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Abstract
The rhizosphere, the soil region influenced by plant roots, represents a dynamic microenvironment where intricate interac-
tions between plants and microorganisms shape soil health, nutrient cycling, and plant growth. Soil microorganisms are 
integral players in the transformation of materials, the dynamics of energy flows, and the intricate cycles of biogeochemistry. 
Considerable research has been dedicated to investigating the abundance, diversity, and intricacies of interactions among 
different microbes, as well as the relationships between plants and microbes present in the rhizosphere. Metagenomics, a 
powerful suite of techniques, has emerged as a transformative tool for dissecting the genetic repertoire of complex microbial 
communities inhabiting the rhizosphere. The review systematically navigates through various metagenomic approaches, 
ranging from shotgun metagenomics, enabling unbiased analysis of entire microbial genomes, to targeted sequencing of 
the 16S rRNA gene for taxonomic profiling. Each approach’s strengths and limitations are critically evaluated, providing 
researchers with a nuanced understanding of their applicability in different research contexts. A central focus of the review lies 
in the practical applications of rhizosphere metagenomics in various fields including agriculture. By decoding the genomic 
content of rhizospheric microbes, researchers gain insights into their functional roles in nutrient acquisition, disease sup-
pression, and overall plant health. The review also addresses the broader implications of metagenomic studies in advancing 
our understanding of microbial diversity and community dynamics in the rhizosphere. It serves as a comprehensive guide 
for researchers, agronomists, and policymakers, offering a roadmap for harnessing metagenomic approaches to unlock the 
full potential of the rhizosphere microbiome in promoting sustainable agriculture.
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Introduction

The rhizosphere, the narrow zone of soil that surrounds plant 
roots, represents a dynamic and highly intricate ecosystem 
where plants and microorganisms engage in intimate interac-
tions. This belowground realm is teeming with life, harbor-
ing a remarkable diversity of microorganisms that thrive in 
the vicinity of plant roots. There is a need for an ecologically 
compatible and environment-friendly method in the agricul-
ture system that helps to increase the quality and quantity 
of agricultural products inorder to supply enough essential 
nutrients for the increasing rate of population growth. The 

rhizosphere of plant is the most intricate microhabitat com-
prising a diverse consortium of bacteria, fungi, eukaryotes 
and archaea (Hakim et al. 2021). They possess the properties 
of plant growth promotion, disease suppression, removal of 
toxic compounds and incorporating of nutrients into plants. 
The rhizosphere is a region that is governed by essential 
interactions between host plants and microorganisms that 
are closely associated with plant roots. In addition, nutrient-
rich rhizosphere environments stimulates crop improvement. 
It is characterised by intense biological activity due to the 
release of root exudates by the host plant, which promotes 
or inhibits rhizosphere organisms (Ayangbenro et al. 2022). 
In plant–microbe interactions, microbe provide nutrients to 
plants through the acceleration of nutrient cycling. Many 
studies have reported, identification and manipulation of 
specific plant-beneficial microbes, disease antagonist agents 
and hormone producers (Binyamin et al. 2019). However, 
the importance of rhizosphere microbes and rhizosphere 
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microbial diversity remains poorly understood (Liu et al. 
2020).

Soil microorganisms play an important role in organic 
and inorganic conversion, energy flows and biogeochemi-
cal cycles. A significant amount of research has been done 
on the quanitity, diversity and complexity of the various 
microbe-microbe interactions and plant–microbe relation-
ships found in the rhizosphere (Philippot et al. 2024).To 
understand the genesis of microorganisms in the rhizos-
phere, one has to interpret their species and functional diver-
sity. Even though there has been significant progress, there 
is still much work to be done because just 1% of all soil 
microorganisms are—found to be culturable (Martiny 2019). 
Scientists now have a better understanding of the rhizos-
phere microboiota due to the advent of omics and culture-
independent approaches (Pramanik et al. 2020). Using high 
throughput techniques, estimates of up to 1011 microbial 
cells per gram of roots have been reported, including at least 
30,000 prokaryotes. It may vary according to the plant spe-
cies, genotype and age (Bandyopadhyay et al. 2017).

Microbial diversity in the rhizosphere refers to the vari-
ety and interactions of microorganisms within the soil 
ecosystem surrounding plant roots. The microorganisms, 
collectively known as the rhizospheric microbial commu-
nity, play multifaceted roles in plant–microbe interactions 
(Bhattacharyya et al. 2021). They exhibit symbiotic rela-
tionships, where microbes provide plants with essential 
nutrients or help protect them from pathogens and the plant 
provides nutritions to the microbes, while plants supply the 
microbes with necessary organic compounds and nutrients. 
For instance, nitrogen-fixing bacteria like Rhizobium spp. 
establish mutualistic associations with leguminous plants, 
providing a direct source of nitrogen (Mahmud et al. 2020). 
Additionally, mycorrhizal fungi, such as those in the genus 
Glomus, form mutualistic symbioses with the majority of 
terrestrial plants, enhancing nutrient uptake, particularly 
phosphorus (Sun and Shahrajabian 2023). Moreover, some 
rhizospheric microorganisms, known as Plant Growth-
Promoting Rhizobacteria (PGPRs), actively enhance plant 
growth and health through various mechanisms such as 
biological nitrogen fixation and phosphate solubilization, 
stress alleviation through the modulation of ACC deaminase 
expression, and production of phytohormones and sidero-
phores (Chandran et al. 2021). Previous research studies on 
potatoes, sugarcane (Javed et al. 2020) and certain plants 
like Arabidopsis (Müller et al. 2016) and barley (Walters 
et al. 2016) have shown genotype-dependent variation in 
microbes present in rhizosphere suggesting diversity in 
community (Shankar et al. 2023). Recently, studies on rice 
genotype have shown relative abundance in the rhizosphere 
compared with bulk soil (Breidenbach et al. 2016; Wu et al. 
2022; Xiong et al. 2021). Understanding the composition 
and functions of rhizospheric microbial communities has 

traditionally relied on culture-based techniques, but recent 
advancements in metagenomics have revolutionized our 
ability to explore this microbial world in depth. Metagen-
omics, a discipline that involves the direct sequencing of 
DNA from environmental samples, enables researchers to 
decipher the genetic potential and functional diversity of 
these communities. By applying omics approaches, research-
ers can gain a comprehensive understanding of microbial 
diversity, functions, and interactions within various environ-
ments, offering insights that are not possible through tradi-
tional culturing methods alone. Shotgun metagenomics is 
an advanced high-throughput sequencing technique used to 
achieve a comprehensive understanding of microbial com-
munities, such as those found in soil. This approach enables 
the study of microbial diversity, functions, and interactions 
within the soil ecosystem, offering valuable insights into its 
ecological dynamics (Fadiji and Babalola 2020).

In this review we will discuss the microbial diversity of 
the rhizosphere and will try to undercover the functionality 
of this microbial diversity. We will delve into the multifac-
eted interactions between plants and rhizospheric microor-
ganisms, emphasizing their ecological and agricultural sig-
nificance. Moreover, we will explore how metagenomics has 
transformed our ability to study these communities, offer-
ing insights into their structure and functional capabilities. 
By examining the importance of microbial diversity in the 
rhizosphere and its connection to metagenomics, we aim to 
shed light on the intricate and vital relationships shaping 
subterranean ecosystems and inform strategies for sustain-
able agriculture and ecosystem management. The rhizos-
pheric microbial community refers to the diverse population 
of microorganisms that inhabit the soil directly surrounding 
plant roots, known as the rhizosphere. These microorgan-
isms include bacteria, fungi, archaea, viruses and other 
microbes. The rhizosphere is the most active micro-domain 
for plant–microbe interactions and contains microbes that 
play important roles in plant growth and the maintenance of 
plant health. Rhizosphere microbes are of paramount impor-
tance for several reasons such as nutrient cycling, disease 
suppression, enhanced nutrient uptake, bioremediation, plant 
growth promotion, stress tolerance, soil structure and ero-
sion control. Understanding and managing the rhizopsheric 
microbial community are crucial for sustainable agriculture, 
ecosystem functioning and environmental health. In natural 
ecosystems, most nutrients such as N, P, and S are converted 
to inorganic form by soil microbes and therefore are the pre-
ferred nutrient forms for plants (Jacoby et al. 2017). Certain 
rhizospheric microbes can act as biocontrol agents, protect-
ing plants from pathogens by producing antimicrobial com-
pounds or outcompeting harmful organisms. Some microbes 
form symbiotic relationships with plants, such as mycor-
rhizal fungi, which can extend the roots reach for nutrient 
uptake, enhancing the plants ability to access nutrients. 
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Many rhizospheric microbes produce growth-promoting 
substances like phytohormones, siderophores and enzymes 
stimulating plant growth and development (Chandran et al. 
2021). Microbes in the rhizosphere can help plants cope with 
various stresses, such as drought, salinity and heavy metal 
toxicity by improving the plants stress tolerance mecha-
nisms. The rhizosphere is a hotspot for microbial genetic 
diversity. These microorganisms can have a direct or indi-
rect impact on the genetic makeup of the plants they inter-
act with, contributing to overall genetic diversity in plant 
populations. The genes nifH (nitrogenase iron protein gene), 
ACC​ Deaminase gene (acdS), mycorrhizal genes (various), 
and rhizobial nodulation genes (nod genes) are well-studied 
genes of microbes that impact the gene expression pattern 
of plants (Swarnalakshmi et al. 2020).

Plant microbe interaction in rhizosphere

The relationship between plants and microbes in the rhizo-
sphere can be classified as associative, symbiotic, neutral-
istic, or parasitic. Symbiotic and associative interactions 
with beneficial microbes like endo- and ecto-mycorrhizal 
fungi, nitrogen-fixing bacteria, and plant growth-promoting 
rhizobacteria (PGPR) are examples of positive interactions. 
Negative interactions include association with parasitic 
plants, pathogenic bacteria, fungi, oomycetes, nematodes, 
and invertebrate herbivores.

Agricultural research has extensively investigated the 
molecular pathways governing species-specific cooperation 
between legume plants and soil rhizobia, emphasizing the 
critical relevance of their symbiotic relationship (Shankar 
et al. 2021). Host-specific flavonoids that are secreted in 
the root exudates influence interactions between legumes 
and rhizobia. These substances belong to a large family of 
aromatic chemicals that are produced from plants secondary 
metabolism. Flavonoids trigger a series of transcriptional 
events that lead to the synthesis of the primary rhizobial 
nodulation signals known as Nod factors (NF) or lipo-
chito oligosaccharides (LCOs), depending on the host and 
the bacteria (Ghantasala and Roy Choudhury 2022). Nod 
factors cause many developmental processes in the plant 
partner that result in morphological changes in legume 
root hairs, the creation of infection threads, the growth of 
nodules, and symbiotic nitrogen fixation (Yang et al. 2022). 
More than 80% of plant species have symbiotic relation-
ships with arbuscular mycorrhiza fungus (AMF) (Khaliq 
et al. 2022). It is reported that strigolactone signals in the 
rhizosphere may be detected by AMF using the ancestral 
receptor (Wang et al. 2024). Therefore, discovering the str-
igolactone receptors in fungi could be an intriguing area of 
study in the future. Nitrogen-fixing bacteria, such as those in 
the genera Rhizobium and Frankia, establish symbiotic rela-
tionships with specific plant species (Xu and Wang 2023). 

Leguminous plants, like soybeans and clover, commonly 
engage in nitrogen-fixing symbiosis (Goyal et al. 2021). 
Methanotrophic bacteria in wetland soils and the rhizos-
phere of certain plants help mitigate methane emissions, a 
potent greenhouse gas (Li et al. 2024). Wetland plants, such 
as rice, foster methane-oxidizing bacteria in their rhizos-
phere to reduce methane fluxes (Knief 2015). Rhizosphere 
can be divided into 3 zones: ectorhizosphere, rhizoplane 
and endorhizosphere. The inner realm of the rhizosphere 
encompasses the root cortex and endodermis, along with 
the intercellular space known as the apoplast. This region 
serves as a habitat for microbes and cations. The endophyes 
are microorganisms that live in the endorhizosphere. Endo-
phytic bacteria and fungi inhabit plant tissues, often confer-
ring benefits such as enhanced nutrient uptake, stress toler-
ance, and defense against pathogens (Santoyo et al. 2016). 
For instance, endophytic Bacillus spp. can promote plant 
growth and protect against diseases (Miljaković et al. 2020). 
Various microbial genera such as Pseudomonas, Bacillus, 
Achromobacter, Burkholderia, Enterobacter, Azotobacter, 
Methylobacterium, and Trichoderma have been extensively 
investigated in the context of plant growth promotion, due 
to their ability to improve plant resistance to abiotic stress 
(Meena et al. 2017). In earlier research, it was demonstrated 
that Pseudomonas sp. improved capacity to colonize roots 
and ability to generate exopolysaccharides resulted in 
increased tolerance to salinity (Fatima and Arora 2021). A 
thermotolerant Pseudomonas putida strain, NBR10987, was 
identified by (Mishra et al. 2022) from the drought-stressed 
rhizosphere of chickpea. The strain was able to overcome 
stress by generating exopolysaccharides with distinct water-
holding properties.

Plant growth‑promoting microbes (PGPMs)

Plant Growth-Promoting Rhizobacteria (PGPR) are a group 
of soil bacteria that inhabit the rhizosphere, the region of 
soil surrounding plant roots. They have gained consider-
able attention in recent years due to their ability to enhance 
plant growth and health (de Andrade et al. 2023). Some 
PGPR, such as nitrogen-fixing bacteria like Azospirillum 
and Bradyrhizobium, convert atmospheric nitrogen into 
ammonia, which plants can readily absorb (Etesami and 
Adl 2020). PGPR can solubilize insoluble forms of phos-
phate, making this essential nutrient more available to plants 
(Pradhan et al. 2017). In addition, PGPR produce plant 
hormones like auxins, gibberellins, and cytokinins, which 
stimulate plant growth and development (Khan et al. 2020). 
PGPR encompass a wide range of bacterial species, includ-
ing Bacillus, Pseudomonas, Rhizobium and many others. 
The choice of PGPR strain often depends on the specific 
plant and environmental conditions (Khatoon et al. 2020). 
Among the diverse rhizospheric microorganisms, a subset of 
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bacteria, fungi (endo- and ectomycorrhizal), cyanobacteria 
and archaea referred to as Plant Growth-Promoting Microbes 
(PGPMs) have emerged as central players in plant–microbe 
interactions (Meena et al. 2017). PGPR are divided into two 
groups based on their relationship with the host plants: (1) 
nonsymbiotic rhizobacteria (free living) that exist outside 
plant cells are known as extracellular PGPR, and (2) sym-
biotic rhizobacteria, which live inside the cells and invade 
the interior of the cells (intracellular PGPR), such as nod-
ule bacteria Rhizobium (Reinhold-Hurek et al. 2015). A 
diverse assemblage of PGPMs encompasses rhizobacteria 
such as Pseudomonas and Bacillus, mycorrhizal fungi like 
Glomus, Actinomycetes including Streptomyces, endophytic 
bacteria and fungi such as Enterobacter and Trichoderma, 
alongside other taxa such as cyanobacteria, algae, nitrogen-
fixing bacteria like Azotobacter, phosphate-solubilizing bac-
teria such as Bacillus, methanotrophic bacteria including 
Methylococcus, and siderophore-producing bacteria such as 
Pseudomonas (Naamala and Smith 2021). Molecular mark-
ers like nosZ (Florio et al. 2019), tdfA, nirK (Pothier et al.  
2008), amoA (Hamada and Soliman 2023), and nifH (Li 
et al., 2017) are found in microbial communities associated 
with roots, soil, or rhizosphere settings (Florio et al. 2019).

Comparative assessment of rhizospheric 
and bulk soil microbial community dynamics

Soil microbiomes are dynamic and complex, contributing to 
vital ecosystem processes. Two prominent microbial habitats 
in soil are the rhizosphere (the soil surrounding plant roots) 
and the bulk soil (non-rhizospheric soil). These communities 
differ significantly in composition and function (Kumawat 
et al. 2022). The rhizosphere often harbors higher microbial 
diversity than bulk soil due to the availability of carbon-
rich substrates and plant–microbe interactions (Sharma 
et al. 2021). In addition, rhizospheric microbes engage in 
intricate interactions with plant roots, aiding in nutrient 
acquisition, disease suppression, and stress tolerance (Khan 
et al. 2021). Bulk soil microbes are key players in organic 
matter decomposition, nutrient cycling, and the minerali-
zation of organic compounds (Bhattacharyya et al. 2022). 
(Ulbrich et al. 2022). The rhizosphere communities tend to 
be more stable over time, reflecting the core microbiome 
of a given ecosystem. Amplicon and shotgun metagenomic 
sequencing have been used in a number of studies that have 
expanded our knowledge of microbial diversity in recent 
years. (Brumfield et al. 2020). For instance, Xu et al.(2018) 
conducted a comprehensive analysis delving into the struc-
tural and functional composition of the microbiome in cit-
rus bulk soil and rhizosphere. Additionally, Alzubaidy et al. 
(2016) provided valuable insights into the taxonomic and 
functional aspects of the rhizosphere microbiome of gray 

mangroves (Avicennia marina) in the Red Sea. Proteobac-
teria, Bacteroidetes, and Firmicutes were the dominant taxa, 
with substantial concentrations of methanogens and sulfate 
reducers. Functional examination of the rhizosphere micro-
biomes revealed considerable enrichment in metabolism of 
aromatic compounds, mobile genetic elements, potassium 
metabolism and pathways that utilize osmolytes. Moreover, 
(Bakker et al. 2015) demonstrated how various bacterial and 
archaeal taxa react to chemical resource amendments, lead-
ing to a reduction in microbial diversities within bulk soil. 
Consequently, the composition of the bulk soil microbial 
communities within a specific soil type could impact the 
structure of the rhizosphere microbial community in Zea 
mays. Table 1 summarizes the recent metagenomics studies 
on the rhizospheric soil and the representative microbiota 
present in that soil.

Microbial communities in plant rhizospheric 
soil: diversity and commonalities

Understanding the diversity and commonalities of micro-
bial communities inhabiting the rhizospheric soil of differ-
ent plant species is essential for elucidating plant–microbe 
interactions and their impact on ecosystem functioning. 
Metagenomic studies have provided valuable insights into 
the composition and functional potential of these micro-
bial communities across various plant species (Table 1). 
Metagenomics, a powerful molecular approach, has revo-
lutionized our ability to study microbial communities by 
allowing the comprehensive analysis of microbial diversity 
and functional potential directly from environmental sam-
ples. Various studies employing molecular approaches such 
as molecular fingerprinting, 16S rRNA gene sequencing, 
shotgun metagenomic sequencing ((Bulgarelli et al. 2015), 
and ITS rRNA (Yang et al. 2020) sequencing have shed light 
on the microbial diversity in the rhizosphere of different 
plant species. These studies have identified a wide range of 
microbial taxa, including bacteria, fungi, archaea, and other 
microorganisms, and have highlighted the influence of plant 
species on shaping the rhizosphere microbiome.

Diversity of microbial communities

Metagenomic analyses have revealed a wide diversity of 
microbial communities in the rhizosphere, influenced 
by factors such as plant species, soil characteristics, and 
environmental conditions. For instance, Sorghum bicolor 
(L) Moench exhibits a microbial community dominated 
by γ-Proteobacteria, Firmicutes, and Actinobacteria. In 
contrast, Lactuca sativa hosts Bacteroidetes, along with 
Proteobacteria, Actinobacteria, and Firmicutes in its 
rhizospheric soil (Kalu et al. 2022). Similarly, Hordeum 
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vulgare shows a diverse microbial profile consisting of 
Actinobacteria, Bacteroidetes, Proteobacteria, Firmi-
cutes, and Chloroflexi (Bulgarelli et al. 2015).

Other plant species, such as Welwitschia mirabilis, 
Vigna radiate, and Solanum lycopersicum, also exhibit 
distinct microbial communities in their rhizospheric soil, 
reflecting the specificity of plant–microbe interactions 
(Valverde et al. 2016; Iyer and Rajkumar 2017; Kwak 
et al. 2018). Moreover, shotgun metagenomic sequencing 
studies have identified diverse microbial taxa, including 
Actinobacteria, Proteobacteria, Chloroflexi, Firmicutes, 
Acidobacteria, Bacteroidetes, and Verrucomicrobia, in 
the rhizospheric soil of Paspalum scrobiculatum (Prabha 
et al. 2019).

Common microbial communities

Despite the variability in microbial community compo-
sition among different plant species, certain microbial 
groups are commonly found across various rhizospheric 
soils. Proteobacteria, Actinobacteria, Bacteroidetes, and 
Firmicutes are among the most frequently encountered 
bacterial phyla in the rhizosphere of diverse plant species 
(Na et al. 2018).

Proteobacteria, a diverse group known for its metabolic 
versatility, is often abundant in plant-associated micro-
biomes (Uroz et al. 2019). Actinobacteria, renowned for 
their ability to produce bioactive compounds and partici-
pate in nutrient cycling, are also commonly found in the 
rhizospheric soil of different plant species (Mitra et al. 
2022). Similarly, Bacteroidetes and Firmicutes contrib-
ute to organic matter decomposition, nutrient cycling, and 
plant growth promotion in the rhizosphere (Gu et al. 2020). 
Furthermore, other microbial groups such as Chloroflexi, 
Planctomycetes, Acidobacteria, and Verrucomicrobia are 
frequently encountered in rhizospheric soils, indicating 
their widespread presence and potential ecological roles 
across diverse plant–microbe systems (Kalam et al. 2022).

Metagenomic studies have provided valuable insights 
into the diversity and commonalities of microbial com-
munities inhabiting the rhizospheric soil of different plant 
species. Understanding the roles of these microbial com-
munities in nutrient cycling, plant health, and ecosystem 
functioning is crucial for developing sustainable agri-
cultural practices and ecosystem management strategies. 
Metagenomic studies have confirmed the high diversity 
of rhizosphere microbes, encompassing bacteria, fungi, 
archaea, and other microbial groups. While bacteria are 
often the most abundant and diverse microbial taxa in the 
rhizosphere, fungi and archaea also contribute signifi-
cantly to overall diversity.

Metagenomic approach for microbial 
diversity analysis

Microbial abundance and diversity in soil ecosystem 
defines the health of soil and its productivity. Soil holds 
the major importance for plant growth and crop produc-
tion as well as plays a significant role in life on the earth. 
Microbes that are present in the soil can be grown in the 
laboratory in various types of media and can be character-
ised and identified. Due to insufficient knowledge regard-
ing the various conditions such as pH, temperature, media 
compositions necessary for the growth of the majority of 
soil microbes, we face challenges in cultivating them. The 
inability to culture the majority of soil microbes is attrib-
uted to their intricate ecological and physiological require-
ments, which often include complex nutritional depend-
encies, environmental conditions challenging to replicate 
in laboratory settings, and intricate interactions within 
microbial communities that are not fully understood. 
These factors present significant challenges to the suc-
cessful isolation and cultivation of soil microbes in vitro. 
To identify the non-culturable microbes, metagenomics 
approach holds an upper hand. Metagenomic approach can 
again be subdivided into two main classes: one is culture 
dependent (Costa et al. 2020) and the other one is cul-
ture independent (Sabale et al. 2019). There are 4 major 
strategies available in culture-independent approach: 
PCR-dependent, PCR-independent, sequencing based and 
microbial lipid based (Fig. 1). Nevertheless, the primary 
focus of this review is on sequencing-based metagenomics 
techniques for unravelling the microbial ecology of the 
rhizospheric soil environment.

Uncultured microorganisms play a critical role in 
ecosystem functioning. Additionally, metagenomic 
approaches enable the exploration of microbial diversity 
at various taxonomic levels, from phyla to species, pro-
viding a holistic understanding of community structure 
(Srivastava et al. 2019). Furthermore, metagenomic analy-
sis facilitates the prediction of functional pathways and 
metabolic capabilities within rhizosphere microbial com-
munities (Wang et al. 2023). By annotating sequencing 
reads against reference databases of metabolic pathways, 
researchers can infer the potential biochemical processes 
occurring in the rhizosphere. This information is invalu-
able for understanding the contributions of microbial 
communities to nutrient cycling, plant growth promotion, 
and disease suppression (Pascale et al. 2020). The avail-
ability of sophisticated bioinformatics tools and software 
platforms further enhances the efficiency and accuracy of 
metagenomic analysis. Tools like QIIME 2, MG-RAST, 
MetaPhlAn, HUMAnN, and MetaCyc provide a compre-
hensive suite of functionalities for processing, analyzing, 
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and interpreting metagenomic data (Woloszynek et al. 
2018). These tools enable researchers to perform taxo-
nomic classification, diversity analysis, functional annota-
tion, and comparative studies across samples, facilitating 
robust and reproducible scientific investigations.

Amplicon sequencing targets specific marker genes, such 
as the 16S rRNA gene for bacterial communities or the ITS 
region for fungal communities (Walters et al. 2016). The 
workflow typically involves steps such as raw reads gen-
eration, merging, removal of barcodes and primers, qual-
ity control, and taxonomic profiling using tools like QIIME 
and USEARCH (Silva et al. 2023). Operational taxonomic 
units (OTUs) or amplicon sequence variants (ASVs) are 
generated, followed by downstream analyses like denois-
ing and functional prediction. Statistical analysis is crucial 
for understanding microbial community composition and 
dynamics (Trego et al. 2022). Tools like DESeq2, edgeR, 
and ALDEx2,MG-RAST, PICRUSt, and Tax4Fun iden-
tify taxa or OTUs with significant abundance differences 
between sample groups (Cappellato et al. 2022; Douglas 
2020). The use of STAMP and PAST from a previous study 
(Hu et al. 2020), illustrating their roles in analyzing taxo-
nomic and functional profiles of microbial communities, 
providing a strong foundation for our investigation into 
microbial diversity. Beta diversity analysis, using metrics 
like Bray–Curtis dissimilarity and UniFrac distances, reveals 
structural diversity and community similarity. Whereas, 
alpha diversity assesses the diversity within a sample, with 
its values compared using statistical tests like ANOVA or 
Mann–Whitney U test and visualized through methods such 
as box-plots (Kers and Saccenti 2022). Correlation analysis, 

with Spearman or Pearson coefficients, explores relation-
ships between microbial taxa and environmental factors, 
investigating ecological interactions. Phylogenetic trees, 
generated by QIIME and mothur, show evolutionary rela-
tionships among taxa. In addition, heatmaps display OTU 
abundance across samples, revealing sample clusters and 
differential abundance. PCoA plots visualize beta diversity 
patterns and sample similarities, aiding in community struc-
ture exploration (Hugerth and Andersson 2017). Metagen-
omic sequencing involves the shotgun sequencing of total 
DNA extracted from a microbial community. The work-
flow includes steps such as library preparation, sequencing, 
assembly using tools like MEGAHIT or metaSPAdes, and 
taxonomic profiling using tools like MetaPhlAn2 or Kraken 
(Quince et al. 2017). Functional profiling can be performed 
using tools like HUMAnN2 or MEGAN, followed by predic-
tion of gene functions using software such as metaGeneMark 
or Prokka (Walsh et al. 2023). These tools enable the exami-
nation of microbial communities through pathway enrich-
ment analysis, functional annotation, and the discovery of 
genes and pathways that are differentially abundant. Shotgun 
metagenomic sequencing facilitates comprehensive visuali-
zation of microbial communities through diverse techniques. 
Functional profiles are typically portrayed using barplots or 
stacked barplots, presenting the relative abundance of func-
tional categories or pathways. Taxonomic profiles utilize 
abundance plots to illustrate microbial community compo-
sition across taxonomic levels (Nagpal et al. 2019). Fur-
thermore, network analysis tools like Cytoscape and Gephi 
allow visualization of microbial interactions and correlations 
inferred from metagenomic data (Tao et al. 2018).

Fig. 1   Applications of soil metagenomic techniques for identifying the diversity of soil microbes
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Amplicon sequencing‑based metagenomics

The ease of use, affordability, and time efficiency of Next-
Generation Sequencing (NGS) has significantly simplified 
the process of uncovering microbial diversity within any 
ecosystem (Sabale et al. 2019). The initial step in amplicon-
based metagenomics approach starts with the identification 
of the problems such as why do you wish to investigate the 
microbial diversity of soil? What plants whose rhizospheric 
soil you wish to examine and how does it affect crop yield? 
The collection of samples comes next after the location and 
plant have been determined. When gathering samples, one 
should exercise extreme caution. A successful metagnomic 
study requires a sufficient number and sample size. Ampli-
con-based metgenomics procedures are described in Fig. 1.

The diversity found in the 16S rDNA of bacteria and the 
18S rDNA of eukaryotes is essential for amplicon-based 
sequencing metagenomics. 16S amplicon-based metagen-
omics is widely used. However, this strategy faces the prob-
lems of selecting the primers which are being used for the 
amplification of 16S rDNA. There are various primers avail-
able for the amplification of the different variable regions of 
the 16S rDNA. This problem could be resolved by a review 
of the literature for the same sample that you are going to 
study or electronic PCR (computational method that mimics 
PCR reactions using digital data) can be run on the basis of 
the SILVA database (Bonk et al. 2018). Sample sequencing 
is often performed on the Illumina MiSeq, HiSeq 2500, or 
NovaSeq 6000 platform in paired-end 250 bases (PE250) 

mode, which generates 50,000–100,000 reads per sample 
(Callahan et al. 2016). However, this technique can only 
reach genus-level resolution. Moreover, it relies on the spe-
cific primers and number of PCR cycles chosen, which may 
lead to some false-positive or false-negative results in down-
stream analyses (Johnson et al. 2019).

Whole genome sequencing based metagenomics

Whole genome metagenomics is a powerful approach used 
to study the collective genetic material of all microorgan-
isms within a complex microbial community in a given 
environment. This technique involves sequencing the 
entire genomic content, including the genomes of bacte-
ria, archaea, viruses, and eukaryotes present in a sample. 
Table 2 represents the comparison of amplicon-based and 
whole genome-based metagenomics. Table 3 represents 
advantages and disadvantages of both the metagenom-
ics approaches.In recent years, research has increasingly 
shifted towards shotgun or whole genome metagenomics, 
which offers more comprehensive information compared 
to amplicon metagenomics (Bell et al. 2021). Shotgun 
metagenomics or whole genome metagenomics allows 
for the thorough analysis of the entire genomic content of 
microbial communities, offering insights into both taxo-
nomic composition and functional potential (Purushotha-
man et al. 2022). The process of shotgun metagenomics 
for soil typically involves sample collection, DNA extrac-
tion, DNA fragmentation (achieved either physically, by 

Table 2   comparison of comparison of amplicon-based and whole genome-based metagenomics

Aspect Amplicon-based metagenomics Whole genome metagenomics

Target genes Amplifies specific marker genes (e.g., 16S rRNA, 18S 
rRNA)

Sequences the entire genomic content of all microorgan-
isms

Information content Provides taxonomic composition and diversity informa-
tion

Offers both taxonomic and functional information

Resolution Lower resolution as it focuses on specific genes Higher resolution, capturing entire genomic diversity
Sequencing depth Requires less sequencing depth Requires deeper sequencing for comprehensive coverage
Cost Generally less expensive due to targeted sequencing Generally more expensive due to comprehensive 

sequencing
Bioinformatics complexity Lower complexity in terms of bioinformatics analysis Higher complexity, involving genome assembly and 

annotation
Applications Community profiling and diversity studies Detailed analysis of both taxonomy and functionality
Sample complexity Suitable for less complex communities or specific 

taxonomic focus
Ideal for more complex microbial communities

Data analysis focus Clustering sequences into OTUs or sequence variants Genome assembly, gene prediction, functional annotation
Example technologies 16S rRNA gene sequencing, ITS sequencing (for fungi) Shotgun metagenomic sequencing, Illumina, PacBio, 

Nanopore
Primary output Operational Taxonomic Units (OTUs) or sequence 

variants
Assembled genomes, taxonomic and functional annota-

tions
Typical research questions What types of microorganisms are present? What are the functional capabilities of the microbiome?
Commonly used in Microbial community surveys, biodiversity studies In-depth functional and taxonomic analysis of microbi-

omes
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sonication, or enzymatically), library preparation, adapter 
ligation, library amplification, and sequencing on plat-
forms such as Illumina, PacBio, or Oxford Nanopore (Bell 
et al. 2021). Sequencing platforms generate millions to 
billions of short or long DNA reads, depending on the 
technology used, and manufacturers often provide kit-
specific primers and adapters for library preparation, with 
researchers typically following the protocols provided by 
the kit (Fig. 2).

There is extensive research being conducted on rhizos-
pheric soil using shotgun metagenomics. For example, in 
November 2023, (Akinola et al. 2023) conducted a study 
on the rhizospheric soil of maize in an attempt to identify 
the microbial diversity (archaeal, bacterial, and fungal) 
in the soil. In their study, the authors identified common 
genera in both rhizospheric and bulk soil, such as Ascomy-
cota, Thaumarchaeota, Euryarchaeota, and Crenarchaeota. 
However, certain genera were found to be more prevalent in 

the rhizospheric soil of maize, including Nitrosopumilus, 
Candidatus Nitrososphaera, Cenarchaeum, Chaetomium, 
and Neurospora.

Functional potential of metagenomic 
analysis

The wealth of microbes in the soil is related to the qual-
ity of the soils. The more diversity and abundance of 
beneficial microbes in the soil results in the formation of 
healthy soil for growth of the plants. The microbes resid-
ing in the rhizosphere are actively engaged in carbon recy-
cling, and other metabolic activities that either directly or 
indirectly affect the health of the soil and ultimately the 
growth of the plants (Jansson and Hofmockel 2020). Soil 
microbes play a crucial role in detoxifying heavy metal 
stress by immobilizing, transforming, and metabolizing 

Table 3   Advantages and Limitations of Amplicon-based and whole genome-based metagenomics

Aspect Amplicon-based metagenomics Whole genome metagenomics

Advantages
Focused sequencing Cost-effective due to targeted sequencing Comprehensive view of all genomic content
Taxonomic profiling High taxonomic resolution for specific genes Higher taxonomic resolution with potential strain-

level identification
Computational efficiency Lower computational complexity in data analysis Provides more comprehensive information for 

detailed analyses
Ease of interpretation Simpler data interpretation for taxonomic diversity Allows for a deeper understanding of functional 

potential
Sample throughput Suitable for high-throughput sequencing of many 

samples
Requires deeper sequencing and may be less suitable 

for high throughput
Community composition studies Well-suited for studies focusing on community 

composition
Provides insights into both taxonomic composition 

and functional diversity
Limitations
Limited functional insight Primarily provides taxonomic information, limited 

functional insights
Although more comprehensive, may not capture all 

functions present in the community
Biased amplification Susceptible to primer bias, leading to uneven repre-

sentation of taxa
Minimizes primer bias but may have challenges with 

certain taxa or GC-rich regions
Limited strain-level resolution Generally limited to genus or species level resolu-

tion
Offers higher resolution but may still have challenges 

with closely related strains
Impact of primer choice Sensitivity to primer selection and sequence biases Less dependent on primer choice, but other biases 

may still exist
Detection of novel microbes May miss novel microbes not targeted by primers Can identify novel microbes and reveal new func-

tional potentials
Sequencing depth considerations Requires less sequencing depth for taxonomic 

profiling
Requires deeper sequencing to capture the entire 

genomic content
Applicability to simple systems Well-suited for less complex microbial communi-

ties
Ideal for more complex microbial communities

Cost efficiency for specific goals Cost-effective for specific taxonomic profiling 
goals

Generally more expensive due to deeper sequencing 
for comprehensive analysis

Influence of library preparation Susceptible to biases introduced during library 
preparation

Requires careful library preparation to minimize 
biases and artifacts

Interpretation of functional potential Limited information on the potential functions of 
microbial communities

Provides more data for functional interpretation, but 
the complexity of analysis increases
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toxic metals, while also contributing to nutrient recycling 
and overall soil quality improvement (Lewin et al. 2024). 
The microbes in this area have novel metabolic pathways 
that might help in the discovery or formulation of bioac-
tive compounds as antimicrobial compounds or they may 
possess some pathways directly related to the degradation 
of the pollutants present in the soil (Gaytán et al. 2020). 
The metagenomic analysis of the rhizosperic soil provides 
an era where the identification of microbes might help in 
various ways to help the growth and yield of the plants 

and thus could be beneficial to society (Subrahmanyam 
et al. 2020). In recent years various studies have been per-
formed in the field of metagenomics to show the potential 
of differential microbes residing in the soil with numerous 
applications such as bioremediation (Jeffries et al. 2018), 
biofulel production, (Wang et al. 2019) as well as in sus-
tainable agriculture (Mechan Llontop et al. 2020) Fig. 3 
shows various aspects of application of metagenomics of 
rhizospheric soil.

Fig. 2   Schematic overview of 
amplicon sequencing-based 
metagenomics pipeline
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Metagenomic Insights into bioremediation

In the rhizospheric region plant roots secretes some bio-
chemical compounds such as secondary metabolites, sugar 
and acids that serve as the signal for the microbial com-
munity and attracts them in the vicinity of the plant roots. 
These chemosignals have a very prominent role in the attrac-
tion and colonization of the microbes in the rhizophere. The 
microbes present in the soil contaminated with pollutants 
such as heavy metals, oil or hydrocabons, have the potential 
to either degrade the pollutants or with their physiological 
properties they can modulate the uptake of the pollutants by 
the plants (Asghar et al. 2016).

Metagenomic studies of the microbes residing in the 
contaminated rhizospheric soil offer an approach of the 
identification of microbes with the potential to be used in 
the bioremediation of pollutants. Many of the oil biodeg-
radation studies, however, focus solely on thee microbial 
community (Singha and Pandey 2021) or purely on oil com-
pound decay dynamics (Hedgpeth et al. 2021). (Ribicic et al. 
2018) performed microcosm experiments at a temperature of 
5 °C, employing chemically dispersed oil in non-amended 
seawater. This study established a connection between bio-
degradation processes, microbial community dynamics, and 
metagenome changes, elucidating the succession pattern 
based on substrate specialization and identified Bermanella 
and Zhongshania as key agents responsible for initiating the 
degradation of n-alkanes.

Subsequently, Colwellia and microorganisms closely 
related to Porticoccaceae played crucial roles in second-
ary n-alkane breakdown and beta-oxidation. Additionally, 
Cycloclasticus, Porticoccaceae, and Spongiibacteraceae 
were associated with the degradation of mono- and poly-
cyclic aromatics. These findings shed light on the intricate 
dynamics of microbial communities during oil biodegrada-
tion in cold environments, emphasizing the importance of 
understanding the specific roles played by different bacterial 
taxa in the process.

According to Yergeau et al. 2012, who used metagenomic 
analysis to try and determine which bacteria are responsible 
for the biodegradation of hydrocarbons in soil, the major 
groups involved in this process are Actinobacteria, Gam-
maproteobacteria and Alphaproteobacteria. RT-qPCR 
assays confirmed that Pseudomonas and Rhodococcus spe-
cies actively expressed hydrocarbon degradation genes in 
Arctic biopile soils.

Metagenomic analysis has become instrumental in identi-
fying microbial diversity and specific genes that hold prom-
ise as biomarkers for pollution in the context of bioreme-
diation strategies. Numerous microbes play pivotal roles in 
remediating pollutants, leveraging bioactive compounds and 
enzymes chracterised through metagenomics approaches. 
Key microbial communities, including Bacteroidetes, 
Chloroflexi, Proteobacteria, Firmicutes, Actinobacteria, 
Spirochetes, Acidobacteria and Patesibacteria demonstrate 
a remarkable ability to tolerate elevated concentrations of 

Fig. 3   Potential applications of 
metagenomics in rhizospheric 
soil
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metals. The application of metagenomics enables the explo-
ration of the genetic repertoire of these microbial communi-
ties, unraveling their potential for pollutant degradation. The 
identification of specific genes associated with the synthe-
sis of bioactive compounds and enzymes provides valuable 
insights into the mechanisms underlying bioremediation 
efforts. This nuanced understanding facilitates the devel-
opment of targeted strategies harnessing the capabilities of 
diverse microbial communities for effective pollution miti-
gation (Sharma and Kumar 2021).

In marine environments, (Vigneron et al. 2017) con-
ducted a comparative metagenomic study to uncover the 
diverse functions of microorganisms inhabiting deep cold 
seeps in the Gulf of Mexico. Their findings highlighted the 
potential of these microbes (present in the deep cold seeps 
in the Gulf of Mexico) to metabolize non-methane hydro-
carbons, contributing to the ecosystem’s bioremediation 
capabilities. The microbial community composition pri-
marily comprised Planctomycetes, aligning with metabolic 
activities associated with the degradation of detrital marine 
snow. Conversely, in seep samples where methane served as 
the primary hydrocarbon, methane oxidation facilitated by 
prevalent ANME-1 members likely dominated the microbial 
processes. Samples from seep environments featuring fluids 
containing both methane and intricate hydrocarbons exhib-
ited an abundance of Chloroflexi (Anaerolinaceae) and del-
taproteobacterial lineages, suggesting a metabolic potential 
geared towards the degradation of complex hydrocarbons.

(Jeffries et al. 2018) employed metagenomic analysis to 
explore the functional potential and taxonomic composition 
of soil microbial communities exposed to organophosphorus 
pesticides. This approach enabled the prediction of chemi-
cal compound breakdown pathways, offering insights into 
pesticide degradation mechanisms. This study has a few key 
findings related with the importance of metagenomic analy-
sis. The discovery of overrepresented taxa, such as Candi-
datus Koribacter and Bradyrhizobium, in soils with efficient 
organophosphate (OP) degradation suggests a direct link 
between microbial community composition and pesticide 
degradation capability. This highlights the importance of 
understanding microbial diversity and its functional poten-
tial in contaminated environments for effective remediation 
strategies. The identification of specific traits in key taxa, 
including metabolic versatility, membrane transport abili-
ties, and roles in nutrient cycling, suggests their potential 
contribution to sustaining nutrient availability and support-
ing degradation processes in contaminated soils. This under-
scores the significance of microbial communities in main-
taining ecosystem functions, even in polluted environments. 
The presence of genes associated with nutrient cycling and 
phosphorus metabolism in taxa enriched in rapid degrada-
tion clusters indicates their crucial role in facilitating pes-
ticide degradation. This emphasizes the interconnectedness 

of microbial community structure, functional attributes, and 
pollutant degradation processes, highlighting the need for 
further research to isolate and characterize key OP-degrad-
ing taxa for a comprehensive understanding of biodegrada-
tion mechanisms. Furthermore, (Garrido-Sanz et al. 2019) 
investigated diesel degradation by analyzing metagenomic 
data from microbial consortia. Their study revealed bacterial 
genera, genes, and enzymes involved in diesel degradation, 
providing valuable information for bioremediation strate-
gies. (Gaytán et al. 2020) integrated physical and chemical 
analyses with metagenomics to elucidate metabolic path-
ways associated with polyurethane degradation, aiming to 
address plastic and xenobiotic pollution.

Metagenomic insights into biofuel synthesis

Biomass stands out as a renewable energy source, with 
its conversion leading to the production of biofuels like 
biogas and liquid biofuels. Diverse biomass resources 
encompass forest products such as bark, shrubs, sawdust, 
trees, and wood residues, alongside agricultural waste from 
crops like alfalfa, grasses, soybean, sunflower, and starch 
crops including corn, barley, and wheat (Sarsekeyeva et al. 
2015). Microbial-driven anaerobic digestion (AD) of plant 
materials serves as the primary mechanism for generating 
biogas, comprising methane (CH4) and carbon dioxide 
(CO2). Biogas plants (BGPs) utilize renewable agricultural 
resources like grass, maize, sugar beet, and biodegradable 
organic wastes for anaerobic digestion, leading to biogas 
production (Zhang et al. 2016). The process of methane 
production unfolds in distinct phases, starting with the 
hydrolysis of organic compounds such as carbohydrates, 
proteins, and lipids. This is followed by the production of 
butyrate, propionate, other short-chain volatile fatty acids 
(VFAs), and alcohols, subsequently leading to the produc-
tion of acetic acid and ultimately resulting in CH4 produc-
tion. Several bacteria, including Clostridium bornimense, 
Fermentimonas caenicola, Herbinix hemicellulosilytica, 
Herbinix luporum, Herbivorax saccincola, Proteiniphilum 
saccharofermentans, Petrimonas mucosa, and Proteiniborus 
indolifex play vital roles in the hydrolysis and acidogenesis 
phases (Maus et al. 2016). Metagenomics has been used to 
find enzymes such as lignases, xylanases, endoglucanases, 
amylolytic enzymes, glucosidase for bioethanol, and lipol-
ytic enzymes for biodiesel production (Wang et al. 2019). 
According to (Leresche and Meyer 2006), bacteria seem to 
be the main prime source for these (Endoglucanase, Cel-
lodextrinase β-glucosidase, Xylanase Mannanase, Xylosi-
dase, Arbinofuranosidase, Lichenase, Glucanase, Amylase, 
Phosphophenol pyruvate, carboxykinase, Xylanase, Cyclo-
philin, Mannanase) enzymes. Metagenomic studies have 
been instrumental in isolating lignocellulose-degrading 
enzymes, such as β-glucosidase, which plays a crucial role in 
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transforming cellulosic biomass into glucose. This enzyme 
has been identified in various environmental conditions, 
including alkaline polluted soil, hot springs, wastewater, 
marine water, mangrove soil, and agricultural soil (Solanki 
et al. 2021). Shotgun metagenomic analysis has revealed 
specific bacteria, including Bacillus thermozeamaize, Caldi-
bacillus debilis, and Geobacillus thermoglucosidasius, pos-
sessing carboxymethylcellulose and glycosyl hydrolases 
(GHs) involved in lignocellulose degradation (Lemos et al. 
2017). Functional metagenomic approaches have enabled 
the isolation of microbes with lignocellulolytic enzymes 
from diverse sources, such as corn stover, rice straw, sugar-
cane bagasse, and wheat straw (Batista‐García et al. 2016). 
Xylanase, a key enzyme in xylan degradation for biofuel 
production, has been discovered in various environments. 
For instance, a soil-derived metagenomic library exhibited 
enhanced xylanase activity at lower temperatures and in a 
reduced alkaline environment (Verma and Satyanarayana 
2020). Endoglucanase, derived from compost soils, and 
glycosyl hydrolase from a cow rumen metagenomic library 
have also been reported (Pabbathi et al. 2023). Thermophilic 
bacteria such as Caldicellulosiruptor danielii, Caldicellu-
losiruptor morganii, and Caldicellulosiruptor naganoensis 
NA10 utilize lignocellulose as a substrate (Lee et al. 2018). 
Additionally, specific genes involved in xylose metabolism 
have been identified in Herbivorax saccincola A7 (Aikawa 
et al. 2018). Lignin-degrading enzymes like laccase have 
been explored for their potential in biofuel production. A 
novel bacterial laccase (LacM) with stability in organic sol-
vents and high salt concentration was isolated from an acidic 
bog soil metagenome (Zhang et al. 2021). Pectinases, crucial 
for various applications including fruit ripening and biofuel 
production, have also been discovered through metagenomic 
approaches. A thermostable pectinase gene, active across a 
broad range of temperatures and pH, was identified in a soil 
metagenomic library (Zhou et al. 2017).

Metagenomic insights in agriculture

Metagenomics has revolutionized agricultural research by 
providing detailed insights into the complex interactions 
between microbes and plants. Metagenomics studies have 
been utilized in various fields such as in studying patho-
gen and plant disease identification (Mechan Llontop et al. 
2020), plant-pathogen interaction (Iquebal et al. 2022), Abi-
otic Stress Management (Nwachukwu and Babalola 2022).

Pathogen and plant disease identification

Agriculture is the backbone of country’s economy. However, 
crop yield is significantly dependent on various biotic and 
abiotic factors. The biotic stress in the form of viral, bacte-
rial fungal or any pathogen significantly reduces the crop 

yield. For better crop yield it is utmost required to early 
identify the disease and disease-causing agent in the crop. 
Plant disease control, identification and characterization of 
the microbes, and prevention are successful and efficient 
with early detection of plant disease outbreaks and accurate 
diagnostic methods. Various methods are employed in the 
diagnosis of plant diseases for species identification. These 
include gene sequence-based techniques with pure culture, 
the 16S rRNA gene method, and whole-genome sequenc-
ing with pure culture. Additionally, antibody-based assays 
like ELISA (Christopher‐Hennings et al. 2019) are utilized. 
However, these methods come with limitations, such as a 
lengthy pathogen identification protocol to obtain a pure cul-
ture and the requirement for prior knowledge of pathogens. 
In the current context, all these limitations are overcome 
by leveraging metagenome sequencing and identification 
methods in agriculture.

Metagenomics has played a pivotal role in identifying 
bacterial strains responsible for tomato pathogenesis at a 
nuanced, strain-specific level (Mechan Llontop et al. 2020). 
The prevalence of Fusarium wilt, a widespread vascular fun-
gal disease affecting numerous plants, prompted an investi-
gation into endophytic communities in banana fields. This 
study, conducted on Fusarium wilt-infected banana fields, 
unveiled the influence of bacterial communities, notably Fla-
vobacteriales, on disease progression (Kaushal et al. 2020). 
To enhance our understanding, simulated metagenome data 
analysis using environmental DNA (eDNA: genetic material 
that is extracted from environmental samples such as soil, 
water, or air, rather than directly from an organism) A was 
undertaken to detect fungal and oomycete plant pathogens 
(Espindola et al. 2015). The soil, a dynamic component in 
agriculture, acts as a disease-suppressive agent by shielding 
crops from detrimental microbes.

Abiotic stress management

Microbes associated with plants and crops, including 
those residing in the soil and rhizosphere microbiomes, 
play a crucial role in various functions essential for plant 
productivity. These functions encompass the mineraliza-
tion of soil organic matter, nutrient cycling, stimulation 
of disease resistance, and response to abiotic stresses such 
as drought, salinity, and pollution. Notably, specific soil 
microbes have been extensively studied for their ability to 
influence abiotic stress tolerance in plants. For instance, 
the rhizospheric microbiome has been observed to impact 
the survival of certain plant species under extreme stress 
conditions (de La Fuente Cantó et al. 2020). Abiotic stress 
such as extreme temperature, drought, salinity, water-
logging, soil pollutants, and hazardous compounds like 
heavy metals, are non-living components, pose significant 
threats and create unfavorable conditions and challenges 
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in agriculture. These stressors represent critical limiting 
factors in crop productivity. To cope with adverse envi-
ronmental conditions, crop plants rely on their intrinsic 
biological mechanisms; failure to do so results in com-
promised plant growth, development, and productivity 
(Nwachukwu and Babalola 2022).

To understand the combined effects of plant and microbe 
interactions on managing abiotic stress, a thorough investi-
gation like metagenomics is crucial. (Zolla et al. 2013) con-
ducted research on Arabidopsis thaliana under drought stress 
conditions using the pyrosequencing approach. Their find-
ings revealed a robust set of soil microbes capable of sensing 
abiotic stress, leading to increased plant biomass production 
and reduced expression of drought response marker genes. 
A similar study focusing on wheat rhizosphere for abiotic 
stress management highlighted the broad and diversified 
role of metagenomics. This study not only delves into the 
metagenomics of wheat but also explores its application in 
developing climate-resilient genotypes (Ahlawat et al. 2018).

Future prospects: navigating new frontiers 
in rhizospheric metagenomics

The horizon of rhizospheric metagenomics extends beyond 
the insights gained thus far, promising exciting avenues for 
exploration and application. In the realm of environmental 
sustainability, the continued investigation of microbial com-
munities holds promise for novel bioremediation strategies. 
Harnessing the potential of specific microbial cohorts to 
tackle emerging pollutants and environmental challenges can 
lead to more targeted and efficient remediation approaches.

The field of bioenergy production stands on the brink of 
revolutionary transformations. Future prospects include the 
refinement of metagenomic techniques to identify microbial 
consortia with enhanced capabilities for biofuel synthesis. 
Understanding the intricate metabolic pathways within the 
rhizosphere can guide the development of bioenergy crops 
and facilitate sustainable practices in biofuel production. 
Agriculture is poised for a paradigm shift as metagenomic 
insights deepen. Future research may delve into precision 
agriculture, where tailored microbial interventions based on 
metagenomic analyses optimize crop health and productiv-
ity. The development of climate-resilient genotypes, guided 
by metagenomic approaches, could revolutionize the agricul-
tural landscape, ensuring food security in the face of climate 
change. As technological advancements propel metagenom-
ics into new frontiers, interdisciplinary collaborations will 
play a pivotal role. Integration with fields such as artificial 
intelligence and machine learning holds the potential for 
more efficient data analysis and pattern recognition, further 
enhancing our understanding of rhizospheric dynamics.

Conclusion

In this comprehensive review, the journey delves into the 
intricate microbial landscapes of the rhizosphere, explor-
ing their diversity and the profound connections revealed 
by metagenomic approaches. The multidimensional sig-
nificance of rhizospheric microbial communities has been 
underscored, highlighting their pivotal roles in support-
ing plant health, fostering sustainable agriculture, and 
addressing environmental challenges. The exploration 
began with an insightful introduction that laid the founda-
tion for understanding the dynamic world of rhizospheric 
microorganisms and the transformative power of metagen-
omics in unraveling their intricacies. In the realm of biore-
mediation, metagenomic analyses have offered a treasure 
trove of information, guiding efforts to harness the poten-
tial of microbial communities in mitigating environmental 
pollutants. Similarly, the pursuit of biofuel synthesis and 
production has been enriched by metagenomic insights, 
paving the way for sustainable and eco-friendly energy 
solutions. Within the agricultural domain, metagenomics 
has emerged as a transformative force. The application of 
metagenomics in abiotic stress management has opened 
new avenues for enhancing crop resilience, ensuring food 
security in the face of changing environmental condi-
tions. Future studies might explore precision agriculture, 
employing personalized microbial interventions informed 
by metagenomic analyses to enhance crop health and yield. 
Utilizing metagenomic methods to guide the development 
of climate-resilient plant varieties could transform agricul-
ture, safeguarding food supplies amidst climate challenges. 
As metagenomics advances, interdisciplinary teamwork 
will be crucial, integrating disciplines like artificial intel-
ligence and machine learning for improved data processing 
and pattern identification, deepening insights into rhizos-
pheric dynamics.

Acknowledgements  This work was supported by Gujarat Technologi-
cal University, Govt. of Gujarat. One of the authors (MS) acknowl-
edges the Gujarat Technological University, Govt. of Gujarat for pro-
viding financial assistance in the form of ‘‘Post Doc Fellowship’’. BR 
acknowledges Gujarat Technological University, Govt. of Gujarat for 
Ph. D. Fellowship.

Author contributions  VB conceptualized and finalized the manuscript. 
MS and BR carved the manuscript.

Declarations 

Conflict of interest  On behalf of all authors, the corresponding author 
states that there is no conflict of interest.



3 Biotech          (2024) 14:224 	 Page 15 of 18    224 

References

Acharya SM, Yee MO, Diamond S, Andeer PF, Baig NF, Aladesanmi 
OT, Northen TR, Banfield JF, Chakraborty R (2023) Fine scale 
sampling reveals early differentiation of rhizosphere microbi-
ome from bulk soil in young Brachypodium plant roots. ISME 
Commun 3(1):54

Ahlawat OP, Tiwari R, Singh GP (2018) Metagenomics of wheat rhizo-
sphere for abiotic stress management. Wheat Barley Res https://​
doi.​org/​10.​25174/​2249-​4065/​2018/​79291

Aikawa S, Baramee S, Sermsathanaswadi J, Thianheng P, Tachaapai-
koon C, Shikata A, Waeonukul R, Pason P, Ratanakhanokchai K, 
Kosugi A (2018) Characterization and high-quality draft genome 
sequence of Herbivorax saccincola A7, an anaerobic, alkaliphilic, 
thermophilic, cellulolytic, and xylanolytic bacterium. Syst Appl 
Microbiol 41(4):261–269

Akinola SA, Ayangbenro AS, Babalola OO (2023) Pedological factors 
as drivers of archaeal and fungal communities in maize rhizos-
phere: a shotgun metagenomic sequencing approach. SN Appl 
Sci 5(12):351

Alawiye T, Babalola O (2021) Metagenomic insight into the commu-
nity structure and functional genes in the sunflower rhizosphere 
microbiome. Agriculture 11(2):167

Alzubaidy H, Essack M, Malas TB, Bokhari A, Motwalli O, Kamanu 
FK, Jamhor SA, Mokhtar NA, Antunes A, Simões MF (2016) 
Rhizosphere microbiome metagenomics of gray mangroves (Avi-
cennia marina) in the Red Sea. Gene 576(2):626–636

Asghar HN, Rafique HM, Zahir ZA, Khan MY, Akhtar MJ, Naveed 
M, Saleem M (2016) Petroleum hydrocarbons-contaminated 
soils: remediation approaches. Soil Sci Agric Environ Prospect 
105–129

Ayangbenro AS, Chukwuneme CF, Ayilara MS, Kutu FR, Khantsi 
M, Adeleke BS, Glick BR, Babalola OO (2022) Harnessing the 
rhizosphere soil microbiome of organically amended soil for 
plant productivity. Agronomy 12(12):3179

Bakker MG, Chaparro JM, Manter DK, Vivanco JM (2015) Impacts of 
bulk soil microbial community structure on rhizosphere micro-
biomes of Zea mays. Plant Soil 392:115–126

Bandyopadhyay P, Bhuyan SK, Yadava PK, Varma A, Tuteja N (2017) 
Emergence of plant and rhizospheric microbiota as stable inter-
actomes. Protoplasma 254(2):617–626

Batista-García RA, del Rayo Sánchez-Carbente M, Talia P, Jackson 
SA, O’Leary ND, Dobson AD, Folch-Mallol JL (2016) From 
lignocellulosic metagenomes to lignocellulolytic genes: trends, 
challenges and future prospects. Biofuels Bioprod Biorefin 
10(6):864–882

Bell KL, Petit RA III, Cutler A, Dobbs EK, Macpherson JM, Read TD, 
Burgess KS, Brosi BJ (2021) Comparing whole-genome shot-
gun sequencing and DNA metabarcoding approaches for species 
identification and quantification of pollen species mixtures. Ecol 
Evol 11(22):16082–16098

Bhattacharyya A, Pablo CH, Mavrodi OV, Weller DM, Thomashow 
LS, Mavrodi DV (2021) Rhizosphere plant-microbe interactions 
under water stress. Adv Appl Microbiol Elsevier 115:65–113

Bhattacharyya SS, Ros GH, Furtak K, Iqbal HM, Parra-Saldívar R 
(2022) Soil carbon sequestration–An interplay between soil 
microbial community and soil organic matter dynamics. Sci Total 
Environ 815:152928

Binyamin R, Nadeem SM, Akhtar S, Khan MY, Anjum R (2019) Ben-
eficial and pathogenic plant-microbe interactions: a review. Soil 
Environ 38(2):127–150

Bonk F, Popp D, Harms H, Centler F (2018) PCR-based quantification 
of taxa-specific abundances in microbial communities: Quan-
tifying and avoiding common pitfalls. J Microbiol Methods 
153:139–147

Breidenbach B, Pump J, Dumont MG (2016) Microbial community 
structure in the rhizosphere of rice plants. Front Microbiol. 
https://​doi.​org/​10.​3389/​fmicb.​2015.​01537

Brumfield KD, Huq A, Colwell RR, Olds JL, Leddy MB (2020) Micro-
bial resolution of whole genome shotgun and 16S amplicon 
metagenomic sequencing using publicly available NEON data. 
PLoS One 15(2):e0228899

Bulgarelli D, Garrido-Oter R, Münch PC, Weiman A, Dröge J, Pan Y, 
McHardy AC, Schulze-Lefert P (2015) Structure and function 
of the bacterial root microbiota in wild and domesticated barley. 
Cell Host Microbe 17(3):392–403

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Hol-
mes SP (2016) DADA2: high-resolution sample inference from 
Illumina amplicon data. Nat Methods 13(7):581–583

Cappellato M, Baruzzo G, Di Camillo B (2022) Investigating differen-
tial abundance methods in microbiome data: a benchmark study. 
PLoS Comput Biol 18(9):e1010467

Chandran H, Meena M, Swapnil P (2021) Plant growth-promoting 
rhizobacteria as a green alternative for sustainable agriculture. 
Sustainability 13(19):10986

Christopher‐Hennings J, Erickson GA, Hesse RA, Nelson EA, Rossow 
S, Scaria J, Slavic D (2019) Diagnostic tests, test performance, 
and considerations for interpretation. Dis Swine 75–97

Costa OY, De Hollander M, Pijl A, Liu B, Kuramae EE (2020) Cul-
tivation-independent and cultivation-dependent metagenomes 
reveal genetic and enzymatic potential of microbial community 
involved in the degradation of a complex microbial polymer. 
Microbiome 8(1):1–19

de Andrade LA, Santos CHB, Frezarin ET, Sales LR, Rigobelo EC 
(2023) Plant growth-promoting rhizobacteria for sustainable 
agricultural production. Microorganisms 11(4):1088

de La Fuente Cantó C, Simonin M, King E, Moulin L, Bennett MJ, 
Castrillo G, Laplaze L (2020) An extended root phenotype: the 
rhizosphere, its formation and impacts on plant fitness. Plant J 
103(3):951–964

Douglas G (2020) Integrating functional and taxonomic data types for 
microbiome data analysis

Enebe MC, Babalola OO (2020) Effects of inorganic and organic treat-
ments on the microbial community of maize rhizosphere by a 
shotgun metagenomics approach. Annals Microbiol. https://​doi.​
org/​10.​1186/​s13213-​020-​01591-8

Espindola A, Schneider W, Hoyt PR, Marek SM, Garzon C (2015) A 
new approach for detecting fungal and oomycete plant pathogens 
in next generation sequencing metagenome data utilising elec-
tronic probes. Int J Data Min Bioinform 12(2):115–128

Etesami H, Adl SM (2020) Plant growth-promoting rhizobacteria 
(PGPR) and their action mechanisms in availability of nutrients 
to plants. Phyto-Microb Stress Regul 147–203

Fadiji AE, Babalola OO (2020) Metagenomics methods for the study 
of plant-associated microbial communities: a review. J Microbiol 
Methods 170:105860

Fatima T, Arora NK (2021) Pseudomonas entomophila PE3 and its 
exopolysaccharides as biostimulants for enhancing growth, yield 
and tolerance responses of sunflower under saline conditions. 
Microbiol Res 244:126671

Florio A, Bréfort C, Gervaix J, Bérard A, Le Roux X (2019) The 
responses of NO2−-and N2O-reducing bacteria to maize inocu-
lation by the PGPR Azospirillum lipoferum CRT1 depend on 
carbon availability and determine soil gross and net N2O produc-
tion. Soil Biol Biochem 136:107524

Garrido-Sanz D, Redondo-Nieto M, Guirado M, Pindado Jiménez O, 
Millán R, Martin M, Rivilla R (2019) Metagenomic insights into 
the bacterial functions of a diesel-degrading consortium for the 
rhizoremediation of diesel-polluted soil. Genes 10(6):456

Gaytán I, Sánchez-Reyes A, Burelo M, Vargas-Suárez M, Liachko I, 
Press M, Sullivan S, Cruz-Gómez MJ, Loza-Tavera H (2020) 

https://doi.org/10.25174/2249-4065/2018/79291
https://doi.org/10.25174/2249-4065/2018/79291
https://doi.org/10.3389/fmicb.2015.01537
https://doi.org/10.1186/s13213-020-01591-8
https://doi.org/10.1186/s13213-020-01591-8


	 3 Biotech          (2024) 14:224   224   Page 16 of 18

Degradation of recalcitrant polyurethane and xenobiotic additives 
by a selected landfill microbial community and its biodegrada-
tive potential revealed by proximity ligation-based metagenomic 
analysis. Front Microbiol 10:500577

Ghantasala S, Roy Choudhury S (2022) Nod factor perception: an 
integrative view of molecular communication during legume 
symbiosis. Plant Mol Biol 110(6):485–509

Gola U, Kour S, Kaur T, Perveen K, Bukhari NA, Alsulami JA, 
Maithani D, Dasila H, Singh M, Suyal DC (2023) Prokaryotic 
diversity and community structure in the rhizosphere of Lantana 
weed (Lantana camara L). Front Plant Sci 14:1174859

Goyal RK, Mattoo AK, Schmidt MA (2021) Rhizobial–host interac-
tions and symbiotic nitrogen fixation in legume crops toward 
agriculture sustainability. Front Microbiol 12:669404

Gu Y, Dong K, Geisen S, Yang W, Yan Y, Gu D, Liu N, Borisjuk 
N, Luo Y, Friman V-P (2020) The effect of microbial inoculant 
origin on the rhizosphere bacterial community composition and 
plant growth-promotion. Plant Soil 452:105–117

Hakim S, Naqqash T, Nawaz MS, Laraib I, Siddique MJ, Zia R, Mirza 
MS, Imran A (2021) Rhizosphere engineering with plant growth-
promoting microorganisms for agriculture and ecological sus-
tainability. Front Sustain Food Syst 5:617157

Hamada MA, Soliman ERS (2023) Characterization and genomics 
identification of key genes involved in denitrification-DNRA-
nitrification pathway of plant growth-promoting rhizobacteria 
(Serratia marcescens OK482790). BMC Microbiol. 23(1):210. 
https://​doi.​org/​10.​1186/​s12866-​023-​02941-7

Hedgpeth BM, McFarlin KM, Prince RC (2021) Crude oils and their 
fate in the environment. Petrodiesel Fuels 5:891–910

Hu Y, Xie G, Jiang X, Shao K, Tang X, Gao G (2020) The relationships 
between the free-living and particle-attached bacterial commu-
nities in response to elevated eutrophication. Front Microbiol 
11:504658

Hugerth LW, Andersson AF (2017) Analysing microbial community 
composition through amplicon sequencing: from sampling to 
hypothesis testing. Front Microbiol 8:274218

Iquebal MA, Jagannadham J, Jaiswal S, Prabha R, Rai A, Kumar D 
(2022) Potential use of microbial community genomes in vari-
ous dimensions of agriculture productivity and its management: 
a review. Front Microbiol 13:708335

Iyer B, Rajkumar S (2017) A metagenomic approach to identify distinct 
rhizospheric and endophytic bacterial communities from roots 
and root nodules of Vigna radiata. 173–191

Jacoby R, Peukert M, Succurro A, Koprivova A, Kopriva S (2017) The 
role of soil microorganisms in plant mineral nutrition—current 
knowledge and future directions. Front Plant Sci 8:292271

Jansson JK, Hofmockel KS (2020) Soil microbiomes and climate 
change. Nat Rev Microbiol 18(1):35–46

Javed T, Shabbir R, Ali A, Afzal I, Zaheer U, Gao SJ (2020) Transcrip-
tion factors in plant stress responses: challenges and potential for 
sugarcane improvement. Plants (Basel) 9(4):491

Jeffries TC, Rayu S, Nielsen UN, Lai K, Ijaz A, Nazaries L, Singh 
BK (2018) Metagenomic functional potential predicts degrada-
tion rates of a model organophosphorus xenobiotic in pesticide 
contaminated soils. Front Microbiol 9:309432

Johnson JS, Spakowicz DJ, Hong B-Y, Petersen LM, Demkowicz P, 
Chen L, Leopold SR, Hanson BM, Agresta HO, Gerstein M 
(2019) Evaluation of 16S rRNA gene sequencing for species 
and strain-level microbiome analysis. Nat Commun 10(1):5029

Kalam S, Anirban B, Podile AR (2022) Difficult-to-culture bacteria in 
the rhizosphere: The underexplored signature microbial groups. 
Pedosphere 32(1):75–89

Kalu CM, Ogola HJ, Selvarajan R, Tekere M, Ntushelo K (2022) Cor-
relations between root metabolomics and bacterial community 
structures in the phragmites australis under acid mine drainage-
Polluted wetland ecosystem. Curr Microbiol 79(1):34

Kaushal M, Mahuku G, Swennen R (2020) Metagenomic insights of 
the root colonizing microbiome associated with symptomatic 
and non-symptomatic bananas in Fusarium wilt infected fields. 
Plants 9(2):263

Kers JG, Saccenti E (2022) The power of microbiome studies: Some 
considerations on which alpha and beta metrics to use and how 
to report results. Front Microbiol 12:796025

Khaliq A, Perveen S, Alamer KH, Zia Ul Haq M, Rafique Z, Alsu-
days IM, Althobaiti AT, Saleh MA, Hussain S, Attia H (2022) 
Arbuscular mycorrhizal fungi symbiosis to enhance plant–soil 
interaction. Sustainability 14(13):7840

Khan N, Bano A, Ali S, Babar MA (2020) Crosstalk amongst phytohor-
mones from planta and PGPR under biotic and abiotic stresses. 
Plant Growth Regul 90:189–203

Khan N, Ali S, Shahid MA, Mustafa A, Sayyed R, Curá JA (2021) 
Insights into the interactions among roots, rhizosphere, and 
rhizobacteria for improving plant growth and tolerance to abiotic 
stresses: a review. Cells 10(6):1551

Khatoon Z, Huang S, Rafique M, Fakhar A, Kamran MA, Santoyo 
G (2020) Unlocking the potential of plant growth-promoting 
rhizobacteria on soil health and the sustainability of agricultural 
systems. J Environ Manage 273:111118

Knief C (2015) Diversity and habitat preferences of cultivated and 
uncultivated aerobic methanotrophic bacteria evaluated based on 
pmoA as molecular marker. Front Microbiol 6:1346

Krober M, Wibberg D, Grosch R, Eikmeyer F, Verwaaijen B, Chowd-
hury SP, Hartmann A, Puhler A, Schluter A (2014) Effect of the 
strain Bacillus amyloliquefaciens FZB42 on the microbial com-
munity in the rhizosphere of lettuce under field conditions ana-
lyzed by whole metagenome sequencing. Front Microbiol 5:252

Kumawat KC, Razdan N, Saharan K (2022) Rhizospheric microbi-
ome: Bio-based emerging strategies for sustainable agriculture 
development and future perspectives. Microbiol Res 254:126901

Kwak MJ, Kong HG, Choi K, Kwon SK, Song JY, Lee J, Lee PA, Choi 
SY, Seo M, Lee HJ, Jung EJ, Park H, Roy N, Kim H, Lee MM, 
Rubin EM, Lee SW, Kim JF (2018) Rhizosphere microbiome 
structure alters to enable wilt resistance in tomato. Nat Biotech-
nol. https://​doi.​org/​10.​1038/​nbt.​4232

Lee LL, Blumer-Schuette SE, Izquierdo JA, Zurawski JV, Loder AJ, 
Conway JM, Elkins JG, Podar M, Clum A, Jones PC (2018) 
Genus-wide assessment of lignocellulose utilization in the 
extremely thermophilic genus Caldicellulosiruptor by genomic, 
pangenomic, and metagenomic analyses. Appl Environ Microbiol 
84(9):e02694-e2617

Lemos LN, Pereira RV, Quaggio RB, Martins LF, Moura LM, da Silva 
AR, Antunes LP, da Silva AM, Setubal JC (2017) Genome-cen-
tric analysis of a thermophilic and cellulolytic bacterial consor-
tium derived from composting. Front Microbiol 8:644

Leresche JE, Meyer H-P (2006) Chemocatalysis and biocatalysis (bio-
transformation): some thoughts of a chemist and of a biotech-
nologist. Org Process Res Dev 10(3):572–580

Lewin S, Wende S, Wehrhan M, Verch G, Ganugi P, Sommer M, Kolb 
S (2024) Cereals rhizosphere microbiome undergoes host selec-
tion of nitrogen cycle guilds correlated to crop productivity. Sci 
Total Environ 911:168794

Li Q, Deng H, He R, Hu S, Sun L, Li M, Wu QL, Zeng J (2024) 
"Effects of different emergent macrophytes on methane flux and 
rhizosphere microbial communities in wetlands. Sci Total Envi-
ron 172565

Li H-B, Singh RK, Singh P, Song Q-Q, Xing Y-X, Yang L-T, Li Y-R 
(2017) Genetic diversity of nitrogen-fixing and plant growth 
promoting pseudomonas species isolated from sugarcane rhizo-
sphere. Front Microbiol 8:1268. https://​doi.​org/​10.​3389/​fmicb.​
2017.​01268

Liu L, Huang X, Zhang J, Cai Z, Jiang K, Chang Y (2020) Deci-
phering the relative importance of soil and plant traits on the 

https://doi.org/10.1186/s12866-023-02941-7
https://doi.org/10.1038/nbt.4232
https://doi.org/10.3389/fmicb.2017.01268
https://doi.org/10.3389/fmicb.2017.01268


3 Biotech          (2024) 14:224 	 Page 17 of 18    224 

development of rhizosphere microbial communities. Soil Biol 
Biochem 148:107909

Mahmud K, Makaju S, Ibrahim R, Missaoui A (2020) Current progress 
in nitrogen fixing plants and microbiome research. Plants 9(1):97

Martiny AC (2019) High proportions of bacteria are culturable across 
major biomes. ISME J 13(8):2125–2128

Maus I, Koeck DE, Cibis KG, Hahnke S, Kim YS, Langer T, Kreubel J, 
Erhard M, Bremges A, Off S (2016) Unraveling the microbiome 
of a thermophilic biogas plant by metagenome and metatran-
scriptome analysis complemented by characterization of bacterial 
and archaeal isolates. Biotechnol Biofuels 9:1–28

Mechan Llontop ME, Sharma P, Aguilera Flores M, Yang S, Pollok 
J, Tian L, Huang C, Rideout S, Heath LS, Li S (2020) Strain-
level identification of bacterial tomato pathogens directly from 
metagenomic sequences. Phytopathology 110(4):768–779

Meena KK, Sorty AM, Bitla UM, Choudhary K, Gupta P, Pareek A, 
Singh DP, Prabha R, Sahu PK, Gupta VK (2017) Abiotic stress 
responses and microbe-mediated mitigation in plants: the omics 
strategies. Front Plant Sci 8:172

Meena M, Swapnil P, Zehra A, Aamir M, Dubey MK, Goutam J, Upad-
hyay R (2017) Beneficial microbes for disease suppression and 
plant growth promotion. Plant-Microbe Interactions in Agro-
Ecological Perspectives: Volume 2: Microbial Interactions and 
Agro-Ecological Impacts: 395–432

Miljaković D, Marinković J, Balešević-Tubić S (2020) The significance 
of Bacillus spp. in disease suppression and growth promotion of 
field and vegetable crops. Microorganisms 8(7):1037

Mishra P, Tiwari SK, Singh AK, Malik MZ (2022) Harnessing endo-
phytic microbial diversity for stress alleviation: current perspec-
tives for crop improvement. Mitig Plant Abiotic Stress Micro-
organ 149–174

Mitra D, Mondal R, Khoshru B, Senapati A, Radha T, Mahakur B, Uni-
yal N, Myo EM, Boutaj H, Sierra BEG (2022) Actinobacteria-
enhanced plant growth, nutrient acquisition, and crop protection: 
advances in soil, plant, and microbial multifactorial interactions. 
Pedosphere 32(1):149–170

Müller DB, Vogel C, Bai Y, Vorholt JA (2016) The plant microbi-
ota: systems-level insights and perspectives. Annu Rev Genet 
50:211–234

Na X, Xu T, Li M, Zhou Z, Ma S, Wang J, He J, Jiao B, Ma F (2018) 
Variations of bacterial community diversity within the rhizo-
sphere of three phylogenetically related perennial shrub plant 
species across environmental gradients. Front Microbiol 9:709

Naamala J, Smith DL (2021) Microbial derived compounds, a step 
toward enhancing microbial inoculants technology for sustain-
able agriculture. Front Microbiol 12:634807

Nagpal S, Haque MM, Singh R, Mande SS (2019) iVikodak—A plat-
form and standard workflow for inferring, analyzing, comparing, 
and visualizing the functional potential of microbial communi-
ties. Front Microbiol 9:429477

Nwachukwu BC, Babalola OO (2022) Metagenomics: a tool for explor-
ing key microbiome with the potentials for improving sustainable 
agriculture. Front Sustain Food Syst 6:886987

Oliveira C, Shakiba E, North D, McGraw M, Ballard E, Barrett-
D’Amico M, Glazko G, Rahmatallah Y (2022) 16S rRNA gene-
based metagenomic analysis of rhizosphere soil bacteria in 
arkansas rice crop fields. Agronomy 12(1):222

Pabbathi NPP, Velidandi A, Tavarna T, Gupta S, Raj RS, Gandam PK, 
Baadhe RR (2023) Role of metagenomics in prospecting novel 
endoglucanases, accentuating functional metagenomics approach 
in second-generation biofuel production: a review. Biomass Con-
vers Biorefin 13(2):1371–1398

Pascale A, Proietti S, Pantelides IS, Stringlis IA (2020) Modulation of 
the root microbiome by plant molecules: the basis for targeted 
disease suppression and plant growth promotion. Front Plant Sci 
10:501717

Philippot L, Chenu C, Kappler A, Rillig MC, Fierer N (2024) The 
interplay between microbial communities and soil properties. 
Nat Rev Microbiol 22(4):226–239

Pothier JF, Prigent-Combaret C, Haurat J, Moënne-Loccoz Y, Wis-
niewski-Dyé F. (2008)Duplication of plasmidborne nitrite 
reductase gene nirK in the wheat-associated plant growth-
promoting rhizobacterium Azospirillum brasilense Sp245. 
Mol Plant Microbe Interact. 21(6):831–842. https://​doi.​org/​
10.​1094/​MPMI-​21-6-​0831

Prabha R, Singh DP, Gupta S, Gupta VK, El-Enshasy HA, Verma 
MK (2019) Rhizosphere Metagenomics of Paspalum scrobicu-
latum L. (Kodo Millet) Reveals Rhizobiome Multifunctionali-
ties. Microorganisms 7(12):608

Pradhan A, Pahari A, Mohapatra S, Mishra BB (2017) Phosphate-
solubilizing microorganisms in sustainable agriculture: genetic 
mechanism and application. Recent Trends Future Prospects: 
Volume 2: Soil-Microbe-Plant Interaction 4: 81–97

Pramanik K, Das A, Banerjee J, Das A, Chatterjee S, Sharma R, 
Kumar S, Gupta S (2020) Metagenomic insights into rhizos-
pheric microbiome profiling in lentil cultivars unveils differ-
ential microbial nitrogen and phosphorus metabolism under 
rice-fallow ecology. Int J Mol Sci 21(23):8895

Purushothaman S, Meola M, Egli A (2022) Combination of whole 
genome sequencing and metagenomics for microbiological 
diagnostics. Int J Mol Sci 23(17):9834

Quince C, Walker AW, Simpson JT, Loman NJ, Segata N (2017) 
Shotgun metagenomics, from sampling to analysis. Nat Bio-
technol 35(9):833–844

Ramadan AM, Nazar MAH, Gadallah NO (2020) Metagenomic anal-
ysis of rhizosphere bacteria in desert plant calotropis procera. 
Geomicrobiol J 38(5):375–383

Ramond J-B, Tshabuse F, Bopda CW, Cowan DA, Tuffin MI (2013) 
Evidence of variability in the structure and recruitment of 
rhizospheric and endophytic bacterial communities associated 
with arable sweet sorghum (Sorghum bicolor (L) Moench). 
Plant Soil 372(1–2):265–278

Reinhold-Hurek B, Bunger W, Burbano CS, Sabale M, Hurek T 
(2015) Roots shaping their microbiome: global hotspots for 
microbial activity. Annu Rev Phytopathol 53:403–424

Ribicic D, Netzer R, Winkler A, Brakstad OG (2018) Comparison 
of microbial community dynamics induced by distinct crude 
oil dispersions reveals compositional differences. J Sea Res 
141:112–118

Sabale SN, Suryawanshi PP, Krishnaraj (2019). "Soil metagenomics: 
concepts and applications. Metagenomics-basics, methods and 
applications

Santoyo G, Moreno-Hagelsieb G, del Carmen Orozco-Mosqueda M, 
Glick BR (2016) Plant growth-promoting bacterial endophytes. 
Microbiol Res 183:92–99

Sarsekeyeva F, Zayadan BK, Usserbaeva A, Bedbenov VS, Sinetova 
MA, Los DA (2015) Cyanofuels: biofuels from cyanobacteria. 
Reality and perspectives. Photosynth Res 125:329–340

Shankar N (2023) Effect of plant genotype on plant-microbe interac-
tions and multi-generation ecosystem selection of microbial 
communities associated with plant biomass in Arabidopsis 
thaliana, University of Massachusetts Boston

Shankar S, Haque E, Ahmed T, Kiran GS, Hassan S, Selvin J (2021) 
Rhizobia–legume symbiosis during environmental stress. 
Symbiotic Soil Microorganisms: Biology and Applications: 
201–220

Sharma P, Kumar S (2021) Bioremediation of heavy metals from indus-
trial effluents by endophytes and their metabolic activity: Recent 
advances. Biores Technol 339:125589

Sharma P, Sharma MMM, Malik A, Vashisth M, Singh D, Kumar 
R, Singh B, Patra A, Mehta S, Pandey V (2021) Rhizosphere, 
rhizosphere biology, and rhizospheric engineering. Plant 

https://doi.org/10.1094/MPMI-21-6-0831
https://doi.org/10.1094/MPMI-21-6-0831


	 3 Biotech          (2024) 14:224   224   Page 18 of 18

growth-promoting microbes for sustainable biotic and abiotic 
stress management, Springer: 577–624

Silva DP, Epstein HE, Vega Thurber RL (2023) Best practices for gen-
erating and analyzing 16S rRNA amplicon data to track coral 
microbiome dynamics. Front Microbiol 13:1007877

Singha LP, Pandey P (2021) Rhizosphere assisted bioengineering 
approaches for the mitigation of petroleum hydrocarbons con-
tamination in soil. Crit Rev Biotechnol 41(5):749–766

Solanki P, Putatunda C, Kumar A, Bhatia R, Walia A (2021) Microbial 
proteases: ubiquitous enzymes with innumerable uses. 3 Biotech 
11(10):428

Srivastava N, Gupta B, Gupta S, Danquah MK, Sarethy IP (2019) Ana-
lyzing functional microbial diversity: an overview of techniques. 
Microb Divers Genomic era 79–102

Subrahmanyam G, Kumar A, Sandilya SP, Chutia M, Yadav AN (2020) 
Diversity, plant growth promoting attributes, and agricultural 
applications of rhizospheric microbes. Plant Microb Sustain 
Agric 1–52

Sun W, Shahrajabian MH (2023) The application of arbuscular mycor-
rhizal fungi as microbial biostimulant, sustainable approaches in 
modern agriculture. Plants 12(17):3101

Swarnalakshmi K, Yadav V, Tyagi D, Dhar DW, Kannepalli A, Kumar 
S (2020) Significance of Plant Growth Promoting Rhizobacte-
ria in Grain Legumes: Growth Promotion and Crop Production. 
Plants (Basel) 9(11):1596

Tao J, Meng D, Qin C, Liu X, Liang Y, Xiao Y, Liu Z, Gu Y, Li J, Yin 
H (2018) Integrated network analysis reveals the importance of 
microbial interactions for maize growth. Appl Microbiol Bio-
technol 102:3805–3818

Trego A, Keating C, Nzeteu C, Graham A, O’Flaherty V, Ijaz UZ 
(2022) Beyond basic diversity estimates—analytical tools for 
mechanistic interpretations of amplicon sequencing data. Micro-
organisms 10(10):1961

Ulbrich TC, Rivas-Ubach A, Tiemann LK, Friesen ML, Evans SE 
(2022) Plant root exudates and rhizosphere bacterial communi-
ties shift with neighbor context. Soil Biol Biochem 172:108753

Uroz S, Courty PE, Oger P (2019) Plant symbionts are engineers of the 
plant-associated microbiome. Trends Plant Sci 24(10):905–916

Valverde A, De Maayer P, Oberholster T, Henschel J, Louw MK, 
Cowan D (2016) Specific microbial communities associate with 
the rhizosphere of welwitschia mirabilis, a living fossil. PLoS 
One 11(4):e0153353

Verma D, Satyanarayana T (2020) Xylanolytic extremozymes retrieved 
from environmental metagenomes: characteristics, genetic engi-
neering, and applications. Front Microbiol 11:551109

Vigneron A, Alsop EB, Cruaud P, Philibert G, King B, Baksmaty L, 
Lavallée D, Lomans BP, Kyrpides NC, Head IM (2017) Com-
parative metagenomics of hydrocarbon and methane seeps of the 
Gulf of Mexico. Sci Rep 7(1):16015

Walsh LH, Coakley M, Walsh AM, O’Toole PW, Cotter PD (2023) 
Bioinformatic approaches for studying the microbiome of fer-
mented food. Crit Rev Microbiol 49(6):693–725

Walters W, Hyde ER, Berg-Lyons D, Ackermann G, Humphrey G, 
Parada A, Gilbert JA, Jansson JK, Caporaso JG, Fuhrman JA 
(2016) Improved bacterial 16S rRNA gene (V4 and V4–5) and 
fungal internal transcribed spacer marker gene primers for micro-
bial community surveys. Msystems. https://​doi.​org/​10.​1128/​
msyst​ems.​00009-​00015

Wang H, Hart DJ, An Y (2019) Functional metagenomic technologies 
for the discovery of novel enzymes for biomass degradation and 
biofuel production. BioEnergy Res 12:457–470

Wang B, Wang X, Wang Z (2023) Comparative metagenomic analysis 
reveals rhizosphere microbial community composition and func-
tions help protect grapevines against salt stress. Front Microbiol 
14:1102547

Wang JY, Chen G-TE, Braguy J, Al-Babili S (2024) Distinguishing 
the functions of canonical strigolactones as rhizospheric signals. 
Trends Plant Sci. https://​doi.​org/​10.​1016/j.​tplan​ts.​2024.​02.​013

Woloszynek S, Zhao Z, Ditzler G, Price JR, Reichenberger ER, Lan Y, 
Chen J, Earl J, Langroodi SK, Ehrlich G (2018) Analysis meth-
ods for shotgun metagenomics. Theoret Appl Aspects Syst Biol 
71–112

Wu Y, Sun J, Yu P, Zhang W, Lin Y, Ma D (2022) The rhizosphere 
bacterial community contributes to the nutritional competi-
tive advantage of weedy rice over cultivated rice in paddy 
soil. BMC Microbiol 22(1):232. https://​doi.​org/​10.​1186/​
s12866-​022-​02648-1

Xiong Q, Hu J, Wei H, Zhang H, Zhu J. (2021) Relationship between 
Plant Roots, Rhizosphere Microorganisms, and Nitrogen and Its 
Special Focus on Rice. Agriculture 11:234. https://​doi.​org/​10.​
3390/​agric​ultur​e1103​0234

Xu P, Wang E (2023) Diversity and regulation of symbiotic nitrogen 
fixation in plants. Curr Biol 33(11):R543–R559

Xu J, Zhang Y, Zhang P, Trivedi P, Riera N, Wang Y, Liu X, Fan G, 
Tang J, Coletta-Filho HD, Cubero J, Deng X, Ancona V, Lu Z, 
Zhong B, Roper MC, Capote N, Catara V, Pietersen G, Verniere 
C, Al-Sadi AM, Li L, Yang F, Xu X, Wang J, Yang H, Jin T, 
Wang N (2018) The structure and function of the global citrus 
rhizosphere microbiome. Nat Commun 9(1):4894

Yang X-X, Huang X-Q, Wu W-X, Xiang Y-J, Du L, Zhang L, Liu Y 
(2020) Effects of different rotation patterns on the occurrence of 
clubroot disease and diversity of rhizosphere microbes. J Integr 
Agric 19(9):2265–2273

Yang J, Lan L, Jin Y, Yu N, Wang D, Wang E (2022) Mechanisms 
underlying legume–rhizobium symbioses. J Integr Plant Biol 
64(2):244–267

Zhang Z, Zhang G, Li W, Li C, Xu G (2016) Enhanced biogas produc-
tion from sorghum stem by co-digestion with cow manure. Int J 
Hydrogen Energy 41(21):9153–9158

Zhang W, Wang W, Wang J, Shen G, Yuan Y, Yan L, Tang H, 
Wang W (2021) Isolation and characterization of a novel lac-
case for lignin degradation, LacZ1. Appl Environ Microbiol 
87(23):e01355-e1321

Zhou M, Guo P, Wang T, Gao L, Yin H, Cai C, Gu J, Lü X (2017) 
Metagenomic mining pectinolytic microbes and enzymes from 
an apple pomace-adapted compost microbial community. Bio-
technol Biofuels 10:1–15

Zolla G, Badri DV, Bakker MG, Manter DK, Vivanco JM (2013) Soil 
microbiomes vary in their ability to confer drought tolerance to 
Arabidopsis. Appl Soil Ecol 68:1–9

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1128/msystems.00009-00015
https://doi.org/10.1128/msystems.00009-00015
https://doi.org/10.1016/j.tplants.2024.02.013
https://doi.org/10.1186/s12866-022-02648-1
https://doi.org/10.1186/s12866-022-02648-1
https://doi.org/10.3390/agriculture11030234
https://doi.org/10.3390/agriculture11030234

	Exploring microbial diversity in the rhizosphere: a comprehensive review of metagenomic approaches and their applications
	Abstract
	Introduction
	Plant microbe interaction in rhizosphere
	Plant growth-promoting microbes (PGPMs)

	Comparative assessment of rhizospheric and bulk soil microbial community dynamics
	Microbial communities in plant rhizospheric soil: diversity and commonalities
	Diversity of microbial communities
	Common microbial communities

	Metagenomic approach for microbial diversity analysis
	Amplicon sequencing-based metagenomics
	Whole genome sequencing based metagenomics

	Functional potential of metagenomic analysis
	Metagenomic Insights into bioremediation
	Metagenomic insights into biofuel synthesis
	Metagenomic insights in agriculture
	Pathogen and plant disease identification
	Abiotic stress management


	Future prospects: navigating new frontiers in rhizospheric metagenomics
	Conclusion
	Acknowledgements 
	References


