria interact with one another, it is not surprising that the vast majority of soil bacteria are members of the root microbiota (Figure 1). Root exudates are generally unique to each plant. As a consequence, different plants have a propensity for attracting specific subsets of soil bacteria. It is generally thought that the chemical composition of plant root exudates is involved in recruiting or selecting from the bulk soil the bacteria that make up a plant’s root microbiome [6,13,14,15,16,17]. However, the rhizosphere microbiota is only one of the key determinants of plant yield [18]. In addition to specific root exudates (a direct consequence of the plant host genotype), root microbiomes are also dependent upon soil type and environmental changes [19]. Oddly enough, different cultivars (subspecies) of the same plant can sometimes produce different panels of metabolites that make up their root exudates and therefore select for different root microbiomes. While plant-derived carbon appears to play a key role in determining the bacterial composition of the rhizosphere microbiome, soil-derived carbon compounds also can have an impact on the composition of rhizosphere microbiome [20]. Of the bacterial inhabitants of the plant rhizosphere, a small number of those bacteria are able to enter into the root tissues and subsequently permanently colonize the plant’s endosphere, i.e., they become the basis of an endophytic microbiome.



The soil and even the rhizosphere contain a wide variety of microorganisms including those that are beneficial and those that are potentially pathogenic. This being the case, it is essential to ask how plants recruit beneficial microorganisms, while for the most part, restrict (or try to restrict) pathogens. As indicated by Thoms et al. [21], “Once microbes are present, plants must decide to tolerate their presence, engage in mutualistic symbiosis, or mount an immune response”. These researchers have suggested that there are three stages in the interaction between plants and microorganisms. These include (i) metabolic gating where the production of specific metabolites by the plant restricts microbial access to the plant; (ii) dual receptor recognition in which specific signals from the plant and the microorganism bind to one another’s receptors and initiate either increased interaction or immunity; and (iii) integration of environmental signals with immune homeostasis. In metabolic gating, plants synthesize nutrients that only some microbes can use, or they can produce antimicrobial compounds that are toxic to only some microbes. Plant roots exude compounds using a variety of (mostly passive) mechanisms including diffusion, ion channels and vesicle transport. In general, ABC transporters are responsible for exudation of lipids and flavonoids, anion channels for sugars and other carbohydrates, metal transporters for various metals, aquaporins for water and uncharged molecules, and vesicles for high-molecular-weight compounds [4,5,22]. In dual receptor recognition, the exchange of signals combined with plant and microbial genetic potential helps to determine the ultimate fate of the interaction [23]. Finally, although microbes in the soil exist in the presence of a large number of other microbes, plants have to integrate their nutritional status with their expression of immunity to maintain homeostasis [21,24].



In the past few years there has been a veritable explosion of studies directed toward understanding the nature of plant microbiomes (Table 1). This enormous work is based on both scientists’ ability to rapidly characterize large numbers of bacteria and on the precedents set in the developing understanding and importance of human–bacterial microbiomes. To characterize the bacteria, soil and other particulate matter are removed from the bacteria before genomic DNA is extracted and 16S rDNA is PCR amplified, used to prepare a DNA library and then sequenced. In some of the studies mentioned in this review, fungal rDNA was also characterized. This notwithstanding, the focus of this review is the behavior of the bacterial microbiomes.




2. Soil Bacteria and Plant Growth


PGPB can benefit plant growth and development in a number of different ways and environmental conditions [2,80,81,82,83,84]. These include facilitating plant growth by increasing plant biomass, increasing plant mineral content (iron, phosphorus, potassium), providing plants with fixed nitrogen, increasing root and/or shoot length, enhancing seed germination, protecting plants from a wide range of phytopathogenic organisms (i.e., biocontrol), increasing plant tolerance to a wide range of environmental stresses (e.g., salt, flooding, drought, extremes of temperature, organic and inorganic soil contaminants), increasing the production of useful secondary metabolites, and increasing the overall level of plant nutrition. Conceptually, PGPB may facilitate plant growth both directly and indirectly [84]. Direct promotion of plant growth occurs when a PGPB either facilitates the acquisition of a required nutrient from the environment or adjusts and optimizes the level of hormones within a plant. As a consequence of the direct mechanisms, plants colonized by PGPB, show an increased plant biomass, yield and an improved nutritional value of seeds and fruits [85]. On the other hand, indirect promotion of plant growth reflects the ability of a PGPB to decrease the deleterious effects of phytopathogens on plants. Direct promotion of plant growth and development by PGPB may occur by producing auxin (most notably indoleacetic acid; IAA), ACC (1-aminocyclopropane-1-carboxylate) deaminase, cytokinin, or gibberellin, fixing atmospheric nitrogen, or solubilizing environmental phosphorus, iron or potassium. The indirect mechanisms used by PGPB to promote plant growth include ACC deaminase lowering of stress ethylene levels, synthesis of pathogen-inhibiting antibiotics, synthesis of pathogen fungal cell wall-degrading enzymes, outcompeting pathogens for nutrients (including for available iron) and/or space, synthesis of fungal pathogen-inhibiting hydrogen cyanide, and induction of systemic resistance mechanisms (ISR) [2,84] (Figure 2).



All these plant beneficial traits are at the base of the procedure for the selection of PGPB consisting in: (i) isolation of microorganisms from soil, rhizosphere or endosphere, (ii) characterization of the bacterial physiological activities, (iii) determination of the impact of the PGPB on the growth of plants under controlled and greenhouse conditions, and under optimal and stressed environmental conditions, (iv) assessment of the PGPB ecological safety, (v) development of a formulation satisfying the farmer’s needs and ensuring the bacterial viability, and (vi) marketing and registration. However, the occurrence of physiological plant beneficial strains is usually performed by qualitative or quantitative in-vitro tests, whose results do not always reflect the real PGPB performance in an open field [86]. Moreover, not all PGPB utilize the same mechanisms to facilitate plant growth; each encodes only a few of the above-mentioned mechanisms that are beneficial to plants. No one PGPB strain ever contains all of these traits. This is because increasing the number of genes that are involved in facilitating plant growth is likely to cause an increased metabolic load on the PGPB, thereby making it less competitive with other soil bacteria in the environment [87]. With this consideration, it is easy to understand why a microbiome containing a range of different PGPB (each with its own plant beneficial trait) might be more effective in promoting plant growth in the environment than a single (more limited) PGPB strain. Moreover, different plants may respond differently to a particular PGPB strain depending upon the phenological stage and the health status of the plant. Finally, it is important to keep in mind that the bacterial component is not unique in the rhizosphere. Other beneficial microorganisms such as mycorrhizal fungi, establishing mutualistic symbiosis with 90% of the land plants, strictly interact with the plant bacteriome, often leading to synergistic effects on plant growth (for a recent review see [88]).




3. Microbiomes and Stress


Various stresses can have a significant effect on plant metabolism and hence, on the composition of root exudates. Plants that are grown in the field are subjected to a wide range of both biotic and abiotic stresses. The biotic stress factors include pathogenic fungi, bacteria, viruses, nematodes and insects, all of which may be significantly deleterious to plant growth and health. In addition, a number of abiotic stresses may also negatively affect plant growth; these include high and low temperature, high light levels, drought, flooding, high salt, toxic organic compounds, inhibitory metals and radiation. Any one of these stresses can have a significant negative effect on plant growth and development. Moreover, a plant may sometimes encounter several environmental stresses at the same time. Of course, plants have their own built in defenses against many types of environmental stresses, however, in many cases a plant’s defenses provide insufficient protection against this environmental onslaught. Fortunately, a large number of rhizosphere microbiota protect plants against a wide range of environmental stresses. The protection against a wide range of environmental stresses provide a simple rationale for understanding why plants actively select PGPB. In exchange for the many ways in which PGPB facilitate plant growth, the bountiful root exudates provide PGPB with a much needed food source.



Despite the fact that different plants respond in various ways to biotic and abiotic stresses, nearly all environmental stresses induce plants to synthesize an increased level of the phytohormone ethylene [89]. Milder stresses cause the synthesis of low levels of ethylene that, in turn, induce the activation of the expression of plant defensive genes creating a protective response to the environmental stress in the plant. More severe or prolonged stresses often cause the synthesis of high levels of ethylene within the plant leading to plant senescence, chlorosis and abscission, typically exacerbating the effects of the environmental stress. Thus, when plants are highly stressed, “a large portion of the damage that occurs to the plant is due to autocatalytic ethylene synthesis” and not merely from the direct action of the stress [90]. A partial remedy to the deleterious and complicating effects of increased levels of ethylene is to treat plants (prior to the onset of any stress) with bacteria that synthesize the enzyme ACC deaminase [84,91,92,93,94,95,96,97]. In fact, lowering plant ethylene levels using PGPB that synthesize ACC deaminase, is a highly effective strategy to decrease the damage to plants caused by fungal pathogens, nematodes, flooding, drought, high salt, environmental contaminants and a number of other environmental stresses.



Not surprisingly, biotic stress has typically been observed to alter the microbial communities that are associated with the stressed plant. (i) In Verticillium diseased cotton plants, the numbers of arbuscular mycorrhizal fungi and the plant beneficial bacteria decreased while the numbers of plant pathogenic fungi increased compared to healthy plants [45]. (ii) In examining the relationship between the soil microbiome and strawberry plant resistance to the pathogens Verticillium dahliae and Macrophomina phaseolina, the resistant plants microbiome had a higher abundance of known beneficial bacteria and biocontrol bacteria [50]. (iii) In pepper plants, it was observed that aphid infestation (which occurs in the leaves) altered root exudation which led to the plant recruiting rhizobacteria that decreased the resistance of the pepper plants to the aphids [98]. Thus, foliar insects modulated the bacterial microbiome and increased the susceptibility of the plant to the foliar insects. (iv) One study examined the effect of compost on the growth of tomato plants and the ability of this treatment to suppress disease caused by added Fusarium oxysporum f. sp. lypersici and Verticillium dahlia [15]. With these pathogens, the disease intensity was significantly decreased in the presence of the added compost (which altered the plant microbiome).



These limited number of experiments suggest that the presence of fungal pathogens (i.e., a biotic stress) alters the root exudates of plants and this change may favor the pathogenicity of the fungal pathogen. However, adding a suppressive compost, which is in effect adding a consortium of biocontrol bacteria, may overcome the negative outcome that would otherwise ensue from the presence of phytopathogens. It will be interesting to examine plant microbiomes following biotic stresses other than the presence of fungal pathogens to assess the nature of the changes to the plant microbiome.



In recent years, plant abiotic stress and its amelioration has received quite a lot of attention [83,99,100,101,102,103,104,105,106]. By far, of the many abiotic stresses that inhibit plant growth the most attention has been paid to salt stress [107,108,109,110]. This is likely because of the fact that around half of the world’s agricultural land that is irrigated is adversely affected by salt. Because of insufficient water, many regions are under-irrigated causing salts to accumulate in the soil.



Abiotic stresses such as drought and high salt have been shown to have a significant inhibitory effect on crop yields and the microbiomes of those crops. (i) In one three-year field study of wheat plants, significant differences between dryland and irrigated crops were observed. In this study, irrigation led to small increases in the overall diversity within the rhizosphere microbiome [48]. Thus, an adequate amount of water is needed for a healthy rhizosphere microbiome. (ii) A study of cotton plants grown in field soil under controlled conditions suggested that the cotton plants were able to access a bacterial community that improved its drought tolerance [46]. (iii) In another study, scientists showed that drought delays the development of the early sorghum root microbiome and causes an increase in the abundance and activity of monoderm bacteria within the microbiome (i.e., monoderm bacteria have a single unit lipid membrane and are typically Gram-positive bacteria). These shifts in activity are associated with increased activity of ABC transporter genes [74]. (iv) The extremes of temperature that occur as a consequence of climate change have been demonstrated to affect the phyllosphere and rhizosphere microbiomes of several plants [36]. (v) Low nitrogen and carbon levels, while not typically thought of as abiotic stresses, (nevertheless they may be considered to be nutrient stress) impact the soil microbiome. Thus, the presence of nitrogen-fixing trees can promote changes to the local microbiome through changes to the soil pH and C:N ratios [111]. (vi) Given how widely the herbicide glyphosate has been used in the environment for weed control, a two-year field study was undertaken to compare the soil microbiomes of plants treated with a foliar spray of glyphosate to that established in plants not treated with this herbicide [42]. Surprisingly, the microbial community of plants that were treated with glyphosate did not differ to any significant extent from the control untreated plants. (vii) Five near isogenic lines of sorghum were compared before and after a late-season frost in terms of their production of root chemicals and their rhizosphere microbiomes [62]. It was observed that the compound luteolinidin (a 3-deoxyanthocyanidin) increased in three of the lines, while flavonoids decreased in all five lines following the frost. Moreover, the composition of the rhizosphere communities of these five lines changed in concert with the changes in luteolinidin and flavonoids. Thus, some freezing affects the synthesis of some plant secondary metabolites, which in turn, affects the rhizosphere microbiome. (viii) While it has been well established that individual bacterial strains can facilitate the nodulation of legumes by various rhizobial strains [112], recent experiments have demonstrated that under nitrogen limiting conditions in the environment, microbial rhizosphere communities can associate with rhizobia and improve the nodulation of their host legumes [113]. (ix) Although it is difficult to pinpoint a particular abiotic stress, it has been observed that the pressure of urbanization can alter the rhizosphere microbiomes of beech and poplar trees [56].



The studies that have examined changes of the plant microbiomes as a consequence of abiotic stress, although mostly preliminary and incomplete, suggest that when plant growth is disturbed to a significant extent, the plant microbiome also is altered. The plant microbiome may, in some instances, protect the plant from the deleterious effects of abiotic stress [114]. Nevertheless, it is likely that different plant microbiomes will respond in different ways to the wide range and intensity of abiotic stresses.




4. Artificial Seed Microbiome


The bulk of microbiome research has focused on elaborating the identity of the large number of bacteria and fungi that are present in the plant rhizosphere of various plants. However, since it has become clear that the judicious use of these microbiomes may hold the key to reproducibly promoting plant growth in the field, to study and understand seed microbiomes has become more and more important. Although the number of studies of seed microbiomes is relatively limited [75,115,116,117,118,119,120], there is a very real prospect that seed microbiomes have the ability to be transmitted to, and therefore benefit, the next generation of plants. While bacterial and fungal microbiomes may be present both on the seed surface or endophytically within the seed, it is only the endophytic organisms that can be reliably transmitted to the next generation of plants.



The bacteria that are often found associated with plant seeds include a relatively limited range of species, typically represented by members of the phyla Proteobacteria, Actinobacteria, Firmicutes and Bacteroidetes, reflecting their dominance in many soils. However, seed endophytic microbiomes are often quite distinct from those occurring in the soil where the plants have been grown. This observation is consistent with the possibility that seed endophytic microbiomes are derived from the ‘mother’ plant.



One group of scientists developed a clever and promising technique wherein selected PGPB strains were introduced into seeds, so that the seeds no longer needed to be treated by incubation en masse to deliver the microbes to growing plants. In this technique, the seed microbiome was appended with one or two particularly effective endophytic PGPB. Following the successful demonstration that using this approach it was possible to effectively introduce a single PGPB strain into seeds, the next logical step would be to design a synthetic seed microbiome (see the next section) that efficiently facilitates optimal plant growth and development in a variety of environmental conditions.



In a proof of principle experiment, researchers introduced the endophytic PGPB Paraburkholderia (formerly Burkholderia) phytofirmans PsJN [121,122] into the seed microbiomes of maize, pepper and soybean plants (Figure 3). First, the chromosomal DNA of P. phytofirmans PsJN was labeled with an E. coli β-glucuronidase gene, where production of this enzyme is largely confined to E. coli [123]. The gene encoding this enzyme is often used as a reporter gene, useful to monitor gene expression in plant and animal cells. The labeled bacteria were grown for two days to stationary phase and then a bacterial suspension of these labeled bacteria was used to spray plant flowers (corn, pepper or soy) prior to their continued growth in the greenhouse. The plants were then grown to maturity and the seeds that they produced were harvested. Following storage for 2–7 months, the newly produced seeds were tested for the presence of β -glucuronidase-labeled P. phytofirmans PsJN. These tests included plate counts of bacteria associated with seed extracts, staining of seed tissues for the presence of a functional β -glucuronidase enzyme (that turns the tissue blue in the presence of a specific substrate), qPCR to detect the presence of P. phytofirmans PsJN genes within the seeds, and detailed assessment of the altered physiology and biochemistry of the mature plants that were produced from the harvested seeds. In these experiments, it was ascertained that the efficiency of introducing strain PsJN into seeds was as high as 90%, although this varied with the different plants and the precise conditions that were employed. Importantly, this proof-of-concept experiment demonstrates that it is possible to efficiently introduce targeted PGPB strains to the seed microbiome (Figure 3).



Unfortunately, for this approach to be used on a large scale, e.g., in the development of organic agriculture, it may need to be optimized for each individual plant species. Moreover, it was observed that P. phytofirmans PsJN was not found in the next generation of seeds, thereby necessitating that this procedure be repeated for each plant generation. Alternatively, it is necessary to test whether strains other than P. phytofirmans PsJN persist in the plant microbiome for more than a single generation and to define those traits that are responsible for that persistence. In addition, as scientists develop a better understanding of microbiome interactions, it may be possible to introduce entire synthetic microbiomes into seeds, rather than a single PGPB, using this procedure.




5. Synthetic Microbiomes


The first commercialized microbial inoculants generally included a single bacterium or fungus [124]. More recently, several commercial strains have been applied simultaneously [125,126]. According to Santoyo et al. [88], three different types of microbial consortia may be envisioned: those that include (i) several bacterial strains [112,127,128,129], (ii) consortia including bacteria and mycorrhizae [104], and (iii) consortia containing both bacteria and plant growth-promoting fungi (such as Trichoderma spp.) [130,131]. To date, the largest number of successful microbial consortia contain just two microorganisms that do not inhibit one another’s growth or functioning. For effective consortia, it is imperative that consortia members positively interact with each other over a prolonged period of time [132]. In this regard, a few successful consortia containing more than two microorganisms have been reported. These include: (i) Xanthomonas sp., Stenotrophomonas sp., and Microbacterium sp. [133], (ii) Bacillus cereus Y5, Bacillus sp. Y14, and Bacillus subtilis Y16 [134], (iii) Brevibacillus fluminis, Brevibacillus agri, and Bacillus paralicheniformis [135] (iv) Bacillus cereus AR156, Bacillus subtilis SM21, and Serratia sp. XY21 [136], and (v) Ochrobactrum pseudogrignonense RJ12, Pseudomonas sp. RJ15, and Bacillus subtilis RJ46 [137].



Naturally occurring microbiomes typically contain hundreds to thousands of different microorganisms. Thus, we are a long way from being able to synthetically construct such complex consortia. However, within the next 5–10 years, it should be possible to define and test effective consortia with a small number of different microorganisms. These consortia could then be added to existing seed microbiomes [121] in an effort to develop stable semi-synthetic microbiomes that are able to impart defined beneficial properties to growing plants.



Although conceptually quite different from assembling synthetic microbiomes from known and well-studied bacteria, it is possible to add specific chemicals to the soil and thereby increase the numbers of certain bacterial strains while decreasing the numbers of other strains [53,58,62,68,69,138,139]. This reflects the fact that plant metabolites often have a large impact on the bacterial community in the soil. For example, in one recent set of experiments, three different plant metabolites: benzoxazolinone, gramine and quercetin were added to agricultural soil over a period of 28 days [139]. During this period of time, bacterial diversity was significantly reduced by both benzoxazolinone and quercetin, but not by gramine. Overall, the effects of adding these compounds were characteristic for each of these three compounds. The effect of adding benzoxazolinone was predominantly inhibitory with only a few genera able to proliferate. Conversely, gramine and quercetin caused the proliferation of many plant beneficial bacterial strains. Consequently, plants that produce one or more of these metabolites should have a specific effect on the soil bacterial community. Since a large number of plant-synthesized metabolites are likely to affect the proliferation of the soil bacterial community, to specifically structure this bacterial community, it is first necessary to document the effect of various plant metabolites on the soil biota before attempting to tailor plant bacterial microbiomes by adding one or more metabolites to the soil.




6. Microbiomes of Transgenic Plants


Literature reports of studies of the microbiomes of transgenic plants are currently quite limited. However, this situation is likely to change in the next few years. More than 150 different plant species have already been genetically transformed and by 2018 more than 20 million farmers in 26 different countries worldwide were using this technology with major transgenic crops including soybean, corn, cotton, canola, alfalfa, rice, squash, papaya, wheat, eggplant, potatoes, sugarcane and apples [140]. While the biochemistry and physiology of a transgenic plant generally does not change to any appreciable extent, sometimes even different cultivars of the same plant have been observed to differ in the composition of their root exudates and rhizosphere/endophere microbiota [41]. Thus, it is important to characterize the root exudates and microbiomes of transgenic plants to ensure that, where possible, we are able to understand and optimize the plant microbiomes of the transgenic plants to the same extent as their non-transgenic counterparts.



To date, scientists have reported the following. (i) When transgenic switchgrass plants that had been engineered to contain a decreased lignin content were grown in the field, over a period of two to five years, there was no effect of the transgenic plants on rhizospheric bacterial diversity, richness, or community composition [141]. (ii) In another study, rice plants were transformed with a Cry1Ab/1Ac gene which encodes a Bacillus thuringiensis insecticidal protoxin yielding a plant that is similar to other transgenic plants that have previously been released into the environment [31]. In this case, the transgenic rice did not confer any significant effect on the soil bacterial community structure. Again, this result suggests that generation of transgenic rice did not have a significant effect on the plant rhizosphere microbiome. (iii) A study of sugarcane plants that had been genetically engineered to overexpress the Ea-DREB2B gene in an effort to increase the drought tolerance of these plants revealed that the rhizosphere bacterial community of the transgenic plants were changed in response to changes in the plant root exudates [67]. From these limited studies, the preliminary conclusion may be drawn that transgenic plants do not have significantly altered root exudates and rhizosphere bacterial microbiomes unless the introduced transgene alters the behavior of the plant in the natural environment.




7. Conclusions


A current, but not new, concept describes the plant and its associated microbiome as a complex multi-organ entity called the “holobiont”. Although the term holobiont was originally proposed by Adolf Meyer-Abich (for a historical essay see the review by Amidon 2009) [142], it is most often known as associated to Lynn Margulis who, in 1991 [143], formulated the endosymbiotic theory. The vision of the plant as an holobiont is represented by an incredibly intricate net of interactions connecting the plant host with its endocellular and extracellular microbiome and, of course all the members of the microbiota to each other. In such a complex web of relationships, each variation in the microbiome determines shifts in the net of interactions amongst all the organisms involved [144]. However, the recent concept of the core microbiome, highlighted the occurrence of “sets of microorganisms that form cores of interactions that can be used to optimize microbial functions at the individual plant and ecosystem levels” [145]. Typically, the core microbiome includes microorganisms that are stably associated with one plant species, irrespective of the soil physical and chemical characteristics and of the environmental conditions. While the core microbiota, at taxonomic level, is the key driving the organization of the plant microbiome, the functional core microbiota is composed by those microorganisms which are able to provide key functions for the maintenance of the holobiont fitness through nutrition and health improvement [146]. In this context of coevolution, PGPB and plants have interacted and facilitated one another’s growth for around 50 million years. Thus, although most PGPB and plants are able to grow and proliferate on their own, the growth and persistence of both partners benefit significantly under natural environmental conditions when PGPB and plants work together; this is especially true during periods of environmental stress [114]. Unfortunately, a single PGPB strain, no matter how effective it might be in facilitating plant growth under controlled laboratory conditions, is extremely unlikely to be able to meet all of a plant’s needs in the natural (and potentially changing) environment. Conversely, groups of microorganisms (predominantly bacteria and fungi), working cooperatively, each with somewhat different metabolic features, are better suited to facilitate plant growth (and possibly the growth of their microbiome partners as well) under a very wide range of natural environmental conditions [147]. As is often the case for human interactions, the group is generally stronger and more effective than the sum of its parts.



As scientists continue to develop an increased understanding of the mechanisms employed by individual PGPB to facilitate plant growth and development, these bacterial strains will be used to a much greater extent in plant agriculture replacing many of the chemicals that are currently employed. For the use of PGPB to be even more effective in the future, it will be necessary to utilize beneficial consortia of microorganisms acting as directed microbiomes able to promote the growth of target plants under a wide range of environmental conditions. In an era where climate change is dramatically impacting the natural world, plants are not necessarily limited in their ability to thrive once the climate has changed. Rather plant success may become even more dependent upon plant interactions with specific microbiomes. Considering both the relative infancy of the field of plant microbiomes as well as its rapid pace of progress, it is not unrealistic to expect some of these types of consortia to be commercially available within the next 5–10 years.







Author Contributions


Conceptualization, B.R.G.; writing—original draft preparation, B.R.G. and E.G.; writing—review and editing, B.R.G. and E.G. Both authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bulgarelli, D.; Schlaeppi, K.; Spaepen, S.; van Themaat, E.V.L.; Schulze-Lefert, P. Structure and functions of the bacterial microbiota of plants. Annu. Rev. Plant Biol. 2013, 64, 807–838. [Google Scholar] [CrossRef]

	



Glick, B.R. Beneficial Plant-Bacterial Interactions, 2nd ed.; Springer: Heidelberg, Germany, 2020; p. 383. [Google Scholar]

	



Lynch, J.M. The Rhizosphere; Wiley-Interscience: Chichester, UK, 1990; p. 458. [Google Scholar]

	



Bais, H.P.; Weir, T.L.; Perry, L.G.; Gilroy, S.; Vivanco, J.M. The role of root exudates in the rhizosphere interactions with plants and other organisms. Annu. Rev. Plant Biol. 2006, 57, 233–266. [Google Scholar] [CrossRef] [PubMed]

	



Walker, T.S.; Bais, H.P.; Grotewold, E.; Vivanco, J.M. Root exudation and rhizosphere biology. Plant Physiol. 2003, 32, 44–51. [Google Scholar] [CrossRef] [PubMed]

	



Reinhold-Hurek, B.; Bünger, W.; Burbano, C.S.; Sabale, M.; Hurek, T. Roots shaping their microbiome: Global hotspots for microbial activity. Annu. Rev. Phytopathol. 2015, 53, 403–424. [Google Scholar] [CrossRef] [PubMed]

	



Sasse, J.; Martinoia, E.; Northen, T. Feed your friends: Do plant exudates shape the root microbiome? Trends Plant Sci. 2018, 23, 25–41. [Google Scholar] [CrossRef] [PubMed]

	



Compant, S.; Samad, A.; Faist, H.; Sessitsch, A. A review on the plant microbiome: Ecology, functions, and emerging trends in microbial application. J. Adv. Res. 2019, 19, 29–37. [Google Scholar] [CrossRef] [PubMed]

	



Wang, N.R.; Haney, C.H. Harnessing the genetic potential of the plant microbiome. Biochemist 2020, 42, 20–25. [Google Scholar] [CrossRef]

	



Trivedi, P.; Leach, J.E.; Tringe, S.G.; Sa, T.; Singh, B.K. Plant-microbiome interactions: From community assembly to plant health. Nat. Rev. Microbiol. 2020, 18, 607–621. [Google Scholar] [CrossRef]

	



Zhang, J.; Cook, J.; Nearing, J.T.; Zhang, J.; Raudonis, R.; Glick, B.R.; Langille, M.G.I.; Cheng, Z. Harnessing the plant microbiome to promote the growth of agricultural crops. Microbiol. Res. 2021, 245, 126690. [Google Scholar] [CrossRef]

	



Gong, T.; Xin, X.F. Phyllosphere microbiota: Community dynamics and its interaction with plant hosts. J. Integr. Plant Biol. 2021, 63, 297–304. [Google Scholar] [CrossRef] [PubMed]

	



Hartmann, A.; Schmid, M.; van Tuinen, D.; Berg, G. Plant-driven selection of microbes. Plant Soil 2009, 321, 235–257. [Google Scholar] [CrossRef]

	



Chiellini, C.; Maida, I.; Emiliani, G.; Mengoni, A.; Mocoli, S.; Fabiani, A.; Biffi, S.; Maggini, V.; Gori, L.; Vannacci, A.; et al. Endophytic and rhizospheric bacterial communities isolated from the medicinal plants Echinacea purpurea and Echinacea angustifolia. Int. Microbiol. 2014, 17, 165–174. [Google Scholar]

	



Antoniou, A.; Tsolakidou, M.-D.; Stringlis, I.A.; Pantelides, I.S. Rhizosphere microbiome recruited from a suppressive compost improves plant fitness and increases protection against vascular wilt pathogens of tomato. Front. Plant Sci. 2017, 8, 2022. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Wu, X.; Chen, T.; Wang, W.; Liu, G.; Zhang, W.; Li, S.; Wang, M.; Zhao, C.; Zhao, H.; et al. Plant phenotypic traits eventually shape its microbiota: A common garden test. Front. Microbiol. 2018, 9, 2479. [Google Scholar] [CrossRef] [PubMed]

	



Liu, F.; Hewezi, T.; Lebeis, S.L.; Pantalone, V.; Grewal, P.S.; Stanton, M.E. Soil indigenous microbiome and plant genotype cooperatively modify soybean rhizosphere microbiome assembly. BMC Microbiol. 2019, 19, 201. [Google Scholar] [CrossRef] [PubMed]

	



Robertson-Albertyn, S.; Terrazas, R.A.; Balbirnie, K.; Blank, M.; Janiak, A.; Szarajko, I.; Chmielewska, B.; Karca, J.; Morris, J.; Hedley, P.E.; et al. Root hair mutation displace the barley rhizosphere microbiota. Front. Plant. Sci. 2017, 8, 1094. [Google Scholar] [CrossRef] [PubMed]

	



Kui, L.; Chen, B.; Chen, J.; Sharifi, R.; Dong, Y.; Zhang, Z.; Miao, J. A comparative analysis on the structure and function of the Panax notoginseng rhizosphere microbiome. Front. Microbiol. 2021, 12, 673512. [Google Scholar] [CrossRef]

	



Zhou, Y.; Yao, Q.; Zhu, H. Soil organic carbon attenuates the influence of plants on root-associated bacterial community. Front. Microbiol. 2020, 11, 594890. [Google Scholar] [CrossRef] [PubMed]

	



Thoms, D.; Liang, Y.; Haney, C.H. Maintaining symbiotic homeostasis: How do plant engage with beneficial microorganisms while at the same time restricting pathogens? Mol. Plant Microbe Interact. 2021. [Google Scholar] [CrossRef] [PubMed]

	



Canarini, A.; Kaiser, C.; Merchant, A.; Richter, A.; Wanek, W. Root exudation of primary metabolites: Mechanisms and their roles in plant responses to environmental stimuli. Front. Plant Sci. 2019, 10, 157. [Google Scholar] [CrossRef] [PubMed]

	



Zipfel, C.; Oldroyd, G.E.D. Plant signaling in symbiosis and immunity. Nature 2017, 543, 328–336. [Google Scholar] [CrossRef] [PubMed]

	



Singha, K.M.; Singh, B.; Pandey, P. Host specific endophytic microbiome diversity and associated functions in three varieties of scented black rice are dependent on growth stage. Sci. Rep. 2021, 11, 12259. [Google Scholar] [CrossRef]

	



Bona, E.; Massa, N.; Toumatia, O.; Novello, G.; Cesaro, P.; Todeschini, V.; Boatti, L.; Mignone, F.; Titouah, H.; Zitouni, A.; et al. Climatic zone and soil properties determine the biodiversity of the soil bacterial communities associated to native plants from desert areas of North-Central Algeria. Microorganisms 2021, 9, 1359. [Google Scholar] [CrossRef] [PubMed]

	



Floc’h, J.-B.; Hamel, C.; Lupwayi, N.; Harker, K.N.; Hijri, M.; St-Arnaud, M. Bacterial communities of the canola rhizosphere: Network analysis reveals a core bacterium shaping microbial interactions. Front. Microbiol. 2020, 11, 1587. [Google Scholar] [CrossRef]

	



Farina, R.; Beneduzi, A.; Ambrosini, A.; de Campos, S.B.; Lisboa, B.B.; Wendisch, V.; Vargas, L.K.; Passaglia, L.M.P. Diversity of plant growth-promoting rhizobacteria communities associated with the stages of canola growth. Appl. Soil Ecol. 2012, 55, 44–52. [Google Scholar] [CrossRef]

	



Wang, M.; Eyre, A.W.; Thon, M.R.; Oh, Y.; Dean, R.A. Dynamic changes in the microbiome of rice during shoot and root growth derived from seed. Front. Microbiol. 2020, 11, 559728. [Google Scholar] [CrossRef] [PubMed]

	



Edwards, J.; Johnson, C.; Santos-Medellín, C.; Lurie, E.; Podishetty, N.K.; Bhatnagar, S.; Eisen, J.A.; Sundaresan, V. Structure, variation, and assembly of the root-associated microbiomes of rice. Proc. Natl. Acad. Sci. USA 2015, 112, E911–E920. [Google Scholar] [CrossRef] [PubMed]

	



Okubo, T.; Liu, D.; Tsurumaru, H.; Ikeda, S.; Asakawa, S.; Tokida, T.; Tago, K.; Hayatsu, M.; Aoki, N.; Ishimaru, K.; et al. Elevated atmospheric CO2 levels affect community structure of rice root-associated bacteria. Front. Microbiol. 2015, 6, 136. [Google Scholar] [CrossRef]

	



Wang, J.; Chapman, S.J.; Ye, Q.; Yao, H. Limited effect of planting transgenic rice on the soil microbiome studied by continuous 13CO2 labeling combined with high-throughput sequencing. Appl. Microbiol. Biotechnol. 2019, 103, 4217–4227. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Liy, Y.-X.; Zhang, N.; Hu, B.; Jin, T.; Xu, H.; Qin, Y.; Yan, P.; Zhang, X.; Guo, X.; et al. NRT1.1B is associated with root microbiota composition and nitrogen use in field-grown rice. Nat. Biotechnol. 2019, 37, 676–684. [Google Scholar] [CrossRef]

	



Gamalero, E.; Bona, E.; Novello, G.; Boatti, L.; Mignone, F.; Massa, N.; Cesaro, P.; Berta, G.; Lingua, G. Discovering the bacteriome of Vitis vinifera cv. Pinot Noir in a conventionally managed vineyard. Sci. Rep. 2020, 10, 6453. [Google Scholar] [CrossRef]

	



D’Amico, F.; Candela, M.; Turroni, S.; Biagi, E.; Brigidi, P.; Bega, A.; Vancini, D.; Rampelli, S. The rootstock regulates microbiome diversity in root and rhizosphere compartments of Vitis vinifera cultivar Lambrusco. Front. Microbiol. 2018, 9, 2240. [Google Scholar] [CrossRef]

	



Novello, G.; Gamalero, E.; Bona, E.; Boatti, L.; Mignone, F.; Massa, N.; Cesaro, P.; Lingua, G.; Berta, G. The rhizosphere bacterial microbiota of Vitis vinifera cv. Pinot Noir in an integrated pest management vineyard. Front. Microbiol. 2017, 8, 1528. [Google Scholar] [CrossRef]

	



Hough, M.; McClure, A.; Bolduc, B.; Dorrepaal, E.; Saleska, S.; Klepac-Ceraj, V.; Rich, V. Biotic and environmental drivers of plant microbiomes across a permafrost thaw gradient. Front. Microbiol. 2020, 11, 796. [Google Scholar] [CrossRef] [PubMed]

	



Kandasamy, S.; Weerasuriya, N.; Subramanian, G.; Thorn, R.G.; Patterson, G.; Ali, S.; Lazarovits, G. Disentangling the association of corn root microbiome with plant productivity and the importance of physiochemical balance in shaping their relationship. Front. Sustain. Food Syst. 2021, 5, 617332. [Google Scholar] [CrossRef]

	



Babalola, O.O.; Molefe, R.R.; Amoo, A.E. Metagenome assembly and metagenome-assembled genome sequences from the rhizosphere of maize plants in Mafikeng, South Africa. Microbiol. Resour. Announc. 2021, 10, e00954-20. [Google Scholar] [CrossRef] [PubMed]

	



Ali, S.; Saldias, S.; Weerasuriya, N.; Delaney, K.; Kandasamy, S.; Lazarovits, G. Corn microbial diversity and its relationship to yield. Can. J. Microbiol. 2020, 66, 457–473. [Google Scholar] [CrossRef] [PubMed]

	



Fadiji, A.E.; Kanu, J.O.; Babalola, O.O. Metagenomic profile of rhizosphere microbial community structure and diversity associated with maize plant as affected by cropping systems. Int. Microbiol. 2021, 1–11. [Google Scholar] [CrossRef]

	



Chen, L.; Xin, X.; Zhang, J.; Redmile-Gordon, M.; Nie, G.; Wang, Q. Soil Characteristics overwhelm cultivar effects on the structure and assembly of root-associated microbiomes of modern maize. Pedosphere 2019, 29, 360–373. [Google Scholar] [CrossRef]

	



Kepler, R.M.; Epp Schmidt, D.J.; Yarwood, S.A.; Cavigelli, M.A.; Reddy, K.N.; Duke, S.O.; Bradley, C.A.; Williams, M.M., Jr.; Buyer, J.S.; Maul, J.E. Soil microbial communities in diverse agroecosystems exposed to the herbicide glyphosate. Appl. Environ. Microbiol. 2020, 86, e01744-19. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Gu, C.; Liu, X.; Yang, C.; Li, W.; Wang, S. Impact of soybean nodulation phenotypes and nitrogen fertilizer levels on the rhizosphere bacterial community. Front. Microbiol. 2020, 11, 750. [Google Scholar] [CrossRef]

	



Jiménez, J.A.; Novinscak, A.; Filion, M. Inoculation with the plant-growth-promoting rhizobacterium Pseudomonas fluorescens LBUM677 impacts the rhizosphere microbiome of three oilseed crops. Front. Microbiol. 2020, 11, 569366. [Google Scholar] [CrossRef]

	



Wei, F.; Feng, H.; Zhang, D.; Feng, Z.; Zhao, L.; Zhang, Y.; Deakin, G.; Peng, J.; Zhy, H.; Xu, X. Composition of rhizosphere microbial communities associated with healthy and Verticillium wilt diseased cotton plants. Front. Microbiol. 2021, 12, 618169. [Google Scholar] [CrossRef] [PubMed]

	



Ullah, A.; Akbar, A.; Luo, Q.; Khan, A.H.; Manghwar, H.; Shaban, M. Microbe diversity in cotton rhizosphere under normal and drought conditions. Microb. Ecol. 2019, 77, 429–439. [Google Scholar] [CrossRef] [PubMed]

	



Kavamura, V.N.; Robinson, R.J.; Hughes, D.; Clark, I.; Rossmann, M.; Soares de Melo, I.; Hirsch, P.R.; Mendes, R.; Mauchline, T.H. Wheat dwarfing influences selection of the rhizosphere microbiome. Sci. Rep. 2020, 10, 1452. [Google Scholar] [CrossRef] [PubMed]

	



Mavrodi, D.V.; Mavrodi, O.V.; Elbourne, L.D.H.; Tetu, S.; Bonsall, R.F.; Parejko, J.; Yang, M.; Paulsen, I.T.; Weller, D.M.; Thomashow, L.S. Long-term irrigation affects the dynamics and activity of the wheat rhizosphere microbiome. Front. Plant Sci. 2018, 9, 345. [Google Scholar] [CrossRef] [PubMed]

	



Ren, N.; Wang, Y.; Ye, Y.; Zhao, Y.; Huang, Y.; Fu, W.; Chu, X. Effects of continuous nitrogen fertilizer application on the diversity and composition of rhizosphere soil bacteria. Front. Microbiol. 2020, 11, 1948. [Google Scholar] [CrossRef] [PubMed]

	



Lazcano, C.; Boyd, E.; Holmes, G.; Hewavitharana, S.; Pasulka, A.; Ivors, K. The rhizosphere microbiome plays a role in the resistance to soil-borne pathogens and nutrient uptake of strawberry cultivars under filed conditions. Sci. Rep. 2021, 11, 3188. [Google Scholar] [CrossRef]

	



Kusstatscher, P.; Adam, E.; Wicaksono, W.A.; Bernhart, M.; Olimi, E.; Muller, H.; Berg, G. Microbiome-assisted breeding to understand cultivar-dependent assembly in Curcurbita pepo. Front. Plant Sci. 2021, 12, 642027. [Google Scholar] [CrossRef] [PubMed]

	



Buchholz, F.; Junker, R.; Samad, A.; Antonielli, L.; Saric, N.; Kostic, T.; Sessitsch, A.; Mitter, B. 16S rRNA gene-based microbiome analysis identifies candidate bacterial strains that increase the storage time of potato tubers. Sci. Rep. 2021, 11, 3146. [Google Scholar] [CrossRef] [PubMed]

	



Ding, Y.; Jin, Y.; He, K.; Yi, Z.; Tan, L.; Liu, L.; Tang, M.; Du, A.; Fang, Y.; Zhao, H. Low nitrogen fertilization after rhizosphere microorganism community and improve sweetpotato yield in a nitrogen-deficient rocky soil. Front. Microbiol. 2020, 11, 678. [Google Scholar] [CrossRef] [PubMed]

	



Liu, L.; Lu, L.; Li, H.; Meng, Z.; Dong, T.; Peng, C.; Xu, X. Divergence of phyllosphere microbial communities between females and males of the dioecious Populus cathayana. Mol. Plant Microbe Interact. 2021, 34, 351–361. [Google Scholar] [CrossRef] [PubMed]

	



Firrincieli, A.; Khorasani, M.; Frank, A.C.; Doty, S.L. Influences of climate on phyllosphere endophytic bacterial communities of wild poplar. Front. Plant Sci. 2020, 11, 203. [Google Scholar] [CrossRef] [PubMed]

	



Rosier, C.L.; Polson, S.W.; D’Amico, V., III; Kan, J.; Trammell, T.L.E. Urbanization pressures alter tree rhizosphere microbiomes. Sci. Rep. 2021, 11, 9447. [Google Scholar] [CrossRef]

	



French, E.; Tran, T.; Iyer-Pascuzzi, A.S. Tomato genotype modulates selection and responses to root microbiota. Phytobiomes J. 2020, 4, 314–326. [Google Scholar] [CrossRef]

	



Kong, H.G.; Song, G.C.; Sim, H.-J.; Ryu, C.M. Achieving similar root microbiota composition in neighboring plants through airborne signalling. ISME J. 2021, 15, 397–408. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Zhao, C.; Yu, S.; Jiang, Z.; Liu, S.; Wu, Y.; Huang, X. Rhizosphere community structure is selected by habitat but not plant species in two tropical seagrass beds. Front. Microbiol. 2020, 11, 161. [Google Scholar] [CrossRef] [PubMed]

	



Solis-García, I.A.; Ceballos-Luna, O.; Cortazar-Murillo, E.M.; Desgarennes, D.; Garay-Serrano, E.; Méndez-Bravo, A.; Reverchon, F. Phytophthora root rot modifies the composition of the avocado microbiome and increases the abundance of opportunistic fungal pathogens. Front. Microbiol. 2021, 11, 574110. [Google Scholar] [CrossRef] [PubMed]

	



Chartrel, V.; Dugat-Bony, E.; Sarthou, A.-S.; Huchette, S.; Bonnarme, P.; Irlinger, F. The microbial community associated with pea seeds (Pisum sativum) of different geographical origins. Plant Soil 2021, 462, 405–427. [Google Scholar] [CrossRef]

	



Cloutier, M.; Chatterjee, D.; Elango, D.; Cui, J.; Bruns, M.A.; Chopra, S. Sorghum root flavonoid chemistry, cultivar, and frost stress effects on rhizosphere bacteria and fungi. Phytobiomes J. 2021, 5, 39–50. [Google Scholar] [CrossRef]

	



Xu, L.; Naylor, D.; Dong, Z.; Simmons, T.; Pierroz, G.; Hixson, K.K.; Kim, Y.M.; Zink, E.M.; Engbrecht, E.M.; Wang, Y.; et al. Drought delays development of the sorghum root microbiome and enriches for monoderm bacteria. Proc. Natl. Acad. Sci. USA 2018, 115, E4284–E4293. [Google Scholar] [CrossRef] [PubMed]

	



Hestrin, R.; Lee, M.R.; Whitaker, B.K.; Pett-Ridge, J. The switchgrass microbiome: A review of structure, function, and taxonomic distribution. Phytobiomes J. 2021, 5, 14–28. [Google Scholar] [CrossRef]

	



Ulbrich, T.C.; Friesen, M.L.; Roley, S.S.; Tiemann, L.K.; Evans, S.E. Intraspecific variability in root traits and edaphic conditions influence soil microbiomes across 12 switchgrass cultivars. Phytobiomes J. 2021, 5, 108–120. [Google Scholar] [CrossRef]

	



Martínez-Hidalgo, P.; Hirsch, A.M. The nodule microbiome: N2-fixing rhizobia do not live alone. Phytobiomes J. 2017, 1, 70–82. [Google Scholar] [CrossRef]

	



Zhao, X.; Jinag, Y.; Liu, Q.; Yang, H.; Wang, Z.; Zhang, M. Effects of drought-tolerant Ea-DREB2B transgenic sugarcane on bacterial communities in soil. Front. Microbiol. 2020, 11, 704. [Google Scholar] [CrossRef] [PubMed]

	



Voges, M.J.E.E.E.; Bai, Y.; Schulze-Lefert, P.; Sattely, E.S. Plant-derived coumarins shape the composition of an Arabidopsis synthetic root microbiome. Proc. Natl. Acad. Sci. USA 2019, 116, 12558–12565. [Google Scholar] [CrossRef] [PubMed]

	



Huang, A.C.; Jiang, T.; Liu, Y.-X.; Bai, Y.C.; Reed, J.; Qu, B.; Goossens, A.; Nützmann, H.W.; Bai, Y.; Osborn, A. A specialized metabolic network selectively modulates Arabidopsis root microbiota. Science 2019, 364, eaau6389. [Google Scholar] [CrossRef] [PubMed]

	



Lebeis, S.L.; Paredes, S.H.; Lundberg, D.S.; Breakfield, N.; Gehring, J.; McDonald, M.; Malfatti, S.; Glavina del Rio, T.; Jones, C.D.; Tringe, S.G.; et al. Salicylic acid modulates colonization of the root microbiome by specific bacterial taxa. Science 2015, 349, 860–864. [Google Scholar] [CrossRef] [PubMed]

	



Finkel, O.M.; Salas-González, I.; Castrillo, G.; Conway, J.M.; Law, T.F.; Pereira Lima Teixeira, P.J.; Wilson, E.D.; Fitzpatrick, C.R.; Jones, C.D.; Dangl, J.L. A single bacterial genus maintains root growth in a complex microbiome. Nature 2020, 587, 103–108. [Google Scholar] [CrossRef]

	



Regalado, J.; Lundberg, D.S.; Deusch, O.; Kersten, S.; Karasov, T.; Poersch, K.; Shirsekar, G.; Weigel, D. Combining whole-genome shotgun sequencing and rRNA gene amplicon analysis to improve detection of microbe-microbe interaction networks in plant leaves. ISME J. 2020, 14, 2116–2130. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, M.; Brader, G.; Sessitsch, A.; Mäki, A.; van Elsas, J.D.; Nissinen, R. Plants assemble species specific bacterial communities from common core taxa in three arcto-alpine climate zones. Front. Microbiol. 2017, 8, 12. [Google Scholar] [CrossRef]

	



Xu, J.; Zhang, Y.; Zhang, P.; Trivedi, P.; Riera, N.; Wang, Y.; Liu, X.; Fan, G.; Tang, J.; Coletta-Filho, H.D.; et al. The structure and function of the global citrus rhizosphere microbiome. Nat. Commun. 2018, 9, 4894. [Google Scholar] [CrossRef]

	



Wassermann, B.; Cernava, T.; Müller, H.; Berg, C.; Berg, G. Seeds of native alpine plants host unique microbial communities embedded in cross-kingdom networks. Microbiome 2019, 7, 108. [Google Scholar] [CrossRef] [PubMed]

	



Yaish, M.W.; Al-Harrasi, I.; Alansari, A.S.; Al-Yahyai, R.; Glick, B.R. The use of high throughput DNA sequence analysis to assess the endophytic microbiome of date palm roots grown under different levels of salt stress. Int. Microbiol. 2016, 19, 143–155. [Google Scholar] [PubMed]

	



Yaish, M.W.; Patankar, H.V.; Assaha, D.V.M.; Zheng, Y.; Al-Yahyai, R.; Sunkar, R. Genome-wide expression profiling in leaves and roots of date palm (Phoenix dactylifera L.) exposed to salinity. BMC Genom. 2017, 18, 246. [Google Scholar] [CrossRef]

	



Yaish, M.W.; Al-Lawati, A.; Jana, G.A.; Patankar, H.V.; Glick, B.R. Impact of soil salinity on the structure of the bacterial endophytic community identified from the roots of Caliph Medic (Medicago truncatula). PLoS ONE 2016, 10, 1371. [Google Scholar] [CrossRef]

	



Qin, Y.; Shang, Q.; Zhang, Y.; Li, P.; Chai, Y. Bacillus amyloliquefaciens L-S60 reforms the rhizosphere bacterial community and improves growth conditions in cucumber plug seedling. Front. Microbiol. 2017, 8, 2620. [Google Scholar] [CrossRef] [PubMed]

	



Glick, B.R. Plant growth-promoting bacteria: Mechanisms and applications. Scientifica 2012, 2012, 963401. [Google Scholar] [CrossRef] [PubMed]

	



Glick, B.R. Bacteria with ACC deaminase can promote plant growth and help to feed the world. Microbiol. Res. 2014, 169, 30–39. [Google Scholar] [CrossRef] [PubMed]

	



Olanrewaju, O.S.; Glick, B.R.; Babalola, O.O. Mechanisms of action of plant growth promoting bacteria. World J. Microbiol. Biotechnol. 2017, 33, 197. [Google Scholar] [CrossRef] [PubMed]

	



Ali, S.; Glick, B.R. Plant-bacterial interactions in management of plant growth under abiotic stresses. In New and Future Developments in Microbial Biotechnology and Bioengineering; Singh, J.S., Ed.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 21–45. [Google Scholar]

	



Gamalero, E.; Glick, B.R. Plant growth-promoting bacteria in agriculture and stressed environments. In Modern Soil Microbiology, 3rd ed.; Van Elsas, J.D., Trevors, J.T., Eds.; CRC Press: Boca Raton, FL, USA, 2019; pp. 361–380. [Google Scholar]

	



Bona, E.; Lingua, G.; Todeschini, V. Effect of bioinoculants on the quality of crops. In Bioformulations: For Sustainable Agriculture; Arora, N., Mehnaz, S., Balestrini, R., Eds.; Springer: New Delhi, India, 2016. [Google Scholar] [CrossRef]

	



Backer, R.; Rokem, J.S.; Ilangumaran, G.; Lamont, J.; Praslickova, D.; Ricci, E.; Subramanian, S.; Smith, D.L. Plant Growth-Promoting Rhizobacteria: Context, mechanisms of action, and roadmap to commercialization of biostimulants for sustainable agriculture. Front. Plant Sci. 2018, 9, 1473. [Google Scholar] [CrossRef] [PubMed]

	



Glick, B.R. Metabolic load and heterologous gene expression. Biotechnol. Adv. 1995, 13, 247–261. [Google Scholar] [CrossRef]

	



Santoyo, G.; Gamalero, E.; Glick, B.R. Mycorrhizal-bacterial amelioration of plant abiotic and biotic stress. Front. Sustain. Food Syst. 2021, 5, 672881. [Google Scholar] [CrossRef]

	



Abeles, F.B.; Morgan, P.W.; Salveit, M.E., Jr. Ethylene in Plant Biology, 2nd ed.; Academic Press: New York, NY, USA, 1992; p. 41. [Google Scholar]

	



Stearns, J.C.; Glick, B.R. Transgenic plants with altered ethylene biosynthesis or perception. Biotechnol. Adv. 2003, 21, 193–210. [Google Scholar] [CrossRef]

	



Glick, B.R. Phytoremediation: Synergistic use of plants and bacteria to clean up the environment. Biotechnol. Adv. 2003, 21, 383–393. [Google Scholar] [CrossRef]

	



Glick, B.R. Modifying a plant’s response to stress by decreasing ethylene production. In Phytoremediation and Rhizoremediation; Macková, M., Dowling, D.N., Macek, T., Eds.; Springer: Berlin, Germany, 2006; pp. 227–236. [Google Scholar]

	



Glick, B.R.; Stearns, J.C. Making phytoremediation work better: Maximizing a plant’s growth potential in the midst of adversity. Int. J. Phytoremediat. 2011, 13, 4–16. [Google Scholar] [CrossRef] [PubMed]

	



Gepstein, S.; Glick, B.R. Strategies to ameliorate abiotic stress-induced plant senescence. Plant Mol. Biol. 2013, 82, 623–633. [Google Scholar] [CrossRef]

	



Gamalero, E.; Glick, B.R. Bacterial modulation of plant ethylene levels. Plant Physiol. 2015, 169, 13–22. [Google Scholar] [CrossRef]

	



Glick, B.R. Stress control and ACC deaminase. Principles of Plant-Microbe Interactions; Lugtenberg, B., Ed.; Springer Science: Berlin/Heidelberg, Germany, 2015; pp. 257–264. [Google Scholar]

	



Gamalero, E.; Glick, B.R. The use of plant growth-promoting bacteria to prevent nematode damage to plants. Biology 2020, 9, 381. [Google Scholar] [CrossRef] [PubMed]

	



Kim, B.; Song, G.C.; Ryu, C.-M. Root exudation by aphid leaf infestation recruits root-associated Paenibacillus spp. to lead plant insect susceptibility. J. Microbiol. Biotechnol. 2016, 26, 549–557. [Google Scholar] [CrossRef]

	



Waqas, M.A.; Kaya, C.; Riaz, A.; Farooq, M.; Nawaz, I.; Wilkes, A.; Li, Y. Potential mechanisms of abiotic stress tolerance in crop plants induced by thiourea. Front. Plant Sci. 2019, 10, 1336. [Google Scholar] [CrossRef]

	



Cramer, G.R.; Urano, K.; Delrot, S.; Pezzotti, M.; Shinozaki, K. Effects of abiotic stress on plants: A systems biology perspective. BMC Plant Biol. 2011, 11, 163. [Google Scholar] [CrossRef] [PubMed]

	



Ma, X.; Su, Z.; Ma, H. Molecular genetic analyses of abiotic stress responses during plant reproductive development. J. Exp. Bot. 2020, 71, 2870–2885. [Google Scholar] [CrossRef] [PubMed]

	



Estravis-Barcala, M.; Mattera, M.G.; Soliani, C.; Bellora, N.; Opgenoorth, L.; Heer, K.; Arana, M.V. Molecular bases of responses to abiotic stress in trees. J. Exp. Bot. 2020, 71, 3765–3779. [Google Scholar] [CrossRef] [PubMed]

	



Sita, K.; Kumar, V. Role of gamma amino butyric acid (GABA) against abiotic stress tolerance in legumes: A review. Plant Physiol. Rep. 2020, 25, 654–663. [Google Scholar] [CrossRef]

	



Gamalero, E.; Glick, B.R. Ethylene and abiotic stress tolerance in plants. In Environmental Adaptations and Stress Tolerance of Plants in the Era of Climate Change; Ahmad, P., Prasad, M.N.V., Eds.; Springer: Berlin, Germany, 2012; pp. 395–412. [Google Scholar]

	



Santoyo, G.; Guzman-Guzman, P.; Parra-Cota, F.I.; de los Santos-Villalobos, S.; Orozco-Mosqueda, M.C.; Glick, B.R. Plant growth stimulation by microbial consortia. Agronomy 2021, 11, 219. [Google Scholar] [CrossRef]

	



Pandey, P.; Irulappan, V.; Bagavathiannan, M.V.; Senthilkumar, M. Impact of combined abiotic and biotic stresses on plant growth and avenues for crop improvement by exploiting physio-morphological traits. Front. Plant Sci. 2017, 8, 537. [Google Scholar] [CrossRef]

	



Mayak, S.; Tirosh, T.; Glick, B.R. Plant growth-promoting bacteria that confer resistance in tomato to salt stress. Plant Physiol. Biochem. 2004, 42, 565–572. [Google Scholar] [CrossRef] [PubMed]

	



Gamalero, E.; Berta, G.; Massa, N.; Glick, B.R.; Lingua, G. Interactions between Pseudomonas putida UW4 and Gigaspora rosea BEG9 and their consequences on the growth of cucumber under salt stress conditions. J. Appl. Microbiol. 2010, 108, 236–245. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Orozco-Mosqueda, M.C.; Glick, B.R.; Santoyo, G. ACC deaminase in plant growth-promoting bacteria (PGPB): An efficient mechanism to counter salt in crops. Microbiol. Res. 2020, 235, 126439. [Google Scholar] [CrossRef]

	



Epihov, D.Z.; Saltonstall, K.; Batterman, S.A.; Hedin, L.O.; Hall, J.S.; van Breugel, M.; Leake, J.R.; Beerling, D.J. Legume-microbiome interactions unlock mineral nutrients in regrowing tropical forests. Proc. Natl. Acad. Sci. USA 2021, 118, e2022241118. [Google Scholar] [CrossRef] [PubMed]

	



Nascimento, F.X.; Tavares, M.J.; Franck, J.; Ali, S.; Glick, B.R.; Rossi, M.J. ACC deaminase plays a major role in Pseudomonas fluorescens YsS6 ability to promote the nodulation of Alpha- and Betaproteobacteria rhizobial strains. Arch. Microbiol. 2019, 201, 817–822. [Google Scholar] [CrossRef]

	



Han, Q.; Ma, Q.; Chen, Y.; Tian, B.; Xu, L.; Bai, Y.; Chen, W.; Li, X. Variation in rhizosphere microbial communities and its association with the symbiotic efficiency of rhizobia in soybean. ISME J. 2020, 14, 1915–1928. [Google Scholar] [CrossRef] [PubMed]

	



Timmusk, S.; Paalme, V.; Pavlicek, T.; Bergquist, J.; Vangala, A.; Danilas, T.; Nevo, E. Bacterial distribution in the rhizosphere of wild barley under contrasting microclimates. PLoS ONE 2011, 6, e17968. [Google Scholar]

	



Hardoim, P.R.; Hardoim, C.C.P.; van Overbeek, L.S.; van Elsas, J.D. Dynamics of seed-borne rice endophytes on early plant growth stages. PLoS ONE 2012, 7, e30438. [Google Scholar] [CrossRef] [PubMed]

	



Berg, G.; Raaijmakers, J.M. Saving seed microbiomes. ISME J. 2018, 12, 1167–1170. [Google Scholar] [CrossRef] [PubMed]

	



Nelson, E.B. The seed microbiome: Origins, interactions, and impacts. Plant Soil. 2018, 422, 7–34. [Google Scholar] [CrossRef]

	



Dai, Y.; Li, X.-Y.; Wang, Y.; Li, C.-X.; He, Y.; Lin, H.-H.; Wang, T.; Ma, X.R. The differences and overlaps in the seed-resident microbiome of four Leguminous and three Gramineous forages. Microb. Biotechnol. 2020, 13, 1461–1476. [Google Scholar] [CrossRef] [PubMed]

	



Moreira, Z.P.M.; Helgason, B.L.; Germida, J.J. Crop, genotype, and field environmental conditions shape bacterial and fungal seed epiphytic microbiomes. Can. J. Microbiol. 2021, 67, 161–173. [Google Scholar] [CrossRef] [PubMed]

	



Moreira, Z.P.M.; Helgason, B.L.; Germida, J.J. Environment has a stronger effect than host plant genotype in shaping spring Brassica napus seed microbiomes. Phytobiomes J. 2021, PBIOMES-08. [Google Scholar] [CrossRef]

	



Sessitsch, A.; Coenye, T.; Sturz, A.V.; Vandamme, P.; Ait Barka, E.; Wang-Pruski, G.; Faure, D.; Reiter, B.; Glick, B.R.; Nowak, J. Burkholderia phytofirmans sp. Nov., a novel plant-associated bacterium with plant beneficial properties. Int. J. Syst. Evol. Microbiol. 2005, 55, 1187–1192. [Google Scholar] [CrossRef]

	



Weilharter, A.; Mitter, B.; Shin, M.V.; Chaqin, P.S.G.; Nowak, J.; Sessitsch, A. Complete genome sequence of the plant growth-promoting endophyte Burkholderia phytofirmans strain PsJN. J. Bacteriol. 2011, 193, 3383–3384. [Google Scholar] [CrossRef] [PubMed]

	



Arul, L.; Benita, G.; Balasubramanian, P. Functional insight for β-glucuronidase in Escherichia coli and Staphylococcus sp. RLH1. Bioinformation 2008, 2, 339–343. [Google Scholar] [CrossRef] [PubMed]

	



Reed, M.L.E.; Glick, B.R. Applications of free-living plant growth-promoting rhizobacteria. Antonie van Leeuwenhoek 2004, 86, 1–25. [Google Scholar]

	



Stockwell, V.O.; Johnson, K.B.; Sugar, D.; Loper, J.E. Mechanistically compatible mixtures of bacterial antagonists improve biological control of fire blight of pear. Phytopathology 2011, 101, 113–123. [Google Scholar] [CrossRef] [PubMed]

	



Sarma, B.K.; Yadav, S.K.; Singh, S.; Singh, H.B. Microbial consortium-mediated plant defense against phytopathogens: Readdressing for enhancing efficacy. Soil Biol. Biochem. 2015, 87, 25–33. [Google Scholar] [CrossRef]

	



Kong, Z.; Wu, Z.; Glick, B.R.; He, S.; Huang, C.; Wu, L. Co-occurrence patterns of microbial communities affected by inoculants of plant growth-promoting bacteria during phytoremediation of heavy metal-contaminated soils. Ecotoxicol. Environ. Saf. 2019, 183, 109504. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Ke, J.; Wang, B.; Yoshikuni, Y. Microbiome engineering: Synthetic biology of plant-associated microbiomes in sustainable agriculture. Trends Biotechnol. 2021, 39, 244–261. [Google Scholar] [CrossRef]

	



Sandheep, A.R.; Asok, A.K.; Jisha, M.S. Combined inoculation of Pseudomonas fluorescens and Trichoderma harzianum for enhancing plant growth of vanilla (Vanilla planifolia). Pak. J. Biol. Sci. 2013, 16, 580–584. [Google Scholar] [CrossRef] [PubMed]

	



DaSilva, L.V.; Rodrigues de Oliveira, S.B.; Araújo de Azevedo, L.; Rodrigues, A.C.; Bonifacio, A. Coinoculation with Bradyrhizobium and Trichoderma alleviates the effects of salt stress in cowpea. Rev. Caatinga 2019, 32, 336–344. [Google Scholar]

	



Bashan, Y.; Prabhu, S.R.; de-Bashan, L.E.; Kloepper, J.W. Disclosure of exact protocols of fermentation, identity of microorganisms within consortia, formation of advanced consortia with microbe-based products. Biol. Fertil. Soils 2020, 56, 443–445. [Google Scholar] [CrossRef]

	



Berendsen, R.L.; Vismans, G.; Yu, K.; Song, Y.; de Jonge, R.; Burgman, W.P.; Burmølle, M.; Herschend, J.; Bakker, P.A.H.M.; Pieterse, C.M.J. Disease-induced assemblage of a plant-beneficial bacterial consortium. ISME J. 2018, 12, 1496–1507. [Google Scholar] [CrossRef]

	



Shahzad, S.; Khan, M.Y.; Zahir, Z.A.; Asghar, H.N.; Chaudhry, U.K. Comparative effectiveness of different carriers to improve the efficacy of bacterial consortium for enhancing wheat production under salt affected field conditions. Pak. J. Bot. 2017, 49, 1523–1530. [Google Scholar]

	



Goswami, S.K.; Kashyap, P.L.; Awasthi, S. Deciphering rhizosphere microbiome for the development of novel bacterial consortium and its evaluation for salt stress management in solanaceous crops in India. Indian Phytopathol. 2019, 72, 479–488. [Google Scholar] [CrossRef]

	



Wang, C.-J.; Yang, W.; Wang, C.; Gu, C.; Niu, D.-D.; Liu, H.-X.; Wang, Y.-P.; Guo, J.-H. Induction of drought tolerance in cucumber plants by a consortium of three plant growth-promoting rhizobacterium strains. PLoS ONE 2012, 7, e52565. [Google Scholar]

	



Saikia, J.; Sarma, R.K.; Dhandia, R.; Yadav, A.; Bharali, R.; Gupta, V.K.; Saikia, R. Alleviation of drought stress in pulse crops with ACC deaminase producing rhizobacteria isolated from acidic soil of Northeast India. Sci. Rep. 2018, 8, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Kaul, S.; Choudhary, M.; Gupta, S.; Dhar, M.K. Engineering host microbiome for crop improvement and sustainable agriculture. Front. Microbiol. 2021, 12, 635917. [Google Scholar] [CrossRef] [PubMed]

	



Schütz, V.; Frindte, K.; Cui, J.; Zhang, P.; Hacquard, S.; Schulze-Lefert, P.; Knief, C.; Schulz, M.; Dörmann, P. Differential impact of plant secondary metabolites on the soil microbiota. Front. Microbiol. 2021, 12, 666010. [Google Scholar] [CrossRef]

	



Glick, B.R.; Patten, C.L. Molecular Biotechnology: Principles and Applications of Recombinant DNA, 6th ed.; American Society for Microbiology: Washington, DC, USA, 2021; p. 1000. (in press) [Google Scholar]

	



Debruyn, J.M.; Bevard, D.A.; Essington, M.E.; McKnight, J.Y.; Schaeffer, S.M.; Baxter, H.L.; Mazarei, M.; Mann, D.G.J.; Dixon, R.A.; Chen, F.; et al. Field-grown transgenic switchgrass (Panicum virgatum L.) with altered lignin does not affect soil chemistry, microbiology, and carbon storage potential. Glob. Chang. Biol. Bioenergies 2017, 9, 1100–1109. [Google Scholar] [CrossRef]

	



Amidon, K.S. Adolf Meyer-Abich, Holism, and the Negotiation of Theoretical Biology. Biol. Theory 2008, 3, 357–370. [Google Scholar] [CrossRef]

	



Margulis, L. Symbiosis as a source of evolutionary innovation: Speciation and morphogenesis. In Symbiogenesis and Symbionticism; Margulis, L., Fester, R., Eds.; MIT Press: Cambridge, MA, USA, 1991; pp. 1–14. [Google Scholar]

	



Lyu, D.; Msimbira, L.A.; Nazari, M.; Antar, M.; Pagé, A.; Shah, A.; Monjezi, N.; Zajonc, J.; Tanney, C.A.S.; Backer, R.; et al. The Coevolution of Plants and Microbes Underpins Sustainable Agriculture. Microorganisms 2021, 9, 1036. [Google Scholar] [CrossRef] [PubMed]

	



Toju, H.; Peay, K.G.; Yamamichi, M.; Narisawa, K.; Hiruma, K.; Naito, K.; Shinji, F.; Masayuki, U.; Shinji, N.; Yusuke, O.; et al. Core microbiomes for sustainable agroecosystems. Nat. Plants 2018, 4, 247–257. [Google Scholar] [CrossRef] [PubMed]

	



Lemanceau, P.; Blouin, M.; Muller, D.; Moënne-Loccoz, Y. Let the Core Microbiota Be Functional. Trends Plant Sci. 2017, 22, 583–595. [Google Scholar] [CrossRef] [PubMed]

	



Orozco-Mosqueda, M.C.; Rocha-Granados, M.C.; Glick, B.R.; Santoyo, G. Microbiome engineering to improve biocontrol and plant growth-promoting mechanisms. Microbiol. Res. 2018, 208, 25–31. [Google Scholar] [CrossRef] [PubMed]








[image: Microorganisms 09 01533 g001 550] 





Figure 1. Schematic representation of some of the microorganisms contained within the plant root endosphere, rhizosphere and bulk soil. 
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Figure 2. Mechanisms used by PGPB to improve plant growth and development. 
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Figure 3. Schematic overview of a procedure used to introduce specific endophytic bacteria into plant seeds to become a component of the plant root microbiome. The gusA gene encodes the enzyme β-glucuronidase. 
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Table 1. The microbiomes of various plants.
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	Plant
	Location
	Comment
	Reference





	Artemisia herba-alba
	Rhizosphere
	Highest number of bacterial species compared to the microbiota of 13 other plant species of the Algerian desert.
	[25]



	Brassica napus (canola)
	Rhizosphere
	Examined field grown plants at 3 separate sites. Found stable bacterial core microbiome.
	[26]



	Brassica napus
	Rhizosphere
	Different microbiome complexity at different stages of plant growth.
	[27]



	Oryza sativa (rice)
	Root surface, root endosphere, shoot surface, shoot endosphere
	Compared microbiome of rice seedlings to microbiome of rice seed. Greatest abundance and diversity found in roots.
	[28]



	Oryza sativa
	Rhizosphere, endosphere, rhizoplane
	The three root-associated compartments that were studied, each had distinct microbiota.
	[29]



	Oryza sativa
	Rhizosphere
	Elevated levels of CO2 suppresses methane oxidation thereby promoting methanogenesis in rice roots.
	[30]



	Oryza sativa
	Rhizosphere soil, plant stems/leaves, plant roots
	Transgenic rice expressing a Bt protoxin gene did not significantly change the plant bacterial strains compared to the parental strain.
	[31]



	Oryza sativa
	Rhizosphere
	Indica and japonica varieties recruit distinct root microbiota. NRT1.1B, a rice nitrate transporter, is involved in recruitment of the indica-enriched bacteria.
	[32]



	Oryza sativa
	Endosphere
	In three different varieties, the endophytic microbiome varied significantly between young and mature plants.
	[24]



	Vitis vinifera (grape)
	Rhizosphere
	Compared rhizosphere to bulk soil in a conventionally managed vineyard.
	[33]



	Vitis vinifera
	Rhizosphere
	Microbiomes of the same cultivar were different when they were grafted onto 2 different rootstocks.
	[34]



	Vitis vinifera
	Rhizosphere
	Compared rhizosphere to bulk soil in an integrated pest management vineyard.
	[35]



	Rubus chamaemorus, Andromeda polifolia, Empetrum vaginatum, Sphagnum sp., Carex rotundata, E. angustifolium
	Phyllosphere and rhizosphere
	All plants were from arctic peatlands. Microbiomes were compared to peat. Methanogen abundance was strongly influenced by the individual plant.
	[36]



	Zea mays (corn)
	Rhizosphere
	Samples were from corn farms.
	[37]



	Zea mays
	Rhizosphere
	Isolated and sequenced the genomes of several rhizosphere bacteria.
	[38]



	Zea mays
	Endosphere
	Strong relationship between endosphere community and corn productivity.
	[39]



	Zea mays
	Rhizosphere
	The rhizosphere community following crop rotation was more abundant than following monocropping.
	[40]



	Zea mays
	Bulk soil, rhizosphere, endosphere
	Different cultivars had different biomass, root exudates and different microbiota in bulk soil, rhizosphere and endosphere. Also, different soils contributed to microbiome variation.
	[41]



	Zea mays and Glycine max (soybean)
	Rhizosphere
	Found no significant difference between plants treated with glyphosate and those not treated with this herbicide.
	[42]



	Glycine max
	Rhizosphere
	Determined the effect of nodulation phenotypes on soybean microbiomes.
	[43]



	Brassica napus, Buglossoides arvensis (corn gromwell) and Glycine max
	Rhizosphere
	Inoculation with Pseudomonas strain promoted seed oil accumulation, increased abundance of 29 taxa and decreased abundance of 30 taxa.
	[44]



	Gossypium hirsutum (cotton)
	Rhizosphere
	Characterized the microbiome associated with Verticillium wilt.
	[45]



	Gossypium hirsutum
	Rhizosphere, bulk soil
	Biota diversity increased in soil with cotton plants. Drought stress increased the abundance of some bacteria which help sustain the plants.
	[46]



	Triticum aestivum (wheat)
	Rhizosphere
	Compared eight wheat cultivars grown under field conditions for root diameter and root length and microbiome.
	[47]



	Triticum aestivum
	Rhizosphere
	Irrigation adversely affected the bacteria that produce the antibiotic phenazine-1-carboxylic acid.
	[48]



	Triticum aestivum
	Rhizosphere
	Examined effect of long term nitrogen fertilization. Acidobacteria increased and Actinobacteria decreased.
	[49]



	Fragaria x ananassa (strawberry)
	Rhizosphere
	Examined 16 strawberry cultivars in two field studies. Plants had a genotype-dependent microbiome.
	[50]



	Curcurbita pepo (pumpkin)
	Rhizosphere, seed and soil
	Seed microbiome diversity is lower than rhizosphere or soil.
	[51]



	Solanum tuberosum (potato)
	Tuber microbiome
	Examined four potato varieties and five soil types. In all cases, bacterial community shifted from harvest to dormancy break.
	[52]



	Ipomoea batatas (sweet potato)
	Rhizosphere
	Adding low level of urea to soil increased abundance of P- and K-solubilizing bacteria, and N-fixing bacteria.
	[53]



	Populus cathayana (poplar)
	Phyllosphere
	Both female and male plants had unique bacterial microbiota.
	[54]



	Picea spp. (spruce)
	Rhizosphere, phyllosphere
	Correlations between microbiota and plant phenotypes suggest that plant genotype determines microbiota.
	[16]



	Populus trichocarpa (black cottonwood)
	Phyllosphere endosphere
	Observed a core microbiome. Nevertheless, variation existed between trees growing at different sites.
	[55]



	Fagus grandifolia (beech), Liriodendron tulipifera (yellow poplar)
	Soil surrounding tree, rhizosphere
	Soil microbial communities are unique to each tree species, however, urbanization decreased these differences.
	[56]



	Solanum lycopersicum, S. pimpinellifolium (tomato)
	Rhizosphere and root endosphere
	Examined eight tomato varieties and found that both endosphere and rhizosphere were affected by plant genotype.
	[57]



	Solanum lycopersicum
	Rhizosphere
	In tomato plants, the rhizosphere microbiota in neighboring plants is affected by volatile organic compounds.
	[58]



	Thalassia hemprichii, Enhalus acoroides (tropical seagrass)
	Rhizosphere
	This data suggests that the main determinant in selecting the rhizosphere microbiome is the plant habitat and not the plant species.
	[59]



	Persea americana (avocado)
	Rhizosphere
	Phytophthora root rot modified the bacterial composition and increases the amount of opportunistic fungal pathogens.
	[60]



	Pisum sativum (pea)
	Seeds
	Compared microbiota of seeds from 3 different countries. All peas shared a common core microbiota but also showed differences according to origin.
	[61]



	Sorghum bicolor (sorghum)
	Rhizosphere
	Microbiota of 5 different lines of sorghum were correlated with total flavonoid and luteolinidin concentrations.
	[62]



	Sorghum bicolor
	Rhizosphere
	Drought significantly delays the development of the root microbiome.
	[63]



	Panicum virgatum (switchgrass)
	Shoots, roots and root-influenced soil
	Different plant parts have different microbiomes (which are also influenced by climate, season and host genotype).
	[64]



	Panicum virgatum
	Rhizosphere
	Each of 12 cultivars that were tested selected a different microbiome.
	[65]



	Legumes
	Nodules
	Highly diverse population of bacteria within nodules that do not elicit nodulation or nitrogen fixation.
	[66]



	Saccharum arundinaceum (sugarcane)
	Rhizosphere, rhizoplane, bulk soil
	Bacterial communities of the transgenic plants were altered in comparison to the wild-type plant communities.
	[67]



	Arabidopsis thaliana
	Rhizosphere
	Coumarin biosynthesis dictates root biota composition.
	[68]



	Arabidopsis thaliana
	Rhizosphere
	Three different root triterpenes dictate root biota composition.
	[69]



	Arabidopsis thaliana
	Rhizosphere
	The defense hormone salicylic acid modulates root colonization by specific bacteria.
	[70]



	Arabidopsis thaliana
	Rhizosphere
	Used synthetic microbiome. Found Variovorax spp. responsible for optimizing root growth.
	[71]



	Arabidopsis thaliana
	Phyllosphere
	Isolated and sequenced 275 microbiomes. Found only weak associations with site of origin and plant genotype.
	[72]



	Oxyria digyna, Saxifraga oppositifolia
	Endosphere
	The plants shared a core microbiome. In addition, geographic region was a major determinant of biota composition.
	[73]



	Citrus
	Rhizosphere
	Characterized rhizospheres and bulk soil from 23 locations worldwide including 7 soil types and 6 climate types and 12 plant varieties and found a core microbiome.
	[74]



	Apples
	Fruit
	Different tissues, including stem, peel, fruit pulp, seeds and calyx, had distinct bacterial microbiomes.
	[75]



	Echinacea purpurea (purple coneflower), E. angustifolia
	Rhizosphere, stem, leaf
	Bacterial microbiomes were significantly different in these two plants and within different tissues.
	[14]



	Phoenix dactylifera (date palm)
	Root endosphere
	Bacterial and fungal community structures were not significantly affected in the presence of high salt.
	[76]



	Phoenix dactylifera
	Root and leaf endosphere
	Leaf and root tissues respond differently to salt stress.
	[77]



	Medicago truncatula (caliph medic)
	Root endosphere
	The abundance of ~70% of the biota characterized was altered in the presence of high salt.
	[78]



	Cucumis sativus (cucumber)
	Rhizosphere
	A Bacillus amyloliquefaciens strain addition significantly altered the bacterial rhizosphere community.
	[79]



	Hordeum vulgare (barley)
	Rhizosphere
	Comparing wild-type and root hair mutant barley, root hairs are critical in determining rhizosphere community.
	[18]
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