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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 generaMethylobacteriumandSphingomonas.
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1. Introduction

An enormous number of bacteria are typically found in soil. Various soils contain ~1 × 10  to 1 × 10  bacterial cells per

gram of soil, often including as many as 1 × 10 6 different taxa . These bacteria may be beneficial (plant growth-

promoting bacteria; PGPB), harmful (phytopathogens) or neutral in terms of their interaction with plants . The greatest

number of bacteria are typically found in the plant rhizosphere i.e., the region of the soil immediately around the roots .

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 . 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) .

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 . 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.
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Figure 1. Schematic representation of some of the microorganisms contained within the plant root endosphere,

rhizosphere and 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 . 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 . However, the rhizosphere microbiota is only one of the key determinants of plant

yield . 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 . 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 . 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. , “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
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metals, aquaporins for water and uncharged molecules, and vesicles for high-molecular-weight compounds . In

dual receptor recognition, the exchange of signals combined with plant and microbial genetic potential helps to determine

the ultimate fate of the interaction . 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

.

2. Soil Bacteria and Plant Growth

PGPB can benefit plant growth and development in a number of different ways and environmental conditions 

. 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 . 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 . 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)  ( Figure 2 ).

Figure 2. Mechanisms used by PGPB to improve plant growth and development.

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 . 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 . 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.
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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 ).

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 . 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 . 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 . 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.

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.

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 .

Nevertheless, it is likely that different plant microbiomes will respond in different ways to the wide range and intensity of

abiotic stresses.

4. 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 . 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 . 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 . (ii) In another study, rice
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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 . 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 . 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.
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