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Introduction
A food crisis is a stumbling block for human 

society. Every year, crops suffer due to interactions 
with pathogens, herbivores, and some environmen-
tal disasters like floods, droughts, etc. (Iriti and 
Faoro, 2009; Gust et al., 2010; Thakur and Sohal, 
2013). The rise in the global population and reduced 

food resources create a challenge in the manage-
ment of a sustainable agriculture system with a high 
yield of crops. Plants associated with microbes can 
give a preferable crop yield. Many investigations 
are going on to clarify the mechanisms by which 
these microbiomes interact and colonize plants and 
what kinds of responses are elicited during their in-
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Abstract
From the beginning of evolution, plants and microbes have developed and coevolved together. This 

microbial interaction plays a very important role in all life forms. Due to that interaction, plants evolved 
their own immune response system. This immune response system elicits an array of various biochemical 
molecules that can mediate an enormous signalling cascade. On the other hand, microbes mediate positive 
correlation via symbiotic association and negative correlation through parasitism and damage of the inter-
nal tissue of plants for their own benefits. A variety of microbes are found in our surroundings, which are 
beneficial and provide new ways to develop sustainable crop improvement for high yields of grains. We will 
illustrate the various tools that can enhance positive microbial interaction and develop new possibilities for 
agriculture and crop improvement.
Keywords: rhizosphere; PGPR microbes; symbiotic; Next-generation sequencing
Резюме

От зората на еволюцията, растенията и микроорганизмите са се развивали и еволюирали па-
ралелно. Тези микробни взаимодействия играят изключително важна роля при всички живи орга-
низми. Благодарение на това взаимодействие, растенията са развили собствена „имунна система“. 
Имунната защита активира различни биохимични молекули, които направляват огромна сигнална 
каскада. От друга страна, микроорганизмите медиират положителна корелация чрез симбиотична 
асоциация и отрицателна корелация чрез паразитизъм и увреждане на вътрешните тъкани на рас-
тенията за своя собствена полза. Заобикалящата ни среда се населява от разнообразни микроорга-
низми, които са полезни за нас и предоставят нови начини за устойчиво развитие и високи добиви 
на зърнените култури. Тази статия представя различните инструменти, които могат да подобрят 
положителното микробно взаимодействие и да дадат нови възможности за земеделие и подобряване 
на реколтата.
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teraction (Cheng et al., 2013; Agrahari et al., 2020). 
Plants have their own specific immune mechanisms 
for defending themselves. Plants generate an innate 
immune response after infection with a pathogen, 
but it depends upon how fast and simultaneously it 
deploys after herbivore feeding or pathogen attack 
(Mhlongo et al., 2018).

For a futuristic sustainable agricultural sys-
tem, synthetic bio-input seems to be an eco-friend-
ly option because, to reduce the pathogen attack, 
enormous use of chemical fertilizers and genetic 
modifications could be a matter of debate for con-
sumer concern (Aktar et al., 2009; Bhandari, 2014; 
Ferreira et al., 2012).

The rhizosphere is considered to be a relative-
ly complex ecosystem in which various microbes 
such as bacteria, fungi, nematodes, herbivores, 
etc. can co-operatively exist (Venturi and Keel, 
2016). In the plant growth promoting rhizobacteria 
(PGPR) region, the most commonly found genera 
are Paenibacillus, Arthrobacter, Bacillus, Pseu-
domonas, Enterobacter, Acinetobacter and Bur-
kholderia (Finkel et al., 2017; Sasse et al., 2017; 
Zhang et al., 2017).

Plant roots are colonized by PGPR microbes 
that co-operate with quorum sensing. Quorum sens-
ing is a mechanism through which cell-to-cell com-
munication occurs and indicates the increased gene 
expression in a bacterial population to sense the 
population density (Gonzalez and Marketon, 2003; 
Hong et al., 2012; Helman and Chernin, 2015). Sig-
naling molecules involved in quorum sensing are 
referred to as auto inducers because they facilitate 
communication between diverse microbial species, 
both inter- and intra-specific (Gonzalez and Marke-
ton, 2003; Hassan et al., 2016).

It is observed that microbes have diversity in 
their nature (functional and biological activities) 
in distinct plant communities, as in some plants, 
they act only as growth regulators, but on the other 
hand, they act in stress tolerance and defense too. 
So, in this review, we discussed plant-microbe in-
teractions and how these interactions benefit the 
environment and other life forms. The diversity of 
the microbial community can bring forth significant 
responses for the betterment of a sustainable envi-
ronment and agricultural development.
Plant-microbe interaction (PMI): symbiosis 
deriving factors of the PMI

Over several decades, microbial interactions 
have been found in our surroundings that are some-
times pathogenic in nature (Andreote et al., 2014) 
or could improve plant health, and sometimes these 

interactions are neutral (Mendis et al., 2013; Philip-
pot et al., 2013). There are thousands of microbial 
interactions in a single plant type, which are classi-
fied as epiphytes (the microbial community resides 
in the rhizosphere and phyllosphere) or endophytes 
(the microbial community resides in internal plant 
tissue such as leaves, stems, and roots) (Oldroyed 
et al., 2011; Turner et al., 2013; Andreote et al., 
2014).

In the series of symbiotic plant-microbe in-
teractions, nitrogen fixation by endophytes is the 
best example that can be found in the rhizosphere. 
Nitrogen fixation, natural and synthetic, is essential 
for all forms of life because nitrogen is required for 
biosynthesis of basic building blocks of plants, ani-
mals, and other life forms, e.g., nucleotides for DNA 
and RNA, and amino acids for proteins. Therefore, 
nitrogen fixation is essential for agriculture and the 
manufacture of fertilizers. Several bacterial species 
can fix atmospheric N2 into NH3 (ammonia) via the 
process of nitrogen fixation. These bacterial species 
may be free-living or be symbiotically associated 
with plants. Some microbial species are Clostridi-
um pasteurianum, Klebsiella, Rhodobacter, Azoto-
bacter, etc.
Nitrogen fixation by aerobic microbes and 
anaerobic microbes

The nitrogenase enzyme plays a crucial role 
in the process of nitrogen fixation. Nitrogenase can 
be biologically active in the absence of oxygen. 
Aerobic microbes have a specialized compartment 
called a heterocyst in which anaerobic conditions 
are created locally. These cells use partial uncou-
pling to decrease the oxygen content of the cell. 
Partial uncoupling occurs in a highly active respira-
tory chain. These heterocyst cells may not be a part 
of photosynthesis but are devoted solely to fixing 
N2.

Anaerobic microbes such as Rhizobium, Azo-
tobacter, and Bradyrhizobium are found in the root 
nodules of leguminous plants. Leguminous plants 
have specialized structures and regulate the oxygen 
concentration via a special hemoglobin known as 
leghemoglobin. The globin protein is transcribed 
by plant genes and the heme iron cofactor is syn-
thesized by bacteria.
Examples of symbiotic plant-microbe 
interaction

Generally, plants establish three ways of in-
teraction via microbial attraction, i.e., commensal-
ism, parasitism, and mutualism (Hirsch, 2004). The 
present world belongs to the symbiosis of each and 
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every aspect, from the simplest to the most com-
plex life forms. Microbial interaction via symbiosis 
is reported as a key factor in the origin and evolu-
tion of life. It is assumed that in a plant-microbe 
interaction, symbiotic microbes play a secondary 
role, while the lead role is always played by the 
host (Carrapico, 2021). The Rhizobiaceae fami-
ly and most members of the family Fabaceae are 
known for their nitrogen fixation in the root nod-
ules of leguminous plants. Symbiotic association 
in rice (Oryza sativa) is also reported. Some endo-
phytic bacteria inhabiting this plant are Pantoea (in 
seeds), Methylobacterium (in shoots), Azospiril-
lium, Herbaspirillum, etc. (Mano and Morisaki, 
2008). Frankia, a member of the Actinomycetales, 
is another example of symbiosis, an inhabitant of 
the root of Casuarina trees.

Basically, in plant-microbe interactions, the 
Phyllosphere is an example of a consortia type of 
interaction, while Rhizobium and legume plants 
show monospecific interactions (Bonfante, 2003). 
They have the capacity to transfer from one host 
to another via horizontal or vertical gene transfer 
(McFall-Ngai, 2002).
Biodiversity of plant species

Plant species richness has a significant im-
pact on the production of volatile organic com-
pounds (VOCs). They not only increase interspe-
cific competition but also include various param-
eters that change the interaction of soil microbes 
(above and below the ground level) with plants and 
their acquisition of nutrients that are changed due 
to changes in environmental cycles like N, P, and 
carbon cycle (Weisser et al., 2017). In one study, it 
was revealed that the biodiversity of plant species 
changes the emission of VOCs by plant communi-
ties with or without the participation of pests and 
herbivores (Kigathi et al., 2019). Plant biodiversity 
enhancement ultimately increases pollinator visits, 
pest attacks, and herbivore attacks (Ebeling et al., 
2008; Loranger et al., 2014).

Plant communities that are diverse in nature 
emit some specific odors. These odors are a mix-
ture of VOCs released by individual plants or plant 
communities. In search of the host, different types 
of pests, grazing animals and predators face the di-
verse mixture of VOCs and, as a result, obtain a 
scant quantity of VOCs emitted by plant communi-
ties. On the other hand, these VOC-emitting plants 
are affected positively or negatively by the foraging 
behaviour of insects, grazing animals and predators 
(Claviojo et al., 2014). When a plant faces the at-
tack of a grazing animal or predator, it quickly emits 

VOCs, instantly signaling the neighboring plant to 
stop the release of VOCs, which works as a mask 
for the plant and protects it from the attack of pred-
ators, insects, and herbivores (Kigathi et al., 2019).
The role of microbiota in sustainable 
agriculture

Several microbes, such as bacteria, fungus, 
viruses, protozoa, and archaea, have emerged in 
the microbiota, which is generally found with their 
hosts in the biosphere or surrounding environment. 
All living organisms (microbes), such as viruses, 
archaea, bacteria, and eukaryotes (lower and high-
er) in the microbiome and their genomic sequences 
and surroundings vary according to the entire hab-
itat (Gibbons et al., 2014; Marchesi et al., 2015).

The diversity of microbes and their abun-
dance in the surrounding environment and their 
capacity to tolerate extreme conditions make them 
more suitable to live in any kind of environment 
(Pedrόs-Alio et al., 2016). Any changes in the en-
vironmental conditions can affect the associated 
microbes (Forchetti et al., 2007; Orozco-Mosquida 
et al., 2018). Therefore, by adapting to these con-
ditions, plant species can facilitate those microbes 
that can live according to rhizosphere, phyllo-
sphere, and endospheric conditions (Zgadzaj et al., 
2016; Fitzpatrick et al., 2018). Tons of crops are 
harvested for consumption by humans, for cattle 
feed, and also provide raw material for industrial 
products which are often considered agronomic 
crops (Fageria, 2016; Byrt et al., 2018).

The advancement of new technologies rep-
resents and supports novel methods to under-
stand plant-microbe interactions and elicit infor-
mation about the communities associated with 
plant microbes (Schlaeppi et al., 2014; Tian et al., 
2020). Several studies have been conducted using 
Next-generation Sequencing (NGS) techniques to 
investigate plant-microbe interactions. A scientist, 
Perez-Jaramilla, suggested the connection between 
rhizospheric microbes of domesticated and wild 
beans (Phasealus vulgaris) via their genotypic and 
phenotypic root patterns (Perez-Jaramilo et al., 
2017). Another scientist, Shenton, suggested anoth-
er experimental approach to determine the compo-
sition of the rhizospheric bacterial community re-
lated to wild rice (O. rufipagon) and cultivated rice 
(O. sativa) (Shenton et al., 2016).
PGPR related bacteria

Plant growth promoting rhizospheric bacte-
ria emit many beneficial compounds that facilitate 
the growth of plants in any environmental condi-
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tions in distinct manner (Tian et al., 2020). Sym-
biotically associated plant bacteria, for example, 
Rhizobia and Frankia, are beneficial microbes for 
leguminous and non-leguminous plants, such as 
actinorhizal plants (Cissoko et al., 2010). Some 
bacterial species belonging to the genera of Pseu-
domonas, Bacillus, and Azotobacter were reported 
to increase the alkaloid amount of the plant Witha-
nia somnifera (a medicinal plant) in lab experiment 
(Rajasekar et al., 2011).
PGPR related fungi

Fungal microbes are used as biofertiliz-
ers to promote plant health and their eco-friend-
ly plant-microbe interactions (Zhou et al., 2018). 
Advanced development has been achieved in the 
cases of Salvia miltiorrhiza, grapevine (Vitis vinif-
era) and lettuce (Lactus sativa) for crop harvesting 
(EI-Sharkawy et al., 2018).

An in vitro experiment performed by Jaro-
szuk-Scisel has revealed that Trichoderma rhizos-
pheric, a fungal strain (extracted from rye, Secale 
cereale) emits 1-aminocyclopropane-1-carboxylic 
acid (ACC) deaminase, gibberellins and auxins, but 
has the ability to suppress the growth of Fusarium 
spp. Tricoderma could inhabit the roots of wheat 
(Triticum austivum) and accelerate the growth of 
plants (Jaroszuk-Scisel et al., 2019). Another case 
of R. intraradices was reported for its resistance to 
the blast disease against the spores of Mognaporth 
oryzae. After the study of its transcriptome data 
analysis, it has been found that inoculation of R. 
intraradices into rice plants shows a higher level of 
expression of the gene responsible for the expres-
sion of auxin and salicylic acid signaling pathways 
(Tian et al., 2019).
Positive plant-microbe interactions

Plant microbial habitats may be harmful or 
beneficial to the decomposer of plant body resi-
dues. The microbiota (which are supportive to plant 
growth) of the vegetative and flowering stages can 
influence the yield of a crop directly or indirectly 
(Philippot et al., 2013; Busby et al., 2017; Basu et 
al., 2018; Berg et al., 2018; Jansson et al., 2018). 
The symbiotic association of N-fixing bacteria and 
arbuscular mycorrhizal (AM) with legumes aids the 
host plant in acquiring N and P ratios under nutri-
ent-limited conditions (Udvardi et al., 2013; Cao et 
al., 2017).
Hazardous plant-microbe interactions

Plant immune response are triggered by 
various microbes due to pathogenicity, e.g., Pseu-
domonas syringae, Ralstonia salanacearum, and 

Xanthomas sp. etc. These microbes attack plants 
either via natural openings (stomatal openings) or 
via wounds for nutrient uptake (Zaledowska et al., 
2019).

Several factors, including climatic factors, 
population size, and host vulnerability, may influ-
ence pathogen interactions with host plants (Brad-
er et al., 2017). Plant microbes that increase the 
plant’s resistance against several pathogenic strains 
are called biocontrol agents. Sometimes, however, 
some non-infectious microbes act like phytopatho-
gens in certain conditions, such as replacement of 
the host or disruption in the population size of mi-
crobes (Hardoim et al., 2015).
Tools for exploring plant-microbe (PM) 
interactions

The fundamental mechanism behind PM in-
teraction makes it an appropriate approach for the 
agriculture system because plant symbiotic micro-
biota induces the host phenotype. Understanding 
the interaction between plants and microbes at a 
genetic level is a futuristic positive hope for the im-
plementation of a microbiome into plants.

In this area, molecular biology tools such 
as genomics, transcriptomics, proteomics, me-
tabolomics, and NGS technologies are perform-
ing progressively and significantly improving the 
perception of the plant microbiota in which plant 
growth-promoting (PGP) microbes and phytopath-
ogens are included (Berg et al., 2013; Vorhalt et al., 
2017).

Implementation of plant microbial interac-
tion is used to improve agricultural crops in which a 
group of consortia (microbes) are used. Another re-
search method deals with the genetic modification 
of plants and microbes. A few years ago, studies 
revealed that gene silencing or genetic modifica-
tion techniques were used worldwide for the study 
of gene functions or trait changes (Shalake et al., 
2019). In this research field, transgenic technolo-
gy is a better option for crop improvement, but the 
limitation occurs in the regulation of this gene. The 
insertion of a foreign gene into its destination and 
its proper expression depends upon the regulatory 
region. (Munoz et al., 2019).

According to this scenario, scientists use ge-
netic engineering tools to make a gene in a more 
precise manner, i.e., to insert a foreign gene into 
its destination (Knott et al., 2018). Genome editing 
techniques use specialized tools such as engineered 
endonucleases that cut the DNA at a specific site to 
form a double-stranded break (DSB). These dou-
ble-stranded breaks are repaired by a DNA repair 
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mechanism present in the cell that generates mu-
tations at particular sites (Gaj et al., 2013). The re-
pairing mechanism of these double-stranded breaks 
occurs via two methods, i.e., HDR (Homology 
Direct Repair) and NHEJ (Non-homologous End 
Joining). Genome editing is based on the binding 
domain of DNA that is specifically designed for the 
recognition of target DNA sequences. This type of 
editing is done by two mega nucleases - ZNFs (zing 
finger nucleases) and TALEN (Transcription acti-
vator-like effector nucleases). 

A newly developed technique Clustered 
Regularly Interspaced Short Palindromic Repeats/
CRISPR associated nucleases (CRISPR/Cas), is 
getting more attraction in this field. Genome edit-
ing through the CRISPR/Cas system is very much 
cost-effective having high specificity, versatility 
and a simple structure, which makes it more suit-
able for agriculture (Jinek et al., 2012; Mali et al., 
2013). The CRISPR/Cas tool has emerged as the 
most famous genome editing tool (Wright et al., 
2016; Sakuma et al., 2017).

Nanotechnology is also a new and rising 
field in this area, as it includes the Ribonucleopro-
tein Complex (RNPS) and some nanoparticle ap-
proaches. Because of their ease of use, efficacy, and 
tunability, they are ideal for direct DNA transport, 
which no other delivery system can achieve (Eoh et 
al., 2019). The plant system has been used to test 
genome editing via multiple gRNAs, as well as its 
processing and manufacturing of gRNAs by the 
T-RNA (endogenous) processing system. It elicits 
a broad area for genome editing (Xie et al., 2015; 
Wang et al., 2018).
Conclusion and future prospects

Microbiome associations with plants could be 
beneficial, hazardous, or neutral. The mechanism 
behind the interaction of a plant and its microbiome 
is under consideration. Much research has been 
done on their association, describing a new way 
to exploit the benefits of their interactions. In the 
field, these interactions would not be able to work 
under different environmental conditions, but with 
the help of different scientific approaches, these in-
teractions are being made more suitable for sustain-
able agriculture. In the near future, it will be mile-
stone for the production of different crops at higher 
levels without the need for pesticides, biofertilizers, 
and chemical fertilizers. With the help of different 
high-end genetic modification tools, researchers 
can achieve their desired symbiotic plant interac-
tions, while pathogens that are hazardous to plants 
could also be modified through different OMICS 

technologies, which are, henceforth, believed to be 
safer and useful for different plant-microbe interac-
tions for agricultural prospects.
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