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Abstract: Recent crop production studies have aimed at an increase in the biotic and abiotic tolerance
of plant communities, along with increased nutrient availability and crop yields. This can be achieved
in various ways, but one of the emerging approaches is to understand the phytomicrobiome structure
and associated chemical communications. The phytomicrobiome was characterized with the advent
of high-throughput techniques. Its composition and chemical signaling phenomena have been
revealed, leading the way for “rhizosphere engineering”. In addition to the above, phytomicrobiome
studies have paved the way to best tackling soil contamination with various anthropogenic activities.
Agricultural lands have been found to be unbalanced for crop production. Due to the intense
application of agricultural chemicals such as herbicides, fungicides, insecticides, fertilizers, etc.,
which can only be rejuvenated efficiently through detailed studies on the phytomicrobiome component,
the phytomicrobiome has recently emerged as a primary plant trait that affects crop production.
The phytomicrobiome also acts as an essential modifying factor in plant root exudation and vice
versa, resulting in better plant health and crop yield both in terms of quantity and quality. Not only
supporting better plant growth, phytomicrobiome members are involved in the degradation of toxic
materials, alleviating the stress conditions that adversely affect plant development. Thus, the present
review compiles the progress in understanding phytomicrobiome relationships and their application
in achieving the goal of sustainable agriculture.

Keywords: phytomicrobiome; rhizosphere engineering; organic contamination; microorganisms

1. Introduction

The phytomicrobiome (PM) can be described as the microbial community associated with a plant
that constitutes the whole root as well as the shoot parts. We know that the advent of photosynthesis
changed the overall evolutionary fate on earth [1]. On the earth, at present, plants are one of the main
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entry sources of energy [2]. Therefore, non-photosynthetic organisms including humans remain reliant
on plants for their energy needs. Similarly, microorganisms form a complex association with plant
parts, so this photo community system, which includes plants and microbes, is comprised of regulated
molecular signals that modulate the activity of each other and satisfy mutual benefits [3]. The awareness
of plant-associated microbial communities started with research on legume-microbial associations,
where an intricate signaling system between the plant and microorganisms in the rhizosphere was
found [4]. The rhizospheric region of the plant contains the pool of microbial strains acting as plant
growth-promoting rhizobacteria (PGPR). Further research related to deciphering molecular signals
and biochemical compounds, which take place in the rhizosphere, has revealed a sophisticated and
complex signaling mechanism that helps plants to thrive in their surrounding environment (Table 1).

Table 1. Signaling and chemical interactions of the rhizosphere.

Plant System Microorganism Interaction Signals Techniques Used References
Tomato Pseudomonas syringae pv. Benzothiadiazole RT-PCR [5]
tomato
Mung bean . . N-Acyl-homoserine-lactones RT-PCR
. . Agrobacterium Tumefaciens Fluorescence [6]
(Vigna radiata) (AHLs) R
Microscopy
. Pyochelin, its precursor Thin Layer
Tomato Pseudomonas aeruginosa salicylic acid & pyocyanin  Chromatography (TLC) 71
1-Hydroxy-phenazine,
. . . . Mass
Rice Pseudomonas aeruginosa pyocyanin, lahorenoic acid, . . [8]
. . spectrometric analysis
pyochellin, rhamnolipids
. Pyoverdin, pyochelin, TLC "
Bean Pseudomonas aeruginosa and salicylic acid and colorimetry ]
. . TLC and
Tomato Pseudomonas aeruginosa Phenazine HPLC analysis [10]
Orfamides and sessilins
Rice Pseudomonas sp. CMR12 (cyclic lipopeptides); UPLC-MS [11]
phenazine
Orfamides and sessilins
Bean Pseudomonas sp. CMR12 (cyclic lipopeptides); UPLC-MS [11]
phenazine
. qPCR and
Potato Pseudomonas sp. LBUM223 Phenazine RT-qPCR analysis [12]
. . . Polyketide antibiotic .
Arabidopsis thaliana Pseudomonas fluorescens 2 4-diacetylphloroglucinol Different assays [13]
Sunflower Glomus sp. Benzothiadiazole - [14]
Arabidopsis sp. Laccaria bicolor Benzothiadiazole Different assays [15]
Sorghu‘m sp- and Glomus intraradices Phenazine RT-PCR [16]
Lolium sp.
. . . . . Spectroscopic
Lotus japonicus Gigaspora margarita Strigolactone analysis [17]
Orobanche weed AM fungi sesquiterpene lactones Spectroscopy [17]

The microbial community interacts with the plant not only in the rhizospheric region but also
in the phyllosphere, which contains a wide array of living organisms such as bacteria, fungi, yeasts,
algae, nematodes, etc. It influences the phytophysiology and overall development [18]. The biotic and
abiotic conditions regulate the microbiome composition of the phyllosphere [19]. This PM also varies
with biotic factors, such as a pathogenic organism causing disease, where the host plant microbiome
varies with disease progression [20]. Thus, understanding the phyllosphere microbial community
gives an informative overview of plant health. PM analysis requires a holistic study involving the
different techniques of genomics, transcriptomics, proteomics, and metabolomics to determine the
relationship between the plant and its associated microbial community. An amplified rDNA restriction
analysis (ARDRA) is usually utilized for characterizing the bacterial community present in any given
sample, which in short involves enzymatic amplification followed by the restriction digestion of 165
rRNA amplified fragments [21]. Advanced techniques like Illumina-based microbiome analysis further
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helps to analyze the microbial community and their dynamic relationships in much less time [20,22].
Thus, recently, much research has been carried out concerning the PM structure and composition and
their variations under different plant conditions.

2. Phytomicrobiome: Its Composition and Biomass

Plants are surrounded by various microbial communities which affect them either positively or
negatively. These communities are present around all plant parts, including the roots and shoots,
of which the most studied are the below-ground or root-associated microbial communities [23].
The rhizomicrobiome constitutes of root-associated microbes, the phyllomicrobiome constitutes of
shoot-associated microbial communities, and the endomicrobiome consists of microbial communities
present in the inner plant tissue system. Many studies have investigated the different components
of the PM, revealing the wide diversity of microbes which varies from crop to crop [24]. It varies
with the developmental stage of the same crop, as well as with the particular developmental stage
in the presence of stress conditions [25]. A study with common bean, soybean, and canola related to
the effect of biotic and abiotic stress on the phyllosphere composition at three locations in Ontario,
Canada, revealed that the phyllosphere community structure changes under seasonal variations and
that these community variations are very active [18]. Similarly, da Silva et al. (2014) carried out a study
on the endomicrobiomes of different transgenic and nontransgenic maize genotypes. They reported
about different factors which controlled the endomicrobiome microbial assemblage and identified
these factors” proteins which were expressed in the transgenic genotypes [26] (Figure 1).

. Shoof associated
microbes

§ Internal tissues
associated
microbes

Root associated
microbes

Rhizomicrobiome

Figure 1. Factors regulating the microbiome composition.

Studies related to PM compositions have revealed that plants are in dynamic relationships with
the surrounding microbial communities, which show variations as per the plant developmental stage
and their environmental conditions. Either the rhizosphere or phyllosphere or even the endophytic
microbes are seen to enable plant establishment in their surroundings. It is very interesting to note
that the same plant grown in different soils shows the recruitment of the same microbial communities
for their establishment, which strongly reflects the modifications of the soil microbiota by plants.
This underlies an intricate pathway of signaling compounds for community assembly, which opens
a new avenue of research. The root microbiome of the plant of different species shows variations
in community structure, along with the presence of Actinobacteria, Proteobacteria, and Bacteriodetes as
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conserved phyla in the rhizomicrobiome of these plant species [27]. The plants Arabidopsis thaliana,
A. lyrata, A. helleri, and Cardamine hirsute, which were grown in the same soil in the mentioned study,
reflect the requirement for the exploration of PM signaling for sustainable cultivation.

Similarly, in phyllosphere studies it has been observed by many workers that there is little
variation in the phyllomicrobiome among the similar plant species, even those planted in various
geographical areas [28,29]. Recently, these PM-associated microorganisms were found to be crucial
in imparting tolerance against biotic and abiotic stress. The role of the rhizosphere communities is
well established, but in recent years workers have reported the involvement of various phyllospheric
communities in plant stress alleviation. The phyllosphere bacteria of the Bacillus genus have been
reported to mitigate drought stress in rice by previous researchers [30]. The phyllosphere isolates were
found to be involved in the activation of the plant antioxidant system by an increase in proline-like
osmolytes; phenolic content; and the activity of antioxidative enzymes, such as superoxide dismutase,
catalase, peroxidase, etc. [31]. Such studies are now easy to conduct with the advent of what we
call “next-generation sequencing”, which includes the methods of 454 pyrosequencing, Illumina
sequencing, etc. As compared to the traditional techniques, these tools are advantageous and can be
used for multidirectional analysis. Further, these techniques are supplemented by metaproteomic
analysis, revealing the complex networks of these PM [32]. Thus, we can say that understanding
the ecology of the PM is presently an important thrust area of research to achieve sustainability in
agriculture in the coming years. Some of the recent PM studies are presented in Table 2.

Table 2. Phytomicrobiome ecology: a recent overview of the techniques involved and the
communities identified.

Phytomicrobiome Plant System Method of Study Community Structure References

Bacterial (Actinobacteria and
Alphaproteobacteria) and
fungal (Curvularia, [33]
Aspergillus,
and Thielavia) communities

[lumina sequencing and

Rhizomicrobiome Spear grass metaphylogenomicanalysis

Fungal (Glomerontycota,
Mucoromycotina,
and Chytridiomycota) and
Root and . . . rotist communities alon,
soil microbiome Wild blueberry llumina sequencing VI\:’/ith bacterial communitie(zgs
(Aprospirales, Actinomycetales,
Rhizobiales,
and Xanthomonadales)

[34]

35 bacterial and 4 fungal
taxa in the rhizosphere and 1
bacterial and 1 fungal in the

endosphere

Root microbiome Populus deltoides 454 pyrosequencing [35]

Bacterial communities
Pyrosequencing (Sphingomonas, Rhizobium, [36]
Pseudomonas, and Variovorax)

Lettuce

Rhizosphere (Lactuca sativa)

Bacterial diversity
Rhizosphere Maize Pyrosequencing (Proteobacteria [37]
and Actinobacteria)

Lettuce plants Bacterial communities

Phyllosphere . Pyrosequencing (Enterobacteriaceae and [38]
(Lactuca sativa) Moraxellaceae families)
R(OSZI.;;; tsu axl;;d Bacterial colonization of
Phyllosphere tenuifolia) and Illumina sequencing Ai;i‘;;z;iﬁ:gzzz;i; s [39]
lettuce ! ’

(Lactuca satioa) and Bacteroidetes)

Bacteria communities
Phyllosphere Spinach Pyrosequencing (Proteobacteria [40]
and Firmicutes)
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Table 2. Cont.

Phytomicrobiome Plant System Method of Study Community Structure References

Bacteria (Caulobacter sp.,
Flavobacterium), fungi
Phyllosphere Arabidopsis thaliana Illumina sequencing (Albugo sp., Dioszegia sp., [41]
Udeniomyces sp.) and
oomycetes symbionts

Bacterial (Nitrososphaerales,
Methanobacteriales, E2 group,
Methanosarcinales,

Willows (Salix L
. . . and Methanomicrobiales) and
Rhizosphere purpurea Ilumina sequencing p . [42]
. p ungal (Sordariomycetes,
Fish Creek”) .
Dothideomycetes,
Chytridiomycetes,
and Zygomycota) communities
Holm oak trees Fungal communities
Endosphere (Quercus ilex ITS region (Hebeloma cavipes and [43]
subsp. ballota) Thelephora terrestris)
. . . Endophytic communities "
Endosphere Transgenic maize DGGE analysis (bacteria, archaes, and fungi) [44]
Bean. sovbean Bacterial communities
Phyllosphere anci ai]l I ’ Illumina sequencing (Firmicutes, Bacteroidetes, [18]
cano Thermi, and Chloroflexi)
Bacterial communities
(Acinetobacter, Variovorax,
. . . . Pseudomonas, unidentified
Phyllosphere Arabidopsis thaliana 454 sequencing [28]

Sphingobacteriaceae,
Rhodococcus, Ochrobactrum,
and Chryseobacterium)

3. Phytomicrobiome Signaling

Signaling molecules play a crucial role in communication among plants and the microbe [45].
The legume-rhizobium system is one of the widely studied systems for plant-microbe interactions,
and many chemical signals are identified from this system [45,46]. The mycorrhizae group of fungi
also has similar interactions [47]. The plant partner releases the chemical signals (flavonoid) in
the form of root exudates, which makes a suitable condition for the synthesis of the signaling
molecules lipo-chitooligosaccharides (LCOs) in microbial strains [48]. The LCOs consist of receptors
that have kinase activity and are involved in root hormone profile variations and root nodule
development [49,50]. The PM community composition varies as per the signaling by plant parts
in response to the environmental conditions around plant [51-55]. The LCOs are found to be
involved in plant growth stimulation [55-57], the elaboration of the root system [58], the acceleration of
flowering and increased fruit yield [59], and stimulating early somatic embryo development [4,50,57,60].
The enhanced germination and growth of seedlings, along with the LCOs’ positive effect on mitotic cell
division, suggest an activated meristem activity. Recently, various products based on LCOs have been
applied to several million ha of cropland, mainly corn and soybean, each year during seed sowing.
The LCO effects are much higher under the presence of stress (salt, drought, cold) as compared to
optimum conditions [61] (Figure 2).

Plants mediate the immediate response using two types of receptors present on the outside and
inside of the cell, which play an essential role in the recognition of a microbial reaction [62]. The outer
receptor of the plant cell is governed by pattern recognition receptors (PRRs), a class of extracellular
surface proteins. These receptors are evolutionary conserved and play a role in the recognition of
the microbial cells. The activation of these receptors leads to intracellular signaling in plants and the
biosynthesis of the molecules for that response. This response helps in the formation of a microbial
biofilm in the rhizosphere as a result of the selective nutritional feeding of the beneficial microbial
strains [63]. The composition of the root exudates helps the plant to be protected from pathogenic
microbial strains [63,64]. The microbial colony created due to the plant PM is carefully maintained for
a long time. These types of microbial interactions are particular to the plant root and shoot. These
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interactions form the channel of communication between the plant and microbes [65]. Many microbial
species have been identified that secrete chemical compounds, extracellular enzymes, phytohormones,
organic acids, and surface proteins based on the requirement of a particular instance. Examples
of compounds recognized via the high-affinity cell surface PRRs of plants that activate an immune
response are flagellins and lipopolysaccharides in Pseudomonas [66]. These signals control aspects
of microbial as well as host plant activities and the overall community. The activation of the initial
immune response of the plants towards the harmful pathogen also occurs by allowing access to
beneficial endophytes [67].
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Figure 2. Schematic representation of phytomicrobiome on environment.

Microbe-associated molecular patterns (MAMPs) also regulate immune responses, including
antibiotic secretion. They have been shown to down-regulate during the secretion of plant root exudates
in plant-associated Bacillus strains better to smooth the progress of root infection [68]. Plant-microbe
beneficial interactions are very similar in the process as the pathogens infect the plant in different steps
involving various chemical signals [69]. Plant signaling molecules mainly include the primary and
secondary metabolites that belong to a variety of root exudates chemicals. Such signaling compounds
are elevated in response to stress compounds, such as phytohormones, N-acyl-homoserine lactones
(AHLSs), phenols, and peptides, and are involved in microbe-to-microbe signaling as well as signaling
between microbes and plants [68,69]. The Quorum sensing signaling molecules are produced by
plant-associated bacteria and are utilized as signaling molecules for communication and for the
regulation of gene expression [70]. AHLs have also been shown to affect the root development of
Arabidopsis [71] and are involved in evoking induced systemic resistance (ISR), enabling plants to face
various forms of biotic challenges which otherwise become lethal. Similarly, malic acid secretion was
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reported from Arabidopsis thaliana in response to foliage pathogenesis, which results in the promotion
of biofilm formation in the rhizosphere of beneficial microbes [72]. Plants also face signaling materials
produced by potential pathogens and responses by various chemical signals released by its activated
defence and response systems [73]. Plants also exploit this microbial communication system in the
modulation of gene expression in different microbial communities. The LuxR proteins of the bacteria
activated by the plant signaling molecules [74]. This phenomenon is similar to the quorum sensing
mechanism of the microbial strains. In the rhizospheric region, roots initiated the signaling between
plant and microbes. The root produces the ethylene which acts as a signal with dual functions,
perceiving biochemical cues and mediating the rhizospheric microbial assembly [75,76].

The root exudates of the plant are controlled by various factors such as time and space, physiology,
nutritional status, the mechanical impendence of the plant, and nearby microbial activity in the
rhizosphere [54,77,78]. The rhizosphere consists of three zones: the endorhizosphere, which includes
the root tissue of the endodermis and cortical layers; the rhizoplane, which represents the root
surface; and the ectorhizosphere, which is the soil near the root [79]. The microbial-rich nature
of the rhizosphere in comparison to other soil was first proved by Hiltner in 1904 [80]. Similarly,
the control of microbial load via root exudation was first predicted by Knudson in 1920 and Lyon
and Wilson (1921) [81,82]. Root exudation utilizes most of the photosynthetically fixed carbon,
and typically in the case of young seedlings it accounts for 30-40% of the total carbon fixation [83,84].
Root exudates contain majorly of carbon-based compounds along with ionic species, inorganic acids,
oxygen, and water [84,85]. The organic component of exudate can be classified as low molecular
weight compounds viz. amino acids, organic acids, sugars, phenolics; and an array of secondary
metabolites and high high-molecular-weight compounds which comprise different proteins and
mucilage compounds [86]. Some exudates are listed in Table 3.

Table 3. Classes of compounds released in plant root exudates [45]. Class of compounds.

Different Chemical Components of

Plant Root Exudate

Microbial Diversity

Carbohydrates

Arabinose, glucose, galactose, fructose,
sucrose, pentose, rhamnose, raffinose,
ribose, xylose and mannitol

Bacterial species like Actinobacteria,
Proteobacteria and Firmicutes; Fungal
species like Pythium

Amino acids

All 20 proteinogenic amino acids,
L-hydroxyproline, homoserine, mugineic
acid, aminobutyric acid

Bacterial species like Proteobacteria,
Acidobacteria, Actinobacteria; Fungal
families like
Gigasporaceae, Acaulosporaceae

Organic acids

Acetic acid, succinic acid, L-aspartic acid,
malic acid, L-glutamic acid, salicylic acid,
shikimic acid, isocitric acid, chorismic
acid, sinapic acid, caffeic acid,
p-hydroxybenzoic acid, gallic acid, tartaric
acid, ferulic acid, protocatacheuic acid,
p-coumaric acid, mugineic acid, oxalic
acid, citric acid, piscidic acid

Bacterial species like Actinobacteria,
Gemmatimonadetes, and Chloroflexi and
fungal species like Rhizophagus
intraradices, Funneliformis mosseae

Naringenin, kaempferol, quercitin,
myricetin, naringin, rutin, genistein,

Bacterial species like Actinobacteria,
Proteobacteria and fungal species like

Fl It . . . . .
avonaois strigolactone and their substitutes Funneliformis mosseae,
with sugars and Rhizophagus irregularis
Catechol, benzoic acid, nicotinic acid,
phloroglucinol, cinnamic acid, gallic acid, Bacterial species like Bacillus,
- ferulic acid, syringic acid, sinapoyl Flavisolibacter, Actinobacteria, and fungal
Lignins I . L . ) .
aldehyde, chlorogenic acid, coumaric acid, species like Rhizoctonia solani,
vanillin, sinapyl alcohol, quinic acid, and Scletorina sclerotium.
pyroglutamic acid
Bacterial species like Lysobacter,
Coumarins Umbelliferone Phormidium, Proteobacteria and fungal

families like
Ascomycetes, Scutellosporaceae
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Different Chemical Components of
Plant Root Exudate

Microbial Diversity

Benzyl aurones synapates,

Bacterial species like Acidobacteria,

Aurones . . Actinobacteria and fungal families like
sinapoyl choline L
Basidiomycetes, Acaulosporaceae
Cyclobrassinone, desuphoguconapin, Bacterial species like Actinobacteria,
Glucosinolates desulphoprogoitrin, Proteobacteria and fungal species like
desulphonapoleiferin, Alternaria solani, Rhizophagus intraradices,
desulphoglucoalyssin Funneliformis mosseae.
Bacterial species like Acidobacteria,
Anthocyanins Cyanidin, delphinidin, pelargonidin and Actinobacteria and fungal species like

their substitutes with sugar molecules

Fusarium equiseti, Rhizophagus intraradices,
Rhizophagus irregularis

Indole compounds

Indole-3-acetic acid, brassitin, sinalexin,
brassilexin, methyl indole carboxylate,

Bacterial species like Kaistobacter,
Flavisolibacter, Actinobacteria and fungal

camalexin glucoside species like Rhizoctonia solani

Bacterial species like Actinobacteria,
Lysobacter, Balneimonas and fungal species
like Funneliformis mosseae, Fusarium
equiseti, Alternaria solani.

Linoleic acid, oleic acid, palmitic acid,

Fatty acids . .
Y stearic acid

Bacterial species like Flavisolibacter,
Balneimonas and fungal species like
Rhizoctonia solani, Rhizophagus irregularis

Sterols Campestrol, sitosterol, stigmasterol

Bacterial species like Gemmatimonadetes,
Chloroflexi and fungal species like
Alternaria solani, Verticillium sp.

Jugulone, sorgoleone, 5,7 4’-trihydroxy-3’,

Allomones 5'-dimethoxyflavone, DIMBOA, DIBOA

PR proteins, lectins, proteases, acid
phosphatases, peroxidases,
hydrolases, lipase

Bacterial species like Balneimonas,
Lysobacter, Actinobacteria and fungal
families like Zygomycetes, Gigasporaceae

Proteins and enzymes

Plant root exudates are involved in interactions of the microbes with the rhizospheric region.
The beneficial interactions of the plant root exudates are associated with the mycorrhizae, rhizobia,
and soil bacteria involved in positive activities [86-88]. There are several reports available on the root
exudates and their effect on the phytomicrobiome [89,90]. Rhizospheric PM inter communications
represent the above-ground plant structure and microbial associations [73,90]; similarly, pathogen or
herbivore attacks above ground can affect rhizospheric microbes. Injuries to the upper parts of plants
have been shown to cause the stimulation of signaling compound production in plant roots [69,91].
The microbial community composition of the rhizosphere was observed to be altered in response
to the increased photosynthetic rates under elevated CO, conditions [92,93]. The involvement of
high-throughput proteomics and metabolomics in understanding plant-microbe interactions and the
signaling thereof can help in the development of effective, economic agricultural practices alleviating
the fossil fuel-based crop inputs [94-96]. These studies also enable PM engineering for sustainable
crop cultivation under presently variable climatic conditions [97,98].

4. Rhizosphere Engineering

Rhizosphere engineering can boost plant health and alter the activity of root-associated
microorganisms for the development of sustainable agriculture. The phytomicrobiome belongs to
the genus Rhizobia, Pseudomonas, Bacillus, Burkholderia, Azospirillum, Klebsiella, and Gluconacetobacter
applied in agricultural purposes [99]. To utilize the potential of the rhizosphere for the development
of plants and the associated environment, it is essential to acknowledge the different root exudate
molecules and their interactions with the rhizosphere microflora. The understanding of rhizosphere
interactions is essential for the creation of sustainable agroecosystems [100]. The manipulation of the
plant and its associated microorganisms changes the rhizosphere through the release of root exudation
compounds, which positively influence microbial signaling compounds. Root exudates vary with the plant
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genotype and species. On the other side, microorganisms secrete signaling compounds categorized into
phytohormones, extracellular enzymes, organic acids, antibiotics, volatile signals, and quorum-sensing
molecules [101]. Several studies have investigated the modification of plant and rhizosphere microflora
for the enrichment of the rhizospheric zone for sustainable agriculture (Figure 3).

Rhizosphere engineering

Smsmn& ‘ * Genotype selection

+ PGPR inoculation
+ Application of oot exudate from
transgenic/wildtype plant
*  Genetically modified
microorganisms

— @ . -
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oo <
oo
Unfavourable rhizosphere Favourable rhizosphere
Figure 3. Rhizosphere engineering for improving plant growth promoting activities and balancing

soil environment.

Plant engineers have developed genetically modified plants to cope with several problems related
to soil biotic and abiotic stress. Engineered plants change their root exudation secretion and the pH of
the rhizosphere. This change stimulates a beneficial shift in microorganism activity. This change in
the rhizosphere stimulates a beneficial shift in microorganism activity. Apart from plant engineering,
microbial engineering plays an essential role in agriculture research, especially with PGPR, biological
nitrogen fixation, the solubilization of phosphorous and iron, and the modulation of phytohormone
and biocontrol activity [102]. Due to the multiple interactive biomes of the rhizosphere, a change in
these interactions has the potential to alter plant productivity, health, and soil properties. Therefore,
rhizosphere engineering is promising for soil improvement, crop quality, and productivity. Several
studies have promoted rhizosphere engineering. In this series, extensive studies have been carried out
on the plant and microbe interaction. For instance, specific Pseudomonas spp. of the maize rhizosphere
influence the lateral root and root hair for plant growth [103], and Phyllobacterium brassicacearum
stimulates the ethylene pathway for the development of root hairs [104]. Classical breeding approaches
have developed resistance to significant pathogens, such as Pseudomonas syringae, and the Xanthomonas
species. The engineering of PGPR microbes involves the introgression of the chromosome from resistant
to susceptible lines, such as substituting the chromosome of the susceptible wheat line S-615 and
rescuing from the resistant wheat line Apex chromosome 5B, which results in chromosome substituent
lines SA5B that are as resistant as Apex against common rot [103-105]. It was noticed that plant density
might be playing a role in the existence of the phytomicrobiome. Traditional breeding considers the
plant densities as an essential part of crop improvement. Genetic potential for yield and other traits is
fully expressed when plants are grown at very low plant densities, and it is significantly suppressed at
high plant densities [106]. Studies on the engineering of the plant-microbe interaction for sustainable
agriculture are listed in Table 4.



Sustainability 2020, 12, 5446

Table 4. Phytomicrobiome engineering: engineered plant/microbes for rhizosphere enrichment.

Engineered
Plant/Microbes Gene Host Effect References
Tobacco roots Citrate synthase gene Pseudomoms Phosphorous acquisition, [107]
aeruginosa Al tolerance
Medicago sativa Malate dehydrogenase Medicago sativa Enhancgd the organic [108]
anion efflux
. . . L . Enhanced the tolerant
Arabidopsis thaliana Pyrophosphates gene Arabidopsis thaliana capacity of Al [109]
Nicotiana benthamiana Citrate synthase gene Yuzu tree Enhanced' the tolerant [110]
capacity of Al
Enhanced the tolerate
- Trichoderma capacity from fungal
Transgenic tobacco, potato . -, - pathogen [111]
harzianum endochitinase .
(Alternaria alternate,
Botrytis cinerea)
Enhanced the tolerate
Durum wheat Pectin methyl esterase - capacity from fungal
- . Golden kiwi tree pathogen [112]
transgenic lines inhibitor gene : .
(Fusarium graminearum,
Bipolaris sorokiniana)
Enhanced the tolerate
Arabidopsis, purple Aspergillus nidulans ) capacity from fungal [113]
false brome acetyl esterases pathogen (Botrytis cinere, -
Bipolaris sorokiniana)
Papaya ring spot coat . . )
Papaya protein gene Papaya Virus resistant plants [114]
Pseudomonas fluorescens
(CHA 0) transformed with ) Improved root architect
Cucumber, Canola ACC deaminase gene acdS and plant protection (1151
from P. putida UW4
Pseudomonas strain Chi A gene Serratia macrcescens Enhanced protection from [116]
fungal pathogen
P. fluorescens 5-2/4 DAPG biosynthesis operon Pseudomonas Protection from plant [117]
' ¥ P fluorescens Q2-87 pathogen P. ultimum
Bacterial lactonase gene . Protection from plant
Potato aii A Bacillus sp. pathogen Pectobacterium (18]
Lotus corniulatus Opines biosynthesis gene Ag robuctgrzum Phytoremediation [119]
tumefacience
Enhanced drought
Rice OsNac10 gene Rice tolerance and increased [120]
grain yield
Citrus sweet orange Pattern recognition Tobacco (Nicotiana  Increased canker resistant [121]
8 receptor FLS 2 benthamiana) and defence
Heterologous gene
Radish encoding siderophore Pseudomonas En}‘ufmced th.e . [122]
. . fluorescens competitiveness in soil
responsible for iron uptake
Improved the tolerance of
. . . Pseudomonas plant in copper
Ensifer medicae strain copAB genes fuorescens contaminated soil and [123]
enhanced nodulation
pTOM . . - .
Yellow lupin toluene-degradation Burkholderia cepacia Part1c1p§t§d mn [124]
. G4 phytoremidiation
plasmid
Arabidopsis proBA gene Bacillus subtilis Salt tolerant [125]
Rice, maize SN13, SQR9 Bgctllus . Salt tolerant [126]
amyloliquefaciens
Tobacco VOCs related gene Bacillus subtilis Enhancement of [127]
plant growth
. Resistance to the fungal
ggrl::te;r (Fun C£4 ene) Wild tomato tomato pathogen [128]
g4 8 Cladosporium fulvum
) . . . ) Increased the protein
Aspergillus niger x-Galactosidase Aspergillus niger [129]

secretion 9 times
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5. Phytomicrobiome and Rhizoremediation

Microbial strains have the potential to degrade organic pollutants from the soil and the rhizospheric
region [130-132]. These organic pollutants are mainly pesticides, antibiotics, and steroids. Through
their metabolism, they can able to degrade toxic man-made chemicals [132-135]. The rhizospheric
region in plants consists of a pool of specific strains that facilitate the ability to degrade toxic pollutants,
as well as promote plant growth [136-138]. The plant-associated mechanisms involved in the
bioremediation using plants are known as phytotransformation, phytoextraction, phytostabilization,
and phytovolatilization [139]. The technique is considered “Green Technology”, as it involves better
management of soil contaminants along with the surrounding water and air. However, the success
of this technology is limited by many constraints, especially the adaptation of the plant species
to contaminated soils. The rhizospheric microbes can use organic contaminant as the sole source
of nutrients [140]. These strains interacted with plants in a symbiotic manner and reduce a load
of pollutants [141]. Rhizoremediation (RR) is related to this and involves the degradation of soil
pollutants through the rhizospheric plant-microbe interactions. We know that plant development
and its establishment in a particular habitat depends upon a physiologically robust root system.
Recently, it had been found that plant roots not only establish the plant in the soil physically but
also modify the soil conditions through their exudation profiles, recruiting various microbial species
to help the plant accommodate to the habitat and develop better [142]. Thus, the rhizomicrobiome
characteristics and composition can be helpful in the prediction of the rhizoremediation efficiency of
plants. The rhizomicrobiome community forms a mega consortium under the guidance of the root
exudation signaling of plants for sustaining plant growth and development, apart from the modification
of physical soil conditions, as well as ecology. The plant microbiome has been shown to have a crucial
role to play in nutrient acquisition, disease resistance, and stress tolerance [143]. Contaminated soil
represents an ideal stress condition under which the plant undergoes multiple varieties of dynamic
plant-microbe signaling interactions to combat unfavorable conditions and transform the condition to
better suit the relationship between the plant metabolism and the PM (Figure 4).

Phytomicrobiome

Figure 4. Overview of the phytomicrobiome in the degradation of organic pollutants from soil.



Sustainability 2020, 12, 5446 12 of 20

Thus, potential investigations of the PM can support rhizoremediation technology for the better
management of soil contaminants and the rejuvenation of various agricultural lands which are affected
due to industrial activities. Martinez et al. [144] reported on the fungal community assembly of holm
oak trees (Quercus ilex) growing in soil contaminated with trace elements after metalliferous tailing
spills. It was concluded that the fungal community composition in ectomycorrhiza affects the plant
performance in metal-contaminated soils, thus controlling the phytoremediation efficiency [46,141].
Such studies reflect the necessity of exploration of the PM to understand the critical role of the microbial
community in managing the plant traits that can be utilized in purposes like rhizoremediation. Plants
and associated microbial communities play an essential role in a constructed wetland [145-147].
The endophytic bacterial communities of Juncus acutus are able to degrade the pollutant from the
soil of wetlands [44]. Phytoremediation capabilities can be modified by bioaugmentation methods,
enhancing the accumulation of soil contaminants in plant tissues, thus sustaining the plant growth and
development, along with the cleanup of soil pollutants [148-150]. PM engineering could improve plant
survival in contaminated soil by planting willow plants. Petroleum-contaminated soils are treated
with gamma irradiation and different inoculation strategies [42]. With a better understanding of the
synergistic relationships of PM, rhizoremediation can be developed as a promising technology to
tackle the problem of soils contaminated with a wide variety of contaminants [151-153]. It is now
a well-established fact that the rhizoremediation of contaminated soil depends on PM functioning,
and the more we understand the relationships of the PM, the better we can utilize the PM for
rhizoremediation. This not only enables land reclamation but also the better utilization of various
plant species for rhizoremediation, as well as the sustainable cultivation of multiple crops without
harming the natural conditions.

6. Conclusions

The studies performed by researchers show the synergetic relationship between the microbiomes
and environmental factors that are further associated with the developmental stages of the plant. Plants
concomitant with microbes need a low energetic cost. Similarly, due to the growth and development of
the plant, the microorganisms equally benefit, especially those associated with the roots. To enhance
this synergy between plants and microorganisms, the study of PM signals (hormones or exo-hormones)
can be beneficial. These advanced omics studies are a useful tool in the management of agro-ecosystems.
The reasonable implication of PMs can assist humans in producing sustainable and profitable food
materials to meet increasing global demands, along with nailing down the side-effects on the ecosystem
and its stakeholders.
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