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Abstract 
The soil microbiome plays a pivotal role in maintaining soil health, promoting plant growth, and 

supporting sustainable agricultural practices. Traditional methods of studying soil microbial 

communities have often been limited by low resolution and culture-dependent biases. However, recent 

advances in high-throughput sequencing, functional omics, and computational tools have 

revolutionized our ability to analyse and understand complex soil ecosystems. This review highlights 

emerging techniques such as long-read metagenomics, metatranscriptomics, metaproteomics, and 

metabolomics that provide deeper functional and taxonomic insights into soil microbiota. It also 

explores innovative approaches like culturomics, single-cell genomics, and artificial intelligence-driven 

data interpretation, all of which are pushing the boundaries of soil microbiome research. Furthermore, 

we discuss the integration of multi-omics strategies and their applications in precision agriculture, 

biofertilizer development, and soil health monitoring. These cutting-edge techniques are not only 

enhancing our understanding of soil microbial dynamics but also offering practical tools for improving 

crop productivity and ecological sustainability. The article concludes with a discussion on current 

challenges, including data standardization and field validation, while proposing future directions for 

research and implementation in sustainable agriculture. 

Keywords: Soil microbiome, sustainable agriculture, metagenomics, multi-omics, microbial diversity, 
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1. Introduction

Soil is a dynamic and complex ecosystem teeming with an immense diversity of 

microorganisms, including bacteria, archaea, fungi, protozoa, and viruses. Collectively 

referred to as the soil microbiome, these microbial communities are essential to nutrient 

cycling, organic matter decomposition, soil structure formation, and plant health. In the 

context of agriculture, the soil microbiome directly influences crop productivity, resilience to 

pests and diseases, and the efficiency of fertilizer use. Thus, understanding and managing the 

soil microbiome is central to advancing sustainable agricultural practices [1, 2]. 

Historically, the study of soil microbes has relied heavily on culture-based techniques, which 

capture only a fraction of the microbial diversity due to the inability to culture many soil 

organisms under laboratory conditions [3, 4]. As a result, traditional microbiological methods 

provide limited insight into the composition and functional potential of these communities. 

With the advent of high-throughput sequencing and systems biology approaches, researchers 

can now investigate soil microbiomes with unprecedented depth and resolution. These 

technologies enable not only the identification of microbial taxa but also the exploration of 

their functional roles, interactions, and responses to environmental changes [5, 6]. 

In recent years, emerging techniques such as shotgun metagenomics, metatranscriptomics, 

metaproteomics, and metabolomics have expanded our toolkit for dissecting the complexity 

of soil microbial ecosystems. Complemented by advanced bioinformatics and artificial 

intelligence (AI), these approaches allow researchers to extract meaningful patterns and build 

predictive models for soil health and crop performance. Additionally, innovations like 

culturomics and single-cell genomics are helping to uncover previously uncharacterized 

microorganisms with potential agricultural benefits [7, 8]. 

2. High-Throughput Sequencing Technologies

High-throughput sequencing (HTS) has revolutionized soil microbiome research by enabling 
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comprehensive profiling of microbial communities at 

unprecedented speed, accuracy, and depth [9, 10]. These 

techniques bypass the limitations of culture-dependent 

methods and allow for the analysis of entire microbial 

populations directly from environmental DNA (eDNA). The 

most widely used HTS methods include amplicon-based 

sequencing, shotgun metagenomics, and the more recent 

long-read sequencing platforms [11, 12]. 

 

2.1 Amplicon-Based Metagenomics (16S rRNA and ITS 

Sequencing) 

Amplicon sequencing targets specific conserved gene 

regions—such as 16S rRNA for bacteria and archaea, or ITS 

(Internal Transcribed Spacer) regions for fungi—to identify 

and classify microorganisms in a sample [12, 13]. This method 

is relatively cost-effective and useful for assessing microbial 

diversity and community structure. However, it is limited in 

its ability to provide functional information or distinguish 

between closely related species [12]. 

 

2.2 Shotgun Metagenomics 

Shotgun metagenomic sequencing involves sequencing all 

genomic DNA extracted from a soil sample, allowing for the 

reconstruction of entire microbial genomes. This method 

provides higher taxonomic resolution and uncovers a broad 

range of functional genes involved in processes such as 

nitrogen fixation, phosphorus solubilization, and pathogen 

suppression. Shotgun metagenomics also enables detection 

of rare and novel taxa that may not be captured through 

targeted approaches [14, 15].  

 

2.3 Long-Read Sequencing (Oxford Nanopore and 

PacBio) 

Recent advances in third-generation sequencing 

technologies, such as Oxford Nanopore and Pacific 

Biosciences (PacBio), have further enhanced microbiome 

analysis by generating long sequence reads [16, 17]. These 

long reads enable the accurate assembly of microbial 

genomes, resolution of repetitive regions, and better 

identification of gene clusters, mobile genetic elements, and 

operons. Long-read platforms are especially valuable in 

capturing full-length 16S rRNA genes and complex 

biosynthetic pathways in soil microbes [18, 19]. 

Together, these high-throughput sequencing technologies 

provide a foundational layer of information for deeper 

microbiome analysis. By combining short-read accuracy 

with long-read continuity, researchers can gain a more 

complete understanding of soil microbial diversity, function, 

and ecological relationships [20, 21]. 

 

3. Metatranscriptomics, Metaproteomics, and 

Metabolomics 
While metagenomics reveals the genetic potential of 

microbial communities, it does not indicate which genes are 

actively expressed or how microbes function in real-time. 

To bridge this gap, researchers employ functional omics 

approaches—metatranscriptomics, metaproteomics, and 

metabolomics—that provide dynamic insights into 

microbial activity, interaction, and metabolism under 

various environmental and agricultural conditions [7, 12].  

 

3.1 Metatranscriptomics 

Metatranscriptomics involves sequencing the total RNA 

(mainly messenger RNA) from soil microbial communities 

to identify genes that are actively transcribed at a given 

moment. This approach offers a snapshot of microbial 

activity in response to environmental stimuli, such as 

drought, fertilizer application, or plant-microbe interactions. 

Metatranscriptomic analysis helps identify functional 

pathways associated with nutrient cycling, stress response, 

and disease resistance. However, RNA is less stable than 

DNA, making its extraction and processing from complex 

soil matrices technically challenging. Advanced rRNA 

depletion techniques and robust computational pipelines are 

now improving the accuracy and reliability of 

metatranscriptome data [19, 22]. 

 

3.2 Metaproteomics 

Metaproteomics analyzes the entire set of proteins expressed 

by soil microbial communities, offering a closer link to 

microbial function than transcriptomics alone. By using 

high-resolution mass spectrometry, researchers can identify 

enzymes and structural proteins involved in key soil 

processes such as organic matter decomposition, nitrogen 

fixation, and phosphate solubilization [23, 24]. 

Although technically demanding due to protein degradation, 

extraction complexity, and the vast diversity of soil proteins, 

metaproteomics provides valuable insights into active 

microbial metabolism and functional redundancy in soil 

ecosystems [18, 24]. 

 

3.3 Metabolomics 

Metabolomics investigates the small-molecule metabolites 

produced by microbes and plants within the soil 

environment. These metabolites include signaling 

compounds, antimicrobial agents, and nutrient precursors 

that mediate plant-microbe and microbe-microbe 

interactions. 

Using techniques like nuclear magnetic resonance (NMR), 

gas chromatography-mass spectrometry (GC-MS), and 

liquid chromatography-mass spectrometry (LC-MS), 

metabolomics helps decode biochemical exchanges in the 

rhizosphere. It is particularly valuable for understanding 

how microbial communities influence plant health, soil 

fertility, and resistance to pathogens [21, 23]. 

 

4. Advanced Bioinformatics and AI in Microbiome Data 

Interpretation 

The complexity and volume of data generated by multi-

omics approaches in soil microbiome research demand 

powerful computational tools for accurate interpretation. 

Advanced bioinformatics pipelines and the growing 

application of artificial intelligence (AI) and machine 

learning (ML) algorithms are transforming raw sequencing 

data into actionable biological insights. These tools are 

essential for taxonomic classification, functional annotation, 

statistical analysis, and predictive modelling in agricultural 

systems [23, 25]. 

 

4.1 Bioinformatics Pipelines and Tools 

Modern bioinformatics workflows begin with quality 

control, sequence alignment, and taxonomic assignment. 

Popular platforms like QIIME2, Mothur, MetaPhlAn, and 

DADA2 are commonly used for amplicon-based data, while 

MG-RAST, MEGAN, and Kraken2 are widely applied to 

shotgun metagenomic datasets. Functional profiling is 

enabled by tools such as KEGG, COG, eggNOG, and 

HUMAnN2, which help annotate genes involved in nitrogen 
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cycling, phosphorus mobilization, and carbon metabolism 
[17, 21]. 

Data visualization tools like Phyloseq, MicrobiomeAnalyst, 

and Pavian enable researchers to interpret microbial 

abundance, diversity metrics, and community composition 

across treatments and time points. The integration of 

metadata (e.g., soil pH, crop type, fertilizer use) further 

enhances ecological interpretation [21, 25]. 

 

4.2 Machine Learning and AI in Soil Microbiome 

Research 

AI and machine learning algorithms are now being 

employed to identify patterns and generate predictive 

models from high-dimensional microbiome datasets. These 

models can uncover hidden correlations between microbial 

community structure and soil health indicators, crop yield, 

or environmental stress factors [22, 23].  

Commonly used techniques include: 

 Random Forest and Support Vector Machines 

(SVMs) for classification of soil health status [24, 25]. 

 Neural Networks and Deep Learning for complex 

pattern recognition and time-series prediction [21, 22]. 

 Unsupervised Learning (e.g., clustering, PCA, t-SNE) 

for exploratory analysis and dimensionality reduction 
[22]. 

 

4.3 Network Analysis and Microbial Interactions 

Co-occurrence and correlation-based network analyses 

provide insights into microbial interactions—highlighting 

potential keystone species, symbiotic relationships, and 

antagonistic behaviors. Tools like Cytoscape, CoNet, and 

SPIEC-EASI help map these complex ecological 

interactions, aiding in the design of synthetic microbial 

consortia for soil amendments [23, 24]. 

By combining bioinformatics, AI, and ecological modelling, 

researchers can transition from descriptive microbiome 

studies to predictive and prescriptive applications—a crucial 

leap for implementing microbiome-based strategies in 

sustainable agriculture [24, 25]. 

 

5. Culturomics and Single-Cell Genomics 

Despite the advances in DNA-based techniques, a 

significant portion of the soil microbiome remains classified 

as “microbial dark matter” due to the inability to culture 
many of its constituents in laboratory conditions. Emerging 

culture-based and single-cell approaches—culturomics and 

single-cell genomics—are helping to close this gap by 

enabling the isolation and characterization of previously 

unculturable or rare microorganisms, thereby enhancing our 

understanding of microbial diversity and function in soil 

ecosystems [25, 26]. 

 

5.1 Culturomics 

Culturomics is a high-throughput microbial cultivation 

strategy that employs diverse culture media, atmospheric 

conditions, and incubation times to isolate a wide range of 

microbial species from environmental samples. Unlike 

traditional microbiological methods that rely on a few 

standard media, culturomics uses a combinatorial 

approach—sometimes involving hundreds of media types—
to promote the growth of rare and fastidious organisms [27, 

28]. 

5.1.1 Advanced culturomics incorporates 

 Robotics and automated pipetting systems for large-

scale culture experiments [24, 25]. 

 Matrix-Assisted Laser Desorption/Ionization-Time of 

Flight (MALDI-TOF) Mass Spectrometry for rapid 

microbial identification [24].  

 Genome sequencing of isolated strains for functional 

annotation [24]. 

 

In the context of sustainable agriculture, culturomics holds 

potential for discovering novel plant growth-promoting 

bacteria (PGPB), nitrogen-fixing organisms, and biocontrol 

agents that can be developed into biofertilizers or soil health 

enhancers [21, 23]. 

 

5.2 Single-Cell Genomics 

Single-cell genomics bypasses the need for microbial 

cultivation by isolating and sequencing the genome of 

individual microbial cells directly from soil. Techniques 

such as fluorescence-activated cell sorting (FACS), 

microfluidics, and whole-genome amplification (WGA) are 

used to sort and process individual cells for sequencing [26, 

27]. 

 

5.2.1 This method allows 

1. Characterization of rare or slow-growing microbes that 

escape detection in bulk metagenomics [27]. 

2. Insights into metabolic capabilities, gene content, and 

evolutionary relationships of uncultured taxa [27]. 

3. Targeted discovery of microbes with specific functional 

traits, such as stress tolerance or antibiotic production 
[27]. 

 

Together, culturomics and single-cell genomics are crucial 

for uncovering novel microbial functions, expanding 

reference genome databases, and developing microbial 

resources tailored for sustainable agriculture. These 

techniques provide the biological material necessary for 

functional validation, microbial inoculant design, and strain-

level monitoring in the field [28, 29]. 

 

6. Integrative Multi-Omics Approaches 

No single omics technique can fully capture the complexity 

of soil microbial communities and their interactions with 

plants and the environment. Integrative multi-omics 

approaches combine different layers of biological 

information—such as metagenomics, metatranscriptomics, 

metaproteomics, and metabolomics—to generate a holistic 

understanding of microbial structure and function. This 

systems-level perspective is particularly valuable in 

sustainable agriculture, where multiple environmental and 

biological factors influence soil health and crop productivity 
[29, 30]. 

 

6.1 The Power of Integration 

Integrating omics datasets enables researchers to track the 

flow of biological information from gene presence (DNA), 

to gene activity (RNA), to protein expression (proteome), 

and finally to biochemical outcomes (metabolome) [23, 27]. 

For example: 

 Metagenomics can identify genes involved in nitrogen 

fixation [27]. 

 Metatranscriptomics can reveal when those genes are 

actively transcribed [27]. 

https://www.biochemjournal.com/


 

~ 353 ~ 

International Journal of Advanced Biochemistry Research  https://www.biochemjournal.com 

   

  Metaproteomics can confirm the production of 

nitrogenase enzymes [27]. 

 Metabolomics can detect the presence of ammonia or 

other nitrogenous compounds in the soil [27]. 

 

Together, these data provide a comprehensive picture of 

microbial functions and interactions under various 

agricultural treatments such as organic amendments, crop 

rotation, or reduced chemical inputs [28, 29]. 

 

6.2 Applications in Rhizosphere and Crop Health 

Studies 

Multi-omics approaches are especially useful in studying the 

rhizosphere, the narrow zone of soil influenced by root 

secretions and microbial activity. By integrating omics data, 

researchers can uncover how root exudates shape microbial 

communities and how these communities, in turn, impact 

plant nutrient uptake, stress tolerance, and immune response 
[28, 29]. 

For instance, studies have used multi-omics to: 

 Identify microbial consortia that promote drought 

tolerance in maize [30, 31]. 

 Understand how compost application alters microbial 

activity and boosts soil organic matter [31, 32]. 

 Track the emergence of plant pathogens and shifts in 

beneficial microbe populations in response to climate 

change [31]. 

 

6.3 Challenges in Multi-Omics Integration 

While powerful, multi-omics integration presents several 

challenges: 

 Data heterogeneity: Different omics platforms 

generate datasets with varying formats, scales, and 

noise levels [32]. 

 Computational complexity: Integrating and analyzing 

large, multidimensional datasets requires advanced 

statistical models and machine learning techniques [32]. 

 Standardization: There is a lack of standardized 

protocols and metadata frameworks, making cross-

study comparisons difficult [32]. 

 

Despite these hurdles, the continued development of data 

fusion algorithms, integrated bioinformatics platforms, and 

shared databases is steadily improving the accessibility and 

utility of multi-omics approaches in agriculture [33]. 

 

7. Applications in Sustainable Agriculture 

The integration of advanced soil microbiome analysis 

techniques is unlocking new pathways to achieve 

sustainability in agriculture. By understanding the structure, 

function, and dynamics of soil microbial communities, 

farmers and researchers can design interventions that 

promote plant health, optimize input usage, and enhance 

long-term soil fertility. These insights have led to several 

practical applications that align with the goals of sustainable 

farming [32, 33]. 

 

7.1 Microbiome-Guided Crop Management 

Emerging microbiome insights are enabling the 

development of targeted microbial consortia and 

bioinoculants designed to improve crop growth and 

resilience [34, 35]. For example: 

 Plant growth-promoting rhizobacteria (PGPR) and 

mycorrhizal fungi are being deployed to enhance 

nutrient uptake and protect against pathogens [36, 37]. 

 Customized microbial formulations are being used as 

biocontrol agents to reduce the dependency on synthetic 

pesticides [38, 39].  

 Inoculants tailored to specific crops or soil types are 

now developed using sequencing-based diagnostics to 

ensure compatibility and efficacy [37]. 

 

7.2 Soil Health Monitoring and Diagnostics 

Microbial communities are sensitive indicators of soil 

quality and environmental stress. High-throughput 

sequencing and functional omics have enabled the 

identification of microbial biomarkers for key soil functions 

such as nitrogen cycling, organic matter decomposition, and 

disease suppression [38, 39].  

These biomarkers are increasingly being used in: 

 Soil health monitoring programs to assess the impact of 

agricultural practices over time [40, 41]. 

 Environmental risk assessments related to over-

fertilization, pesticide exposure, and heavy metal 

contamination [42]. 

 The development of early-warning systems for soil 

degradation or pathogen outbreaks [42]. 

 

7.3 Precision Agriculture and Decision Support Systems 

The fusion of microbiome data with precision agriculture 

tools—such as remote sensing, geospatial mapping, and 

Internet of Things (IoT)-enabled sensors is enabling farmers 

to make data-driven decisions at a micro-scale [43]. These 

integrated systems help in: 

 Site-specific application of fertilizers or biostimulants 

based on microbial activity [41]. 

 Monitoring of soil microbial changes in real-time 

during crop cycles [42]. 

 Development of predictive models that link microbial 

traits with crop performance [43]. 

 

8. Challenges and Future Perspectives 
Despite the rapid advancements in soil microbiome analysis, 

several critical challenges hinder the widespread application 

and scalability of these technologies in sustainable 

agriculture. Addressing these barriers is essential to translate 

laboratory breakthroughs into practical, cost-effective 

solutions for farmers, agronomists, and policymakers [42]. 

 

8.1 Data Standardization and Reproducibility 

One of the most significant hurdles is the lack of 

standardization in sample collection, DNA extraction 

methods, sequencing platforms, and data processing 

pipelines. These inconsistencies make it difficult to compare 

findings across studies or develop universal microbiome-

based soil health benchmarks [41, 43]. The field needs: 

 Harmonized protocols for microbiome sampling and 

analysis [41]. 

 Open-access reference databases with well-annotated 

soil microbial genomes [42]. 

 Metadata frameworks that ensure transparency and 

reproducibility in multi-omics research [43].  

 

8.2 Field Validation and Environmental Variability 

Laboratory conditions often fail to replicate the complexity 

of field environments, where microbial communities are 
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influenced by a multitude of factors including soil type, 

climate, crop rotation, and agrochemical use [23, 21]. Many 

promising microbial inoculants and biofertilizers show 

inconsistent performance in the field due to: 

 Host-microbe incompatibility across soil types and 

plant varieties [12]. 

 Ecological competition with native microbes [12]. 

 Abiotic stressors such as drought, salinity, or pollution 
[12]. 

 

8.3 Accessibility and Farmer Awareness 

High-end omics technologies and computational analysis 

remain expensive and technically demanding, posing 

barriers for smallholder farmers, especially in developing 

countries [33, 33]. Democratizing microbiome science will 

require: 

 Affordable diagnostic kits and mobile tools [33]. 

 Training programs for farmers and agribusinesses [34]. 

 Extension services to translate microbiome findings 

into actionable insights [35].  

 

8.4 Future Perspectives 

Looking forward, the integration of AI-driven analytics, 

multi-omics platforms, and digital agriculture technologies 

will continue to transform soil microbiome research. The 

development of real-time microbial sensors, in-field DNA 

sequencers, and digital twin models of soil ecosystems 

could dramatically enhance precision farming [21, 22].  

Moreover, emerging areas such as phage therapy in soils, 

microbiome engineering, and synthetic ecology offer 

exciting frontiers for tailoring soil microbiomes to desired 

agronomic outcomes [23, 25]. 

Ultimately, advancing sustainable agriculture through soil 

microbiome science will require interdisciplinary 

collaboration, open innovation, and farmer centered design 
[27, 28]. 

 

9. Conclusion 

The soil microbiome holds immense potential to drive the 

next generation of sustainable agricultural practices. By 

illuminating the hidden world of microorganisms beneath 

our feet, emerging technologies—ranging from high-

throughput sequencing and multi-omics profiling to AI-

powered data interpretation and single-cell genomics—are 

reshaping how we understand and manage soil ecosystems. 

These advanced techniques enable scientists and farmers to 

move beyond mere taxonomic surveys toward functional, 

predictive, and even prescriptive microbiome insights. 

Whether through microbiome-informed crop management, 

early disease diagnostics, or precision application of 

biofertilizers, soil microbial data is becoming a powerful 

tool for improving crop yields, enhancing soil resilience, 

and reducing environmental footprints. However, realizing 

the full benefits of microbiome science in agriculture 

requires addressing key challenges—especially in the areas 

of data standardization, field validation, accessibility, and 

farmer education. The path forward will depend on fostering 

cross-disciplinary collaboration among microbiologists, 

agronomists, data scientists, and stakeholders across the 

agricultural value chain. As we look ahead, integrating soil 

microbiome intelligence into mainstream farming has the 

potential to transform agriculture into a more regenerative, 

resource-efficient, and ecologically harmonious enterprise—

one rooted not only in innovation, but also in nature’s own 
microbial networks. 

 

10. References 

1. Fagorzi C. Challenges of multi-omics in improving 

microbial-assisted phytoremediation. In: 

Rhizomicrobiome Dynamics in Bioremediation. Boca 

Raton: CRC Press; 2021. p. 69-79. 

2. Wankhade A, Wilkinson E, Britt DW, Kaundal A. A 

review of plant-microbe interactions in the rhizosphere 

and the role of root exudates in microbiome 

engineering. Applied Sciences. 2025;15(13):7127. 

3. Chandra D, Bhatt P, editors. Unravelling Plant-Microbe 

Synergy. Cambridge, MA: Academic Press; 2022. 

4. Mu YQ, Song JB, Zhao M, Ren P, Liu HY, Huang X. 

Integrative omics analysis of plant-microbe synergies in 

petroleum pollution remediation. Peer J. 

2025;13:e19396. 

5. Nandhini M, Roopa G, Kumudini BS, Prakash HS. 

Ecological symphony: multi-omics study of 

environment dynamics of endophyte communities. In: 

Multi-omics Approach to Investigate Endophyte 

Diversity. Singapore: Springer; 2025. p. 265-286. 

6. Anas M, Khalid A, Saleem MH, Ali Khan K, Ahmed 

Khattak W, Fahad S. Symbiotic synergy: unveiling 

plant-microbe interactions in stress adaptation. Journal 

of Crop Health. 2025;77(1):1-21. 

7. Diwan D, Rashid MM, Vaishnav A. Current 

understanding of plant-microbe interaction through the 

lenses of multi-omics approaches and their benefits in 

sustainable agriculture. Microbiological Research. 

2022;265:127180. 

8. Bastas KK, Kumar A. Omics technologies in the plant-

microbe interactions. In: Microbial Biocontrol: 

Molecular Perspective in Plant Disease Management. 

Singapore: Springer Nature; 2023. p. 257-282. 

9. Kumar U, Raj S, Sreenikethanam A, Maddheshiya R, 

Kumari S, Han S, et al. Multi-omics approaches in 

plant-microbe interactions hold enormous promise for 

sustainable agriculture. Agronomy. 2023;13(7):1804. 

10. Kimotho RN, Maina S. Unraveling plant-microbe 

interactions: can integrated omics approaches offer 

concrete answers? Journal of Experimental Botany. 

2024;75(5):1289-1313. 

11. Mishra AK, Sudalaimuthuasari N, Hazzouri KM, Saeed 

EE, Shah I, Amiri KM. Tapping into plant-microbiome 

interactions through the lens of multi-omics techniques. 

Cells. 2022;11(20):3254. 

12. Tahat M, Alananbeh M, Othman A, Leskovar DI. Soil 

health and sustainable agriculture. Sustainability. 

2020;12(12):4859. 

13. Lavanyaa K. Recent advances in agricultural 

microbiology for sustainable agricultural production. 

In: Agricultural Research, Technology and Policy: 

Innovations and Advances. Hyderabad: ICAR-National 

Academy of Agricultural Research Management 

(NAARM); 2021. 

14. Hesham AEL. Phytomicrobiome interactions and 

sustainable agriculture. In: Verma A, Saini JK, Singh 

HB, editors. Hoboken, NJ: Wiley-Blackwell; 2021. 

15. Kumar V, Iram S, editors. Microbial Technology for 

Agro-Ecosystems: Crop Productivity, Sustainability, 

and Biofortification. Amsterdam: Elsevier; 2024. 

https://www.biochemjournal.com/


 

~ 355 ~ 

International Journal of Advanced Biochemistry Research  https://www.biochemjournal.com 

   

 
16. Tan C, Kalhoro MT, Faqir Y, Ma J, Osei MD, Khaliq 

G. Climate-resilient microbial biotechnology: a 

perspective on sustainable agriculture. Sustainability. 

2022;14:5574. 

17. García G, Carlin M, Cano RDJ. Holobiome harmony: 

linking environmental sustainability, agriculture, and 

human health for a thriving planet and one health. 

Microorganisms. 2025;13(3):514. 

18. Manfredini A, Malusà E, Costa C, Pallottino F, Mocali 

S, Pinzari F, Canfora L. Current methods, common 

practices, and perspectives in tracking and monitoring 

bioinoculants in soil. Frontiers in Microbiology. 

2021;12:698491. 

19. Kumar R, Farda B, Mignini A, Djebaili R, Koolman L, 

Paul A, et al. Microbial solutions in agriculture: 

enhancing soil health and resilience through bio-

inoculants and bioremediation. Bacteria. 2025;4(3):28. 

20. Chukwuneme CF, Ayangbenro AS, Venturi V, Glick 

BR, Babalola OO. Potential innovations from the 

application of beneficial soil microbes to promote 

sustainable crop production. Studia Universitatis Babeş-

Bolyai, Biologia. 2024;69(1). 

21. Qasim M. Beneficial microbes in plant health: from 

biocontrol agent to plant growth promoting 

rhizobacteria. International Journal of Research and 

Advances in Agricultural Sciences. 2023;2:39-49. 

22. Datta S. Aptamers for Detection and Diagnostics 

(ADD): Can mobile systems process optical data from 

aptamer sensors to identify molecules indicating 

presence of SARS-CoV-2 virus? Should healthcare 

explore aptamers as drugs for prevention as well as its 

use as adjuvants with antibodies and vaccines? 2021. 

23. Ishiguro E, Haskey N, Campbell K. Gut microbiota: 

Interactive effects on nutrition and health. Amsterdam: 

Elsevier; 2023. 

24. Bergis H, Betts G, Binet R, Bird R, Bover-Cid S, 

Cantergiani F, et al. Development of standards for 

conducting microbiological challenge tests for food and 

feed products (ISO 20976). In: IAFP 2019 Annual 

Meeting Abstracts. 2019. p. 261. 

25. Yamin D, Uskoković V, Wakil AM, Goni MD, 
Shamsuddin SH, Mustafa FH, et al. Current and future 

technologies for the detection of antibiotic-resistant 

bacteria. Diagnostics. 2023;13(20):3246. 

26. Das S, Maity S. Metabolomics for plant growth-

promoting microbe profiling and designing biofertilizer. 

In: Microbial Metabolomics. Singapore: Springer; 

2025. p. 249-290. 

27. Rebenaque LL, Orenga CM. Bacteriophage application 

for Salmonella control in poultry and its implications on 

their microbiota and metabolome [dissertation]. 

Valencia: Universidad CEU Cardenal Herrera; 2022. 

28. Hu Y, Green GS, Milgate AW, Stone EA, Rathjen JP, 

Schwessinger B. Pathogen detection and microbiome 

analysis of infected wheat using a portable DNA 

sequencer. Phytobiomes Journal. 2019;3(2):92-101. 

29. Debode F, Caulier S, Demeter S, Dubois B, Gelhay V, 

Hulin J, et al. Roadmap for the integration of 

environmental microbiomes in risk assessments under 

EFSA’s remit. EFSA Supporting Publications. 
2024;21(2):8602E. 

30. Hohmann P, Wille L, Studer B, Bodenhausen N, 

Messmer M. Breeding for microbiome-mediated 

disease resistance. In: International Symposium on 

Microbe-Assisted Crop Production-Opportunities, 

Challenges & Needs. 2017. p. 48. 

31. Chen W, Modi D, Picot A. Soil and phytomicrobiome 

for plant disease suppression and management under 

climate change: A review. Plants. 2023;12(14):2736. 

32. Srivastava N, Ibrahim SA, Nasr MHA, editors. 

Microbiome Engineering: The New Dimension of 

Biotechnology. Boca Raton: CRC Press; 2024. 

33. Yu Y, Wen H, Li S, Cao H, Li X, Ma Z, et al. 

Emerging microfluidic technologies for microbiome 

research. Frontiers in Microbiology. 2022;13:906979. 

34. Chelliah R, Banan-Mwine Daliri E, Khan I, Wei S, 

Elahi F, Yeon SJ, et al. A review on the application of 

bioinformatics tools in food microbiome studies. 

Briefings in Bioinformatics. 2022;23(2):bbac007. 

35. Kent AD, Favela A, Ghotbi M, Raglin S, Klimasmith I, 

Bohn M. Soybean cyst nematode infestation is 

associated with changes in fungal community 

composition in agricultural soils of Ohio.  

36. Sharma B, Tiwari S, Kumawat KC. Microbiome 

engineering and biotechnology: The real finenesses of a 

robust rhizosphere. In: Core Microbiome: Improving 

Crop Quality and Productivity. 2022. p. 118-138. 

37. Brüssow F, Bruessow F, Brüssow H. The role of the 

plant microbiome for forestry, agriculture and urban 

greenspace in times of environmental change. Microbial 

Biotechnology. 2024;17(6):e14482. 

38. Adeniji A, Fadiji AE, Li S, Guo R. From lab bench to 

farmers' fields: Co-creating microbial inoculants with 

farmers input. Rhizosphere. 2024;:100920. 

39. Gupta S, Kumar D, Negi R, Singh R, Ansari MJ, 

Kashyap S, Mehrotra S, editors. Genomic Intelligence: 

Metagenomics and Artificial Intelligence. Boca Raton: 

CRC Press; 2024. 

40. Lei C, Lu T, Qian H, Liu Y. Machine learning models 

reveal how biochar amendment affects soil microbial 

communities. Biochar. 2023;5(1):89. 

41. Pace R, Schiano Di Cola V, Monti MM, Affinito A, 

Cuomo S, Loreto F, Ruocco M. Artificial intelligence in 

soil microbiome analysis: A potential application in 

predicting and enhancing soil health—A review. 

Discover Applied Sciences. 2025;7(2):85. 

42. Ambaru B, Manvitha R, Madas R. Synergistic 

integration of remote sensing and soil metagenomics 

data: Advancing precision agriculture through 

interdisciplinary approaches. Frontiers in Sustainable 

Food Systems. 2025;8:1499973. 

https://www.biochemjournal.com/

