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Summary

Microbial interactions are crucial for successful establishment 
and maintenance of a microbial population. These interactions oc-
cur by the environmental recognition followed by transference of 
molecular and genetic information that include many mechanisms 
and classes of molecules. Microorganisms are rarely encountered 
as single species populations in the environment, since studies 
in different habitats have shown that an enormous richness and 
abundance variation are usually detected in a small sample. The 
rhizosphere is known to be a hot spot of microbial activities. There-
fore, rhizosphere is an environment with a high microbial diversity. 
Rhizobacteria as PGPR can play an important role in promoting 
nutrient acquisition by plants, favoring factors inducing root bio-
mass accumulation and/or hindering those that could have detri-
mental effects on root system development. This role of PGPR can 
be achieved via either an indirect (antagonism against pathogens) 
or direct (e.g., phytoharmones production) mode of action. Plant 
growth-promoting mechanisms differ between bacterial strains 
and to a great extent depend on the type of organic compounds 
released by these strains. For example, plant growth-promoting 
hormones and other secondary metabolites released by the bacte-
ria can alter plant growth and development. Recently, it has been 
reported that associations between plant and associated bacteria 
have reached such levels that the host plant cannot develop prop-
erly without their associated bacteria.

Keywords: Interaction; Microorganisms; Phytoharmones; Rhizo-
sphere; SpeciesIntroduction

The positive plant-microbe relationship established in the 
rhizosphere could, moreover, sustain an additional service, 
which is phyto-rhizoremediation which constitutes a promis-
ing sustainable approach for the in-situ remediation of polluted 
soils and sediments. It relies on the stimulation by the plant 
of the degrading microbes in its rhizosphere, in a complex in-
teraction involving roots, root exudates, rhizosphere soils, and 
microbial communities [56]. Microbial interactions are crucial 
for a successful establishment and maintenance of a microbi-
al population. These interactions occur by the environmental 
recognition followed by transference of molecular and genetic 
information that include many mechanisms and classes of mol-
ecules. These mechanisms allow microorganisms to establish in 
a community, which depending on the multi-trophic interaction 
could result in high diversity. The result of this multiple inter-

action is frequently related to pathogenic or beneficial effect 
to a host. In humans, for example, the microbial community 
plays an important role in protection against diseases, caused 
by microbial pathogens or physiological disturbances. Soils mi-
crobial communities also play a major role in protecting plants 
from diseases and abiotic stresses or increasing nutrient uptake 
[19,56].

The interaction among microbe, plants and environmental 
factors are determinant for the colonization and development 
of microorganisms and plants in ecosystem. These interaction 
can be refelected in different aspect, such as variation in cellular 
morphology, changes in physicochemical traits, exchange and 
conversion of metabolite, molecular dialoog, gene transfer [62]. 
Suggesting that microbial interaction are inherent to the esta-



Submit your Manuscript | www.austinpublishinggroup.com Ann Agric Crop Sci 8(4): id1142 (2023) - Page - 02

Austin Publishing GroupDamtew ZM

blishment of populations in the environment, which includes 
soil, sediment, animal, and plants, including also fungi and pro-
tozoa cells. The many years of coevolution of the different spe-
cies lead to adaptation and specialization and resulted in a large 
variety of relationships that can facilitate cohabitation, such as 
mutualistic and endosymbiotic relationships, or competitive, 
antagonistic, pathogenic, and parasitic relationships [18,62].

Many secondary metabolites have been reported to be in-
volved in the microbial interactions. These compounds are 
usually bioactive and can perform important functions in eco-
logical interactions. A widely studied mechanism of microbial 
interaction is quorum sensing, which consists of a stimulation 
response system related to cellular concentration. The produc-
tion of signaling molecules (auto-inducers) allows cells to com-
municate and respond to the environment in a coordinated way 
[2,48]. During interaction with the host cells, plant-associated 
molecular patterns (PAMP or MAMP microbial-associated mo-
lecular pattern) are conserved throughout different microbial 
taxon increasing the fitness during interaction with plant or 
animal cells and regulating the microbial interactions with dif-
ferent hosts [2,60]. There are many microbe host interactions, 
which can be related to beneficial or pathogenic interactions 
in plants and animals. In these interactions, the microbial cells 
may be found in biofilm or planktonic state, which result in dif-
ferent genetic and physiological states [9,30]. 

A fundamental knowledge on plants’ physiological proper-
ties and their associated microorganisms in the undisturbed 
natural environments is necessary to understand the impact of 
microorganisms on the plant development in general. The exis-
tence of positive plant-microbial interactions also in disturbed 
soils is unquestionable, but the mechanisms are often scarcely 
known. Microorganisms contribute essentially to the protection 
of plants against unfavorable soil conditions. In this chapter a 
selection of possible unfavorable soil properties in disturbed 
soils will be focused to analyze the possible impact of associ-
ated microorganisms on plants growth and vitality. Applicabil-
ity of microbial inoculum for an improved remediation of such 
disturbed soils will be presented [1,27].

Literature of Review

Plant Microbe Interactions and the Rhizosphere Diversity

A narrow zone of soil affected by the presence of plant roots 
is defined as rhizosphere. The rhizosphere is known to be a hot 
spot of microbial activities. This is caused by an increased nu-
trient supply for microorganisms; since roots release a multi-
tude of organic compounds (e.g., exudates and mucilage) de-
rived from photosynthesis and other plant processes [10,26]. 
Therefore, rhizosphere is an environment with a high microbial 
diversity. An important consequence of the high diversity is an 
intense microbial activity with feedback effects on root devel-
opment and plant growth in general. In general, the microbes 
serve as intermediary between the plant, which requires solu-
ble mineral nutrients, and the soil, which contains the neces-
sary nutrients but often in low concentrations and/or complex 
and inaccessible forms. Thus, rhizosphere microorganisms pro-
vide a critical link between plants and soil [26,36].

The highest portions of microorganisms, which inhabit the 
rhizosphere, are fungi and bacteria. When considering the rhi-
zosphere effect on their abundance, the fungal abundance is 
10–20 times higher and the bacterial abundance 2–20 times 
higher in the rhizosphere than in the bulk soil [2,42]. Com-

petition for nutrient sources in the rhizosphere is very high. 
Therefore, different microorganisms have developed distinct 
strategies, giving rise to a range of antagonistic to synergistic in-
teractions, both among themselves and with the plant [2,47]. A 
very high diversity of interactions can be assumed on the basis 
of the tremendous diversity of soil microorganisms and plants. 
The understanding of fundamentals of these interactions is crit-
ical for their use in plant growth promotion and remediation of 
disturbed soils.

The rhizosphere can be defined as the soil region where pro-
cesses mediated by microorganisms are specifically influenced 
by the root system (Figure 1). This area includes the soil con-
nected to the plant roots and often extends a few millimeters 
off the root surface, being an important environment for the 
plant and microorganism inter- actions [23,36,56], because 
plant roots release a wide range of compounds involved in at-
tracting organisms which may be beneficial, neutral or detri-
mental to plants [4,36,56]. The plant growth-promoting bacte-
ria (or PGPB) belong to a beneficial and heterogeneous group 
of microorganisms that can be found in the rhizosphere, on the 
root surface or associated to it, and are capable of enhancing 
the growth of plants and protecting them from disease and 
abiotic stresses [16,22,25,56]. The mechanisms by which PGPB 
stimulate plant growth involve the availability of nutrients origi-
nating from genetic processes, such as biological nitrogen fixa-
tion and phosphate solubilization, stress alleviation through the 
modulation of ACC deaminase expression, and production of 
phytohormones and siderophores, among several others. 

Interactions between plants and bacteria occur through 
symbiotic, endophytic or associative processes with distinct de-
grees of proximity with the roots and surrounding soil (Figure 
1). Endophytic PGPB are good inoculant candidates, because 
they colonize roots and create a favorable environment for 
development and function. Non-symbiotic endophytic rela-
tionships occur within the intercellular spaces of plant tissues, 
which contain high levels of carbohydrates, amino acids, and 
inorganic nutrients [3,15]. 

One of the most profound discoveries in biological research 
of the past decade is the overwhelming importance of host as-
sociated microbial communities for the health of multicellular 
organisms [2,7,20]. Microbes growing in association with either 

Figure 1: Rhizosphere/bacteria interactions. A) Different types of 
association between plant roots and beneficial soil bacteria; B) 
After colonization or association with roots and/or rhizosphere, 
bacteria can benefit the plant by (i) tolerance toward abiotic stress 
through action of ACC deaminase; (ii) defense against pathogens 
by the presence of competitive traits such as siderophore produc-
tion; (iii) increase of fertility and plant growth through biological 
nitrogen fixation (BNF), IAA (indole-3-acetic acid) production, and 
phosphate solubilization around roots. [32,59].
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an animal gut or plant roots (in the rhizosphere) can affect the 
health of their host. Because host genotype can shape the as-
sociated microbial communities [2,12,35,43,58]. It is possible 
that eukaryotic organisms have evolved the ability to cultivate 
specific beneficial microbiomes. In plants, the microbial compo-
sition of the surrounding soil is the largest determinant of the 
final rhizosphere community, and the effect of host genotype is 
minor by comparison [2,12,35]. As a result, it is unclear wheth-
er host genotype-mediated differences are important for host 
health, or if it is only random environmental encounters that 
matter. For a microbiome to be a host genotype-dependent 
adaptive trait (i.e. under natural selection), we reasoned that 
the following attributes of host-microbe interactions should be 
apparent in a single host species: first, populations of the host 
organism should possess genetic variation in traits that allow 
them to select environmentally adaptive microbes; and second, 
differences in microbial communities should differentially affect 
the fitness of the variant host organisms. 

Microorganisms present in the rhizosphere play important 
roles in ecological fitness of their plant host. Important micro-
bial processes that are expected to occur in the rhizosphere 
include pathogenesis and its counterpart, plant protection/
growth promotion, as well as the production of antibiotics, 
geochemical cycling of minerals and plant colonization [28,62]. 
Plant microbe interactions may thus be considered beneficial, 
neutral, or harmful to the plant, depending on the specific mi-
croorganisms and plants involved and on the prevailing environ-
mental conditions [5,62]. Exploring these microorganisms by 
unraveling their possible relationships with plants has launched 
a new and fascinating area of investigations in the rhizosphere 
research. 

The rhizosphere microflora includes bacteria, fungi, nema-
todes, protozoa, algae and soil microarthrops [30,51]. Approxi-
mately 80–90% of soil microorganisms are not yet cultured by 
means of classical methods. Their identification, characteriza-
tion and the description of their role are therefore particularly 
difficult. Recently, nucleic acid-based techniques including 
analysis of DNA and rRNA molecules from soil samples have re-
vealed enormous diversity in the rhizosphere inhabiting micro-
bial flora (Suzuki et al., 2006; Khan et al., 2019). The molecular 
methods used for soil microbial diversity are covered in the re-
view by Nannipieri and collaborators (2003); (Khan et al., 2019). 
The number of microbial species present in soil may vary from 
thousands to millions. Many studies indeed suggest that the 
Proteobacteria and the Actinobacteria form the most common 
of the dominant populations (>1%, usually much more) found 
in the rhizosphere of many different plant species (Singh et al., 
2007; Khan et al., 2019). These groups contain many “cultured” 
members. They are the most studied of the rhizobacteria, and 
as such, contain the majority of the organisms investigated, 
both as beneficial microbial inoculants and as pathogens. 

The specific content of root exudates may create a niche 
that influences which microorganisms are to colonize the rhi-
zosphere, thereby altering the composition and diversity of 
microorganisms colonizing the rhizosphere in a plant specific 
manner [24,56]. Plant species, plant developmental stage and 
soil type have thus been indicated as major factors determining 
the composition of rhizosphere microbial communities [11,56]. 
That said, the extent to which the above-cited factors contrib-
ute to microbial communities is not fully understood and there 
are several contrasting reports in the literature indicating ei-
ther plant or soil type as dominant factor [46,56]. Owing to the 

above statement, it can be generalized that the diversity and 
predominance of rhizosphere microbial population depend on 
a number of abiotic and biotic factors prevailing in that particu-
lar ecological niche.

Beneficial Interactions Between Plants, Soil and Bacteria

As autotrophic organisms, plants play a major role in sus-
taining all other life forms. The plant root system is a chemical 
factory that mediates several interactions of the plant with soil 
microorganisms. Roots release organic compounds, which act 
as signaling agents to attract beneficial microbes and to combat 
pathogenic ones. Generally, these interactions are mutualistic 
with beneficial microbes, such as rhizobia, mycorrhizal, endo-
phytes, and Plant Growth-Promoting Rhizobacteria (PGPR). 
However, these plant microbe interactions are not only driven 
by organic compounds released by the roots but are highly 
integrated with and influenced by biotic and abiotic factors 
[2,34,49].

Root released organic compounds also enhance the abun-
dance and diversity of beneficial microorganisms in the rhi-
zosphere and plant environment. In return, plant associated 
microbes may enhance plant growth and health by several ac-
tivities such as nitrogen fixation, synthesis of plant hormones 
and vitamins, the improvement of nutrient uptake, and in-
duction of stress resistance. They also outcompete invading 
pathogens by different mechanisms such as niche occupation 
by competition for space, nutrients, and physical niches of the 
rhizosphere/rhizoplane and endophytic tissues. Some of the 
beneficial rhizobacteria and endophytic bacteria can secrete 
not only antibiotics but also lytic enzymes enabling the inhibi-
tion of various pathogens [30,50]. 

Most of the plant associated bacteria are also soil inhabit-
ants [26,52,53]. They may move from the bulk soil to the rhi-
zosphere of the living plant and aggressively colonize the rhizo-
sphere and roots of plants. Some of them can penetrate plant 
roots, and some strains may move to shoots, leaves, flowers, 
and even seeds [14,26,54]. However, different plant species 
host different microbial communities [8,26], which is mostly 
due to the different composition of root exudates excreted by 
different plants. Root exudate is a key element of plant homeo-
stasis, in part through playing a key role in communication be-
tween aboveground and belowground elements of plants.

Plant growth and productivity depend considerably on the 
availability of nutrients at the soil root interface, which in turn is 
influenced by a wide range of factors including the soil type and 
chemical physical characteristics, plant species and genotype, 
soil macro- and microorganism communities, and environmen-
tal conditions. In this context, biological activities of both roots 
and microorganisms can play an important role [33,38]. In ad-
dition to a brief introduction about the main mechanisms used 
by plants root for the acquisition of N, P, and Fe, in the follow-
ing sections, the contribution of microbes to the dynamics of 
these three nutrients in the rhizosphere is described; moreover, 
a review of the effects of PGPRs on physiological and molecular 
mechanisms underlying the root acquisition of nutrients will be 
presented in the next sections.

Plant Growth Promoting Rhizobacteria

Rhizobacteria as PGPR can play an important role in promot-
ing nutrient acquisition by plants, favoring factors inducing root 
biomass accumulation and/or hindering those that could have 
detrimental effects on root system development. This role of 
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PGPR can be achieved via either an indirect (antagonism against 
pathogens) or direct (e.g., phytoharmones production) mode of 
action [22,30,32]. Furthermore, microorganisms can also af-
fect plant nutrient acquisition processes by influencing nutrient 
availability in the rhizosphere and/or functionality of the bio-
chemical mechanisms underlying the nutritional process. 

Soil bacteria are very important in biogeochemical cycles 
and have been used for crop production for decades. “Plant 
bacterial interactions” in the rhizosphere are the determinants 
of plant health and soil fertility. Interaction of with host plants 
is an intricate and interdependent relationship involving not 
only the two partners but other biotic and abiotic factors of the 
rhizosphere region (Figure 1) [2,17]. “Plant growth-promoting 
rhizobacteria” are free-living soil bacteria that can either direct-
ly or indirectly facilitate rooting [26,40] and growth of plants 
[21,32]. In the last ten years, a number of PGPR that have been 
identified has seen a great boost, mainly because the role of the 
rhizosphere as an ecological unit has gained importance in the 
functioning of the biosphere. 

Many studies have deciphered the mechanisms of action of 
PGPR using one individual strain and one host plant. But in real-
ity, as described above, PGPR strains are not acting individually 
in the rhizosphere but rather as part of bacterial communities, 
in which cell communication signals may coordinate the activi-
ties of all individual strains [1,33]. Indeed, a vast array of PGPR 
populations dis- playing co-occurring plant beneficial activities 
and that may share between each other antagonistic or syner-
gistic effects are interacting with a same host plant (Figure 2). 
When analyzing plant growth-promoting effects, it is thus im-
portant to integrate the complexity of the interactions between 
PGPR populations within the rhizomicrobiome. To do so, func-
tional ecology approaches are needed, in which the relations 
between the size, diversity and activities of PGPR assemblages 
in the rhizosphere are taken into account. This is of particular 
importance when assessing the effect of various environmental 
factors, including that of plant genotype [2,61].

Plant growth-promoting mechanisms differ between bac-
terial strains and to a great extent depend on the type of or-
ganic compounds released by these strains. For example, plant 
growth-promoting hormones and other secondary metabolites 
released by the bacteria can alter plant growth and develop-
ment. Recently, it has been reported that associations between 
plant and associated bacteria have reached such levels that the 
host plant cannot develop properly without their associated 

bacteria [13,62]. In addition to sustainable growth of food and 
feed crops, bacteria may enhance plant growth and the reme-
diation of organic and inorganic pollutants from the soil and 
water. The enhanced microbial population in the rhizosphere 
can mineralize organic contaminants in the soil. In this regard, 
interactions among plant, soil, and bacteria have received great 
attention because of the biotechnological potential of microor-
ganisms for improving growth of food and feed crops [30,33].

Besides these PGP activities, PGPR also enhances resis-
tance to drought, salinity, waterlogging and oxidative stress 
[15,57] and production of water-soluble B group vitamins such 
as niacin, pantothenic acid, thiamine, riboflavine and biotin 
[30,39,55]. PGPRs are well known for their role in enhancing 
the soil fertility and promoting crop productivity by providing 
essential nutrients [32,64] and growth regulators [56,63]. They 
also promote the growth of plants by alleviating the stress in-
duced by ethylene- mediated impact of plant by synthesizing 
ACC deamiase [1,6].

The application of PGPR has also been extended to remedi-
ate contaminated soils in association with plants [29,32]. The 
major applications of PGPR include agriculture, horticulture, 
forestry and environmental restoration. Thus, it is an impor-
tant need to enhance the efficiency of insufficient amounts of 
external inputs by employing the best combinations of benefi-
cial bacteria in sustainable agriculture production systems [15]. 
PGPR may use one or more of above-mentioned traits in the 
rhizosphere. Biochemical and molecular approaches are provid-
ing new insight into the genetic basis of these traits, the bio-
synthetic pathway involved, their regulation and importance for 
biological control in laboratory and field studies [2,33,45].

Conclusion

Microbial interactions allow microorganisms to establish in a 
community, which depending on the multi-trophic interaction 
could result in high diversity. Suggesting that microbial interac-
tions are inherent to the establishment of populations in the 
environment, which includes soil, sediment, animal, and plants, 
including also fungi and protozoa cells. A fundamental knowl-
edge on plants’ physiological properties and their associated mi-
croorganisms in the undisturbed natural environments is neces-
sary to understand the impact of microorganisms on the plant 
development in general. Furthermore, microorganisms can also 
affect plant nutrient acquisition processes by influencing nutri-
ent availability in the rhizosphere and/or functionality of the 
biochemical mechanisms underlying the nutritional process. 

Figure 2: Implementation of plant growth promoting traits in PGPR 
functional groups. Different colored circles represent selected 
PGPR functional groups. The gray circle symbolizes the resulting ef-
fect of all PGPR functional groups on the plant. Abiotic and biotic 
factors may influence the activity of each functional group. Solid 
arrows represent potential interactions (inhibition, signaling, etc.) 
between members of the functional groups, which may impact on 
the size, diversity and activity of these groups. [32,33,61].

Figure 3: Functions of plant growth-promoting rhizobacteria.
 (Sources: http://www.envitop.co.kr/ 10chumdan/07/sp1.htm, 
[30,31,33].
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Generally, existence of positive plant-microbial interactions also 
in disturbed soils is unquestionable, but the mechanisms are 
often scarcely known. Microorganisms contribute essentially to 
the protection of plants against unfavorable soil conditions.
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