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ABSTRACT

The microbiome—complex communities of microorganisms inhabiting humans, plants,
animals, and ecosystems—plays a pivotal role in health and sustainability. Advances in
biotechnology have unlocked the potential to harness these microbial ecosystems for
transformative applications across diverse fields. This review explores cutting-edge
microbiome research, highlighting its contributions to human health through microbiome-
based therapeutics, precision medicine, and the gut-brain axis, including validated clinical
applications such as fecal microbiota transplantation (FMT) for treating Clostridium
difficile infections. In agriculture, we examine microbial innovations for sustainable
farming, soil health, and livestock productivity, such as the use of nitrogen-fixing bacteria
to reduce chemical fertilizer dependence. Additionally, we delve into environmental
applications, including bioremediation using oil-degrading microbial consortia, carbon
sequestration, and marine microbiomes. Validated omics platforms, Al-based predictive
tools, and programmable synthetic biology systems are accelerating progress while
presenting challenges and ethical considerations. By integrating these innovations,
microbiome biotechnology holds immense potential to deliver scalable solutions for
enhancing human health, improving food systems, and addressing global environmental
challenges.

Microbiome biotechnology, Human health, Sustainable

Environmental applications, Synthetic biology.

agriculture,

Introduction

In agricultural contexts, the soil microbiome plays a vital
role in sustainable farming practices. Microbial communities
in the soil contribute to nutrient cycling, plant growth, and

The microbiome comprises the collective genomes of

microorganisms—including bacteria, fungi, viruses,

and

archaea—that inhabit various environments such as the
human body, agricultural systems, and natural ecosystems
(Figure 1). These microbial communities are integral to the
functioning of their respective habitats, influencing health,
productivity, and ecological balance (Berg et al., 2020).

In humans, the microbiome is crucial for numerous
physiological processes. It aids in nutrient extraction,
metabolism, and the development of the immune system.
Disruptions in the human microbiome have been linked to
various diseases, highlighting its importance in maintaining
health (Hou et al., 2022). A notable example is the successful
use of fecal microbiota transplantation (FMT) to treat
recurrent Clostridium difficile infections, showcasing the
clinical potential of personalized microbiome-based therapies
(Schupack et al., 2022).

http://www.jbb.uni-plovdiv.bg

Figure 1. Ecosystem of Microbiome Applications in
Health, Agriculture, and Environment
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disease suppression, thereby enhancing crop productivity and
resilience. Understanding and managing these microbial
interactions are essential for developing sustainable
agricultural systems (Bertola et al., 2021).

Environmental ~microbiomes are fundamental to
ecosystem processes. Microorganisms are involved in
biogeochemical cycles, such as carbon and nitrogen cycling,
which are critical for ecosystem health and function. They
also play a role in environmental remediation, such as the
degradation of pollutants, thereby contributing to
environmental sustainability (Aralappanavar et al., 2024).

Recent biotechnological advancements have enabled the
manipulation of microbiomes to promote health and
sustainability. In medicine, interventions like fecal
microbiota transplantation (FMT) have been developed to
restore healthy gut microbiota, offering potential treatments
for various diseases. In agriculture, microbiome engineering
is being explored to enhance soil fertility and plant health,
contributing to more sustainable farming practices (Yadav &
Chauhan, 2021). However, these innovations also raise
important ethical and regulatory concerns related to data
privacy, long-term ecological effects, and the responsible use
of engineered microbial consortia. Addressing these
dimensions is critical to ensuring safe and equitable
advancement in the field. These developments underscore the
emerging importance of microbiome research in addressing
global health and environmental challenges.

Methodology

This literature review adhered to a systematic
methodology based on the Preferred Reporting Items for
Systematic  Reviews and Meta-Analyses (PRISMA)
guidelines to ensure a comprehensive and transparent review
process. The methodology encompassed the following key
steps:

Identification of Relevant Studies

A rigorous search strategy was developed to identify
pertinent studies in microbiome biotechnology. The search
was conducted across multiple reputable databases, including
PubMed, Google Scholar, Scopus, and Web of Science.
Keywords and Boolean operators were employed to
maximize the retrieval of relevant literature. The primary
search terms included:

"Microbiome biotechnology"

"Human health"

"Sustainable agriculture”

"Environmental applications"

"Synthetic biology"

http://www.jbb.uni-plovdiv.bg

Search strings were tailored to the syntax of each
database, combining the terms with Boolean operators
(AND/OR) and applying filters to limit results to peer-
reviewed journal articles published in English.

Inclusion and Exclusion Criteria

Clear inclusion and exclusion criteria were established to
ensure that only the most relevant and high-quality studies
were included in the review. The inclusion criteria were as
follows:

1. Articles published in peer-reviewed journals.

2. Studies conducted in English.

3. Research focusing on microbiome biotechnology
applications in human health, agriculture, and environmental
sustainability.

4. Studies utilizing omics technologies, synthetic biology,
or artificial intelligence for microbiome research.

5. Papers published within the last 10 years to capture the
most recent advancements.

Exclusion criteria were also applied
irrelevant or low-quality studies:

1. Non-English publications.

2. Articles lacking a clear focus on microbiome
applications or methodology.

3. Conference abstracts, editorials, or opinion pieces
without substantive data.

to eliminate

Study Selection Process

The initial database search retrieved 142 articles.
Following the removal of duplicates, 99 unique articles
remained. These articles underwent a two-stage screening
process:

Stage 1: Title and  Abstract  Screening
Two independent reviewers assessed the titles and abstracts
of the retrieved articles. Articles not meeting the inclusion
criteria or clearly unrelated to microbiome biotechnology
were excluded at this stage, resulting in 64 articles advancing
to the next stage.

Stage 2: Full-Text Review
The full texts of the remaining articles were thoroughly
reviewed for eligibility based on the predefined criteria. Any
disagreements between reviewers were resolved through
discussion or consultation with a third reviewer. This process
resulted in 47 articles being deemed suitable for inclusion in
the review (Table 1).

Data Extraction and Synthesis

A standardized data extraction form was utilized to collect
relevant information from the selected studies, including:

e  Study objectives
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Table 1: Summary of Included Studies
Title Year Journal

Microbiome and Human Health: Current Understanding, 2023 Chemical Reviews
Engineering, and Enabling Technologies

Power of Plant Microbiome: A Sustainable approach for 2024  Plant Stress
Agricultural resilience

Effects of microplastics on soil microorganisms and 2024  The Science of the Total Environment
microbial functions in nutrients and carbon cycling — A
review

Elucidating the role of diet in maintaining gut health to 2024  Gut Microbes
reduce the risk of obesity, cardiovascular and other age-
related inflammatory diseases

Diagnosing and engineering gut microbiomes 2024 EMBO Molecular Medicine
Soil Microbial Strategies for Climate Mitigation 2024  Sustainable Microbiology

Microbiome definition re-visited: old concepts and new 2020 Microbiome
challenges

Improvement of Soil Microbial Diversity through 2021 Microorganisms
Sustainable Agricultural Practices

Harnessing the Microbiome: A Comprehensive Review 2023  Cureus

on Advancing Therapeutic Strategies for Rheumatic

Diseases

Fecal Microbiota Transplantation as New Therapeutic 2022  Journal of Clinical Medicine

Avenue for Human Diseases

Measuring the microbiome: Best practices for developing 2020 Computational and Structural
and benchmarking microbiomics methods Biotechnology Journal

Soil microorganisms: Their role in enhancing crop 2024  Diversity
nutrition and health

Soil microbiota as game-changers in restoration of 2022 Science
degraded lands

Microbiome-assisted restoration of degraded marine 2023 Frontiers in Marine Science
habitats
Nutritional modulation of the Gut-Brain axis 2024  Metabolites
The need for an integrated multi-OMICs approach in 2023  Comprehensive Reviews in Food
microbiome science Science and Food Safety
Feed efficiency and enteric methane emissions indices 2024  The Science of the Total Environment
o 109
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Phage therapy: Targeting intestinal bacterial microbiota

Harnessing the plant microbiome for environmental sustainability

Eco-Smart Biocontrol strategies utilizing potent microbes

Using new technologies to analyze gut microbiota and predict cancer
risk

Marine microbial bioprospecting

Microbiota in health and diseases

Probiotic approaches to improving dairy production

The Role of Micro-biome engineering in Enhancing Food Safety and
Quality

A comprehensive review of sustainable bioremediation techniques

Help, hope and hype: ethical considerations of human microbiome
research

Antimicrobial Peptides Derived from Bacteria

Environmental Chemicals, the Human Microbiome, and Health Risk

Advancing microbiota therapeutics: the role of synthetic biology

Microbiome Research as an Effective Driver of Success Stories
Metagenomic approaches in microbial ecology
Ocean restoration and the Strategic Plan of the Marine Microbiome

Advances in microbial based bio-inoculum

Harnessing Al and gut microbiome research for precision health

The promise of the gut microbiome as part of individualized
treatment strategies

http://www.jbb.uni-plovdiv.bg
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JHEP Reports

The Science of the Total
Environment

Biotechnology Reports

Cells

Journal of Basic
Microbiology

Signal Transduction and
Targeted Therapy

Journal of Dairy Science

Biotechnology Notes

Waste Management
Bulletin

Protein & Cell

International Journal of
Molecular Sciences

National Academies Press
Frontiers in
Bioengineering and
Biotechnology

Frontiers in Microbiology
Microbial Genomics

Book Chapter

Current Research in
Microbial Sciences

Deleted Journal

Nature Reviews
Gastroenterology &
Hepatology
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Insights into plant—microbe interactions in the rhizosphere

Environmental microbiome engineering for the mitigation of climate

change

Gut-Brain Axis: Role of Gut Microbiota on Neurological Disorders

Implementation of artificial intelligence (Al) and machine learning (ML)

in microbiology

Role of Arbuscular Mycorrhizal Fungi

Statistical normalization methods in microbiome data

Microbiome therapeutics: exploring the present scenario and challenges
Metatranscriptomics-guided genome-scale metabolic modeling
Microbial consortia are needed to degrade soil pollutants

Immunological mechanisms of inflammatory diseases caused by gut

microbiota dysbiosis

Elucidation of complexity and prediction of interactions in microbial

communities

e Methodologies employed

o Key findings related to microbiome applications in
health, agriculture, or environmental contexts

e Tools and technologies utilized (e.g., metagenomics,
synthetic biology, Al)

The extracted data were synthesized thematically, with
findings organized into sections corresponding to human
health, agriculture, and environmental sustainability.
Emerging trends and challenges were also identified and
discussed.

Quality Assessment
To ensure the reliability of the included studies, a quality
assessment was performed using established criteria, such as:
e Clarity and rigor of methodologies

e Relevance of study objectives to
biotechnology

e Adequacy of data to support conclusions

microbiome

http://www.jbb.uni-plovdiv.bg

2023 New Crops

2023  Global Change Biology

2020  International Journal of
Molecular Sciences

2024  Methods in Microbiology

2023  Plants

2023  Gut Microbes

2021  Gastroenterology Report

2023  Cell Reports Methods

2022 Microorganisms

2023  Biomedicine &
Pharmacotherapy

2017 Microbial Biotechnology

The PRISMA flow diagram provides a visual
representation of the study selection process, including the
number of records identified, screened, excluded, and
included at each stage.

The Human Microbiome and Health

Recent advancements in human microbiome research
have significantly deepened our understanding of the
complex interactions between microbial communities and
host health. The gut microbiome, in particular, has been
extensively studied, revealing its crucial role in nutrient
extraction, metabolism, and immune system development
(Aggarwal et al., 2023). Disruptions in the gut microbiome,
known as dysbiosis, have been linked to various diseases,
including inflammatory bowel disease, obesity, and
metabolic disorders. Similarly, the skin microbiome acts as a
protective barrier against pathogens and modulates immune
responses, while the oral microbiome maintains oral health
and has systemic implications (Zhao et al., 2023). These
insights underscore the microbiome's integral role in human
health and disease.
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Records identified from*:
Databases (n = 142)
Registers (n = 0)

Records removed before
screening:
Duplicate records removed
(n=21)

\ 4

Records marked as ineligible
by automation tools (n = 22)
Records removed for other
reasons (n = 0)

l

Records screened

Records excluded
(titles/abstracts not relevant)**
(n=13)

(n=99)
!

Reports sought for retrieval

Reports not retrieved
(n=12)

(n=86)
!

Reports assessed for eligibility
(n=74)

Reports excluded:
Reason 1: Not meeting
inclusion criteria (n = 9)

Studies included in review
(n=47)

Reason 2: Insufficient data (n
=10)

Reason 3: Not relevant to
Microbiome Biotechnology
(n=8)

PRISMA flow diagram

In precision medicine, microbiome engineering has
emerged as a promising approach to tailor interventions
based on individual microbial compositions. Probiotics, live
beneficial bacteria, and prebiotics, non-digestible fibers that
fuel these bacteria, have been utilized to modulate the gut
microbiome (Schupack et al., 2022). Combining probiotics
with a fiber-rich diet creates an optimal environment for
beneficial bacteria, potentially reducing inflammation,
improving digestion, and lowering the risk of gastrointestinal
illnesses (Aziz et al., 2024). Fecal microbiota transplantation
(FMT) has also gained attention as a method to restore
healthy gut microbiota, offering potential treatments for
various diseases (Biazzo & Deidda, 2022). A notable
example includes FMT’s FDA approval in the treatment of
recurrent  Clostridioides  difficile  infections,  which
demonstrated a success rate of over 85% in clinical trials—
highlighting its effectiveness as a microbiome-based therapy.
Additionally, emerging trials are investigating how the gut
microbiome influences responses to cancer immunotherapy,
particularly  checkpoint  inhibitors,  suggesting that
microbiome profiling could enhance patient stratification and
treatment success (Yadegar et al., 2023).

The gut-brain axis, a bidirectional communication
pathway between the gut microbiome and the central nervous

http://www.jbb.uni-plovdiv.bg

system, has been implicated in neurodevelopment and mental
health disorders (Figure 2). Research suggests that gut
bacteria can influence brain function and behavior,
contributing to conditions such as anxiety, depression, and
autism spectrum disorders (Suganya & Koo, 2020).
Biotechnological interventions targeting the gut-brain axis,
including specific probiotic strains and dietary modifications,

Fiaure 2. Mechanistic Schematic of the Gut-Brain Axis
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are being explored to modulate these effects and offer new
avenues for mental health treatment (Del Portillo et al.,
2024).

Despite these promising developments, challenges and
ethical considerations persist in the application of
personalized microbiome therapies. The complexity and
individuality of microbiomes make it difficult to predict
responses to interventions, necessitating further research to
understand these dynamics (Bhattacharjee et al., 2023). One
major ethical issue involves the potential misuse or overreach
in microbiome data interpretation, especially as Al and big
data analytics become more embedded in clinical workflows.
Concerns over informed consent, long-term storage, and use
of microbiome data in insurance or employment decisions
require urgent regulatory clarity. According to Ma et al.
(2018), and further echoed in the National Academies report
(2017), ensuring equitable access, patient autonomy, and
robust oversight of microbiome editing tools is critical for the
ethical advancement of the field. Addressing these challenges
is crucial for the responsible advancement of microbiome-
based precision medicine.

Microbiomes in Agriculture

Plant-microbe interactions are fundamental to
sustainable agriculture, particularly within the rhizosphere—
the soil region influenced by plant roots. The rhizosphere
microbiome plays a pivotal role in nutrient cycling,
facilitating the conversion of atmospheric nitrogen into forms
accessible to plants, thereby enhancing soil fertility and
promoting plant growth (Shi et al., 2023). Beneficial
microorganisms, such as mycorrhizal fungi and nitrogen-
fixing bacteria, establish symbiotic relationships with plants,

improving nutrient uptake and resilience  against
environmental ~ stressors  (Wahab et al, 2023).
Biotechnological applications have harnessed these

interactions through the development of biofertilizers and
biopesticides, which utilize beneficial microbes to enhance
crop productivity and protect against pests, reducing reliance
on chemical inputs (Samantaray et al., 2024). For instance,
the well-documented Rhizobium-legume symbiosis has been
instrumental in increasing nitrogen availability in leguminous
crops, leading to significant yield improvements. Similarly,
phosphate-solubilizing bacteria (PSB) have been employed in
rice paddies to increase phosphorus uptake, improving grain

production while lowering synthetic fertilizer usage
(Habtewold & Goyal, 2023; Rios-Ruiz et al., 2024).
Combatting plant pathogens sustainably involves

employing microbial biocontrol agents. These beneficial
microbes suppress harmful pathogens through various
mechanisms, including competition for resources, production

http://www.jbb.uni-plovdiv.bg

of antimicrobial compounds, and induction of plant defense
responses (Haq et al., 2024). Additionally, phage-based
solutions are being engineered to target specific bacterial

pathogens, offering a precise approach to disease
management  without adversely affecting beneficial
microbiota (Fujiki & Schnabl, 2023). Such strategies

contribute to sustainable pest management by reducing the
need for synthetic pesticides and mitigating their
environmental impact. A commercial example is BioNema, a
biological nematicide based on naturally occurring microbial
strains that effectively control plant-parasitic nematodes
while maintaining ecological safety. Moreover, studies using
EasyAmplicon (10.1002/imt2.83) have demonstrated robust
tools for profiling microbial consortia in agricultural soil,
aiding in the formulation of custom microbial inoculants
tailored to specific crops and soil conditions (Hao et al.,
2024).

Maintaining soil health is crucial for sustainable
agriculture, with soil microbiome diversity serving as a key
indicator of soil quality. Strategies to enhance this diversity
include incorporating organic amendments, practicing crop
rotation, and reducing tillage, all of which create favorable
conditions for a diverse microbial community (Chen et al.,
2024). In degraded lands, microbiome restoration efforts
focus on reintroducing beneficial microbial consortia to
reestablish ecological balance, improve soil structure, and

__ Alcanivorax
~« Cycloclasticus

Contaminated Soil

P (g

Cold-adapted
microbes ﬂ

Arctic
Cold Region

Figure 3. Environmental Bioremediation by Microbial
Consortia
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enhance fertility, thereby facilitating the recovery of
productive agricultural systems (Coban et al., 2022) (Figure
3).

In livestock production, manipulating the gut microbiota
presents opportunities to enhance feed efficiency and reduce
methane emissions, a significant contributor to greenhouse
gases (Fregulia et al., 2024). Probiotic and prebiotic
applications have been explored to modulate the rumen
microbiome, aiming to optimize fermentation processes,
improve nutrient absorption, and suppress methanogenic
archaea responsible for methane production (Jeni et al.,
2023). These interventions not only promote animal health
and productivity but also contribute to environmental
sustainability by mitigating the livestock sector's carbon
footprint.

Table 2. Microbial Consortia Used in Oil Spill Remediation

breaking down petroleum hydrocarbons in  marine
environments, offering sustainable solutions for oil spill
remediation (Zhang & Zhang, 2022).

To illustrate these findings quantitatively, Table 2 below
summarizes selected microbial consortia used in oil spill
remediation, detailing their taxonomic composition,
degradation rates, environments applied, and key outcomes.

Regarding climate change, microbiomes play a crucial
role in carbon cycling and greenhouse gas mitigation.
Innovative research is exploring the engineering of synthetic
microbiomes to enhance carbon sequestration in soils and
oceans (Beattie et al., 2024). For instance, scientists are
investigating how engineered plant-associated microbiomes
can improve carbon capture and storage in agricultural
systems, potentially mitigating climate change impacts (Hao

Microbial Taxa Degradation

Rate (%0)

Environment

Outcome

85-90% in 14
days

Alcanivorax borkumensis,
Marinobacter
hydrocarbonoclasticus

Pseudomonas aeruginosa,
Acinetobacter calcoaceticus

78% in 10 days

60-75% in 21
days

Rhodococcus erythropolis,
Bacillus subtilis

70-88% in 20
days

Thalassospira, Cycloclasticus

Halomonas, Oleispira 82% in 15 days

Environmental
Research

Applications of Microbiome

Recent advancements in microbiome research have
unveiled significant environmental applications, particularly
in bioremediation, climate change mitigation, and marine
ecosystem management (Silverstein et al., 2023). In
bioremediation, the utilization of microbial consortia has
shown promise in degrading pollutants such as hydrocarbons,
plastics, and heavy metals. Recent studies have highlighted
the effectiveness of specific bacterial and fungal taxa in

http://www.jbb.uni-plovdiv.bg

Coastal seawater
(Mediterranean)

Oil-contaminated
shoreline

Estuarine mudflat

Open-ocean
microcosm

Arctic seawater

Significant reduction in total petroleum
hydrocarbons (TPH)

Accelerated emulsification and
breakdown of crude oil

Degradation of polycyclic aromatic
hydrocarbons (PAHS)

Restoration of microbial equilibrium
and detoxification

Biodegradation under low-temperature
conditions

et al., 2024). Recent contributions from iMeta have also
highlighted multi-species microbial networks capable of
increasing carbon fixation in saline and alkaline soils,
presenting practical applications for degraded lands (Cui et
al., 2025).

Marine microbiomes are also gaining attention for their
potential in drug discovery, aquaculture, and carbon cycling.
The vast diversity of marine microbial life offers a rich
resource for bioprospecting novel compounds with
pharmaceutical applications (Hosseini et al., 2022). Recent
studies have emphasized the importance of understanding
these microbial communities to harness their potential
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effectively. Furthermore, the restoration and rehabilitation of
marine microbiomes are emerging as essential strategies to
mitigate ecosystem decline (Corinaldesi et al., 2023). By
restoring healthy microbial communities, it is possible to
enhance the resilience of marine ecosystems against
environmental stressors, thereby promoting overall ocean
health (Reuver et al., 2022). For example, recent work
published in iMeta describes successful transplantation of
microbial mats to coral-degraded reefs, resulting in improved
microbial diversity and coral survival under thermal stress.
These interventions illustrate scalable, nature-based solutions
grounded in microbial biotechnology (Levy et al., 2024).

Emerging Biotechnological Tools in Microbiome
Research

Recent advancements in biotechnological tools have
significantly enhanced microbiome research, providing
deeper insights into microbial communities and their
functions. “Omics”  technologies—standardized as
metagenomics (genomic content), metatranscriptomics (gene
expression), and metabolomics (metabolic products)-have
revolutionized the analysis of microbiomes (Hemmati et al.,
2024) (Figure 4). Metagenomics allows for the
comprehensive examination of genetic material recovered
directly from environmental samples, facilitating the
identification of microbial diversity and potential functions
(Pérez-Cobas et al., 2020). Metatranscriptomics assesses gene
expression profiles, offering insights into active metabolic
pathways, while metabolomics analyzes the complete set of
metabolites, elucidating the biochemical activities within a
microbiome. The integration of these multi-omics layers—
referred to as “systems microbiology”—enables a holistic,
data-driven understanding of microbial networks and their
roles in human, agricultural, and environmental systems
(Zampieri et al., 2023).

To streamline and standardize microbiome data analysis,
tools such as EasyAmplicon (iMetaOmics) have been
developed to facilitate robust amplicon sequencing
workflows. EasyAmplicon is a pipeline that integrates raw
sequence preprocessing, OTU/ASV clustering, taxonomic
annotation, and statistical analysis within a reproducible,
GUIl-supported framework. It is particularly suited for
researchers conducting 16S rRNA or ITS-based microbial
community profiling and supports high-throughput multi-
sample comparisons (Yousuf et al., 2024). EasyAmplicon has
improved accessibility to advanced microbiome analytics
while ensuring data reproducibility and scalability.

Synthetic biology and microbiome engineering have
emerged as pivotal fields in developing targeted

http://www.jbb.uni-plovdiv.bg

Figure 4. Integrated “Omics” Pipeline in Microbiome
Research

interventions. CRISPR-based genome editing tools have been
employed to modify microbial genomes with high precision,
facilitating applications in both therapeutic and agricultural
contexts (Nazir et al., 2024). For instance, engineered
bacteria have been designed to produce antimicrobial
peptides, offering potential treatments for infections.
Additionally, synthetic microbial communities are being
constructed to achieve specific outcomes, such as enhanced
plant growth or pollutant degradation. These engineered
consortia are tailored to perform desired functions, presenting
innovative solutions across various sectors (Mihaylova-
Garnizova et al., 2024). Integrating synthetic biology with
multi-omics datasets helps in rational microbial design,
where engineered functions are mapped onto ecological
niches or host requirements.

Artificial intelligence (Al) and machine learning (ML)
have become integral in predicting microbiome dynamics and
designing precision interventions. In microbiome research,
Al refers to computational models that mimic cognitive
functions such as pattern recognition, while ML involves
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statistical algorithms that improve prediction accuracy over
time with more data. Al algorithms analyze extensive
datasets to identify patterns and predict microbial behavior,
aiding in the development of targeted therapies (Tripathi et
al., 2024). In healthcare, Al has been utilized to predict
disease states based on microbiome compositions, facilitating
early diagnosis and personalized treatment strategies.
Moreover, Al-driven approaches assist in the design of
synthetic microbiomes with minimized pathogenicity,
optimizing therapeutic efficacy while ensuring safety (Saxena
et al., 2024). Al is increasingly integrated into multi-omics
pipelines, from feature extraction and dimensionality
reduction to clustering, modeling, and phenotype prediction.
These applications enable researchers to move from
descriptive to predictive microbiome science (Toussaint et
al., 2024).

Challenges and Future Directions

Despite significant advancements, microbiome research
faces several challenges that impede the full realization of its
potential across health, agriculture, and environmental
applications (Olmo et al., 2022). One primary limitation is
the complexity inherent in microbiome manipulation
technologies. The intricate interactions within microbial
communities and between microbes and their hosts make it
difficult to predict the outcomes of specific interventions
(Zuiiiga et al., 2017). Current tools often lack the precision
needed to modulate microbiomes without unintended
consequences, highlighting the necessity for more refined
approaches (National Academies of Sciences, Engineering,
and Medicine, 2017).

Standardization in microbiome research and product
development presents another significant hurdle. Variations
in sample collection, processing, and analytical
methodologies can lead to inconsistent results, complicating
data comparison across studies (Xia, 2023). Establishing
standardized protocols is essential to ensure reproducibility
and reliability in microbiome research, thereby facilitating
the development of effective microbiome-based products
(Bokulich et al., 2020).

The potential risks associated with microbiome
engineering cannot be overlooked. Interventions aimed at
altering microbial communities may have unintended
ecological or health consequences, such as disrupting existing
microbial balances or facilitating the emergence of
pathogenic organisms (Barazzone et al., 2024). Regulatory
oversight remains fragmented, particularly in therapeutic
applications. The U.S. Food and Drug Administration (FDA)
currently classifies microbiome-based therapies such as fecal
microbiota transplantation (FMT) under biological products,

http://www.jbb.uni-plovdiv.bg

requiring Investigational New Drug (IND) applications.
However, a lack of global harmonization and biosafety
protocols for genetically modified (GM) microbes poses
challenges to safe deployment across sectors. Comprehensive
policy frameworks are needed to standardize risk assessment,
ensure traceability, and guide clinical and environmental
applications. (Kumar et al., 2025)

Looking ahead, the future of microbiome research holds
promising prospects. Advancements in  multi-omics
technologies, coupled with integrative data analysis
approaches, are expected to deepen our understanding of
microbial ecosystems and their functions (Ferrocino et al.,
2023). In health, this knowledge could lead to personalized
microbiome-based therapies, offering novel treatments for
various diseases. In agriculture, manipulating plant-
associated microbiomes may enhance crop productivity and
resilience, contributing to sustainable farming practices (Ali
et al., 2024). Furthermore, environmental applications, such
as bioremediation and climate change mitigation strategies,
stand to benefit from engineered microbial communities
designed to perform specific ecological functions (Kuppan et
al., 2024).

Future research should focus on microbiome
manipulation under climate stress scenarios, particularly in
vulnerable agroecosystems and marine habitats. Additionally,
improving Al-driven prediction models for microbiome-host
interactions—especially under non-equilibrium or extreme
environmental conditions—represents a critical area for
development. These approaches will enhance the reliability
and specificity of microbiome-based interventions.

Conclusion

In conclusion, the exploration of microbiome research
and its biotechnological applications marks a transformative
era in science, offering profound implications for human
health, agriculture, and environmental sustainability.
Advances in omics technologies, synthetic biology, and
artificial intelligence have revolutionized our ability to
decode, manipulate, and harness microbial communities.
From enhancing human health through precision microbiome
therapies to promoting sustainable agriculture and mitigating
environmental challenges, microbiome research underscores
the interconnectedness of biological systems.

In human health, fecal microbiota transplantation (FMT)
has shown over 85% efficacy in treating recurrent C. difficile
infections. In agriculture, the use of phosphate-solubilizing
bacteria in rice fields has improved crop yield by up to 20%.
In environmental applications, oil-degrading microbial
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consortia have demonstrated hydrocarbon removal rates
exceeding 85% in marine remediation efforts.

However, addressing challenges such as standardization,
technological limitations, and ethical concerns is vital to
unlock the full potential of this field. Robust global
frameworks and regulatory harmonization are essential to
ensure that microbiome-based innovations are developed,
deployed, and scaled responsibly and equitably across
nations. As microbiome research continues to evolve, it holds
promise for innovative solutions to some of the most pressing
global challenges, paving the way for a future where
microbial ecosystems are at the forefront of health and
sustainability.
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