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Abstract: The human microbiome plays a critical role in health and disease, with recent
innovations in microbiome research offering groundbreaking insights that could reshape
the future of healthcare. This study explored emerging methodologies, such as long-read
sequencing, culturomics, synthetic biology, machine learning, and Al-driven diagnostics,
that are transforming the field of microbiome-host interactions. Unlike traditional broad-
spectrum approaches, these tools enable precise interventions, such as detecting foodborne
pathogens and remediating polluted soils for safer agriculture. This work highlights the
integration of interdisciplinary approaches and non-animal models, such as 3D cultures
and organ-on-a-chip technologies, which address the limitations of current research and
present ethical, scalable alternatives for microbiome studies. Focusing on food safety and
environmental health, we examine how microbial variability impacts pathogen control
in food chains and ecosystem resilience, integrating socioeconomic and environmental
factors. The study also emphasizes the need to expand beyond bacterial-focused micro-
biome research, advocating for the inclusion of fungi, viruses, and helminths to deepen our
understanding of therapeutic microbial consortia. The combination of high-throughput
sequencing, biosensors, bioinformatics, and machine learning drives precision strategies,
such as reducing food spoilage and enhancing soil fertility, paving the way for sustainable
food systems and environmental management. Hence, this work offers a comprehen-
sive framework for advancing microbiome interventions, providing valuable insights for
researchers and professionals navigating this rapidly evolving field.

Keywords: microbiome-based therapeutics; food; environment; food safety; next-generation
sequencing; culturomics; bioinformatics

1. Introduction

Microbiome-based interventions encompass a range of strategies aimed at modu-
lating microbial communities to promote health and environmental sustainability [1-4].
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“Microbiome-based interventions” is an umbrella term encompassing all strategies aimed
at altering microbiota for beneficial outcomes across health, food, and environmental con-
texts. On the other hand, “microbiome-based therapeutics (MBT)” is a specific subset
focused on targeted applications to prevent or treat diseases, especially within clinical or
medical frameworks. Hence, this review uses the term MBT within the broader context of
microbiome interventions applicable to both food safety and environmental health. These
interventions include approaches such as fecal microbiota transplantation, administration
of probiotics or prebiotics, dietary modifications, and the use of bacterial consortia [1]. The
term has sometimes been used to describe microbiome-based solutions for approaches to
address new and existing threats to food security, nutrition, health, and agrifood systems’
sustainability [5]. Specifically, MBT is the modification and application of microbial commu-
nities with the potential to improve health and prevent diseases [6,7]. Microbiome-based
interventions leverage the complexity of symbiotic relationships between diverse microbial
communities—bacteria, viruses, fungi, and archaea—to enhance food safety and environ-
mental health, targeting challenges like pathogen contamination in food production and
ecosystem degradation [8]. For example, probiotics reduce Salmonella in livestock, ensuring
safer meat [9], while bioremediation microbes detoxify oil spills, supporting clean soil and
water for agriculture [10]. The ability of microbial communities to interact dynamically
with their hosts and habitat provides a strong structural basis for their therapeutic poten-
tial [8]. In food systems, MBT minimizes spoilage and foodborne infections, with long-read
sequencing pinpointing pathogens like E. coli in beef [11] and synthetic biology engineering
microbes to degrade pollutants faster [12].

The role of microbiomes in food safety is critical, as they regulate pathogen growth and
food quality. The microbiome is a complex ecosystem of microorganisms, including bacteria,
viruses, fungi, and archaea, that inhabit a particular environment, such as the human gut
or the soil. Probiotics and prebiotics alter animal gut microbiomes, reducing pathogens and
improving meat safety [9], while artificial intelligence (AI) predicts contamination risks
across supply chains [13]. In humans, the gut microbiome aids digestion, metabolism, and
immune regulation, with dysbiosis linked to health issues like obesity and diabetes [14].
However, this review focuses on microbiome-based interventions’ broader applications,
such as preventing foodborne illnesses and restoring ecosystems, rather than human
health alone. From an agricultural/environmental perspective, mycorrhizal fungi are
essential for plants to grow and stay healthy, and thus microbiome-based techniques such
as biofertilization or biocontrol use friendly fungi to increase crop yields while reducing
the need for artificial pesticides and fertilizers, as they stimulate the plants towards more
environment-friendly farming methods [15].

Microbiome interventions enhance food safety by tackling pathogens at the source. For
instance, bacteriophages target resistant bacteria in food production, curbing antimicrobial
resistance (AMR) [16], while culturomics uncovers unculturable microbes for novel appli-
cations [17]. Microbiomes in the environment are very important for sustaining healthy
ecosystems through their roles in the formation of soil structure, nutrient cycling, and
bioremediation [10]. For example, the utilization of microbial agents, communities, or their
metabolites in bioremediation transform contaminants (such as oil spills or heavy metal
pollution) in the environment into less toxic compounds that are more easily degraded or re-
moved from the environment [18,19]. The effective application of microbial communities in
the environment has been used in the restoration of contaminated environments, pollution
reduction, and improvement in ecosystem resilience to anthropogenic disturbances [20].

Microbiome research has evolved, and it is important to look at the journey of the
methodologies that have shaped our understanding over the years. From the early days of
culture-based techniques to today’s cutting-edge Al-driven research, these advancements
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have revolutionized how we study microbiome—pathogen interactions. Figure 1 illustrates
briefly how microbiome research has progressed. The urgency to apply MBT strategically
has intensified with rapid advancements in high-throughput sequencing and advanced
bioinformatics, which enable more efficient and targeted microbial interventions [21,22].
Recent reviews highlight the transformative potential of integrating artificial intelligence
(AI) and machine learning into microbiota analysis, offering unprecedented precision in
understanding microbial diversity and functions [23]. Similarly, the One Health approach
emphasizes the interconnectedness of human, animal, and environmental microbiomes, re-
inforcing the need for holistic strategies to tackle global challenges like AMR and ecosystem
degradation [24]. Advancing microbiome research requires an interdisciplinary approach,
integrating expertise from microbiology, genomics, data science, and environmental science.
For example, Al-driven models predict microbial shifts in food processing, while synthetic
biology crafts consortia for bioremediation, bridging food safety and environmental appli-
cations [14].

Evolufion of Microbsome Research

[ 2000s: 16S rRNA Sequencing H 2010s: Nex!l-Gen Sequencing (NGS) H 2020s: Long-read Sequencing & Al

Figure 1. Timeline of key advancements in microbiome research methodologies.

Despite these advances, gaps remain in translating these technologies into practical
applications for food safety and environmental health, particularly in expanding beyond
bacterial-focused research to include fungi, viruses, and helminths [25]. This review
addresses these gaps by providing a comprehensive framework for advancing microbiota-
based technologies, synthesizing current knowledge, and exploring emerging methodolo-
gies such as culturomics, synthetic biology, and Al-driven diagnostics to improve food
safety and environmental sustainability. By focusing on actionable interventions—like
reducing pathogen loads in food chains and restoring contaminated ecosystems—this work
builds on recent insights by Mu et al. [26] to guide researchers and practitioners in this
rapidly evolving field.

2. Microbiome-Based Interventions for Ecosystem Sustainability

Microbiomes are emerging as pivotal players in environmental health due to their
abilities to enhance nutrient cycling, remediate pollutants, and maintain soil and water
quality [6]. Advancements in long-read sequencing and Al are unlocking precise micro-
bial insights, enabling targeted interventions like bioremediation of oil spills [27] and
pathogen suppression in agricultural soils [28]. Gulliver et al. [6] asserted how microbial
interventions will be a vital step in ecological restoration, showing promising application
of microbiomes in the bioremediation of pollutants in contaminated environments. One
Health, which is an integrated approach to tackle the health of humans, animals, and their
shared environment, reinforces microbiome strategies for sustainable development, as
reported by Tomasulo et al. [29]. Microbial biotechnology tackles industrial pollutants, such
as heavy metals in farmland, supporting safer food production [30]. According to the above
studies, it can be argued that microbiomes are the top priority to enhance environmental
resilience [31] and that they should be implemented in the strategy for tackling the global
environmental challenge. Figure 2 illustrates microbiome-based interventions aimed at
promoting ecosystem sustainability.
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Figure 2. Microbiome-based interventions for ecosystem sustainability.

To ensure the reliability and effectiveness of microbiome-based interventions, it is
essential to evaluate their consistency and reproducibility across varying environmental
conditions. Reproducibility is particularly critical for large-scale applications in agriculture,
bioremediation, and public health. For instance, in a multi-site field trial, Zhang et al. [32]
applied a synthetic microbial consortium to degraded farmland soil and observed a consis-
tent 35% increase in crop yield over three consecutive growing seasons, highlighting the
intervention’s reproducibility. Similarly, a study by Elgazali et al. [33] demonstrated the
bioremediation potential of hydrocarbon-degrading bacteria, observing a total petroleum
hydrocarbon reduction of 61% with bacterial augmentation, which improved to a 73%
reduction when combined with nutrient amendments (nitrogen, potassium, and phos-
phorus). Statistical modeling, such as Bayesian hierarchical models, can further enhance
reproducibility assessments by accounting for environmental variability, as shown in the
study by Palmero et al. [34]. Their research demonstrated that Bayesian inference provides
meaningful uncertainty estimations, especially under limited data conditions. These find-
ings underscore the need for large-scale, multi-environment trials combined with robust
statistical frameworks to validate the consistency of microbiome-based interventions.

2.1. Bioremediation for Environmental Health

The focus on environmental pollution and waste management has fostered interest
in microbiome-based strategies, which are cheap, sustainable, and generally eco-friendly.
This is because microbial communities possess metabolic versatility that enables them to
degrade pollutants, transform toxic molecules, and recycle waste.

Bioremediation is the utilization of microbes to promote the biodegradation (or detoxi-
fication) of harmful pollutants, such as hydrocarbons and heavy metals, that contaminate
the soil and water. Kaur et al. [35] highlight the use of hydrocarbon-degrading microbes to
break down polycyclic aromatic hydrocarbons (PAHs). These bacteria play a pivotal role
in the bioremediation of oil spills in the marine environment as they have the potential to
degrade PAHs and prevent ecological damage to the environment due to the toxicity of
this recalcitrant pollutant. Al takes it further, modeling how fast they will work or where
to deploy them [36], while synthetically engineered biology consortia chew through PAHs
even quicker [37,38]. Long-read sequencing helps identify hydrocarbon-degrading bacteria,
such as Pseudomonas, showing exactly which microbes are involved in breaking down pol-
lutants [22]. For instance, in a recent application by Zhou et al. [39], nanopore sequencing
technology was used to detect foodborne microorganisms, including Listeria monocytogenes.
They combined this sequencing approach with machine learning algorithms to enhance the
identification and characterization of pathogens in various food samples. This integration
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facilitated rapid and accurate detection, demonstrating the potential for real-time moni-
toring in food safety applications. Similarly, a study by Perdigao et al. [40] demonstrated
that bioremediation strategies at a fuel-contaminated port significantly enhanced the abun-
dance of hydrocarbon-degrading bacteria and achieved over 60% petroleum hydrocarbon
removal within 15 days.

2.2. Successful Environmental Microbiome Projects

Several successful projects integrating microbiome-based interventions into environ-
mental damage management have demonstrated the significant potential of bioremediation
and phytoremediation techniques. Microbial communities, which reside both internally
and externally on plants, play diverse and crucial ecological roles, contributing to the
effectiveness of these remediation strategies. One example is the microbial response to the
Deepwater Horizon oil spill in the Gulf of Mexico, where naturally occurring hydrocarbon-
degrading bacteria such as Alcanivorax and Pseudomonas helped to degrade oil components,
thereby facilitating faster recovery of the marine ecosystem [27]. The use of these microbes
highlights the role of microbial diversity in bioremediation, whereby microbial metabolism
of hydrocarbons converts them into less toxic substances that are easier to process by the
biogeochemical cycle. A deeper analysis of the Deepwater Horizon case reveals that microbial
taxa such as A. borkumensis and Cycloclasticus were enriched in oil-contaminated zones.
Metagenomic data indicated the upregulation of genes linked to hydrocarbon degradation
(alkB, CYP153). Comparatively, a study by Mason et al. [41] found similar microbial pat-
terns in the Ixtoc I oil spill, suggesting conserved functional adaptations among marine
microbiomes. Furthermore, nutrient enrichment strategies, including nitrogen and phos-
phate amendments, significantly accelerated biodegradation in both cases, underscoring
the synergy between microbial consortia and nutrient availability in bioremediation. This
case is in line with the findings of Ferguson et al. [27], who highlight the significance of
microbial biodiversity in marine ecosystems for maintaining resistance to environmental
perturbations, especially in regions directly affected by oil exploration and spills.

Another success story comes from the Pérez Zeledén landfill in Costa Rica, where
bioremediation was used for the treatment of leachate, a highly contaminated liquid made
by the decomposition of waste [42]. This leachate can reach underground water tables
or even the sea, covering large areas with pollutants. In the project, microbial consortia
helped reduce the concentration of the pollutants, improving water quality and decreasing
environmental impact. This shows how microbial communities can be used in waste
management to deal with complex environmental problems such as leachate from landfills,
which represents an important threat to water quality. In parallel to the Pérez Zeledén
landfill project, Masis-Meléndez et al. [42] published an article on the role of microbial
interventions in waste sanitation and environmental management.

Lastly, microbiome-assisted phytoremediation in contaminated agricultural soils is
another successful example of microbiome-based intervention. Sedum alfredii and its mi-
crobiome were used for the remediation of heavy metals (cadmium and zinc) in polluted
soils to reduce soil toxicity and produce safe crops [43]. This also demonstrates the emerg-
ing trend of combining plants with a microbial community for sustainable remediation
efforts. As described by Zhang et al. [43], phytoremediation systems are highly effective
and economical. Microbiome-assisted plant remediation can be used as a cost-effective
solution for the restoration of contaminated farmlands. While microbiome interventions
offer promising solutions for environmental sustainability, their long-term ecological conse-
quences remain underexplored. For example, large-scale soil microbiome engineering could
unintentionally disrupt native microbial diversity, potentially altering nutrient cycling and
soil fertility over time [27]. Additionally, introducing genetically modified microbial strains
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for bioremediation may lead to the horizontal gene transfer of antibiotic-resistance genes,
as observed in a decade-long monitoring study by Zhao et al. [44]. The authors found that
engineered Pseudomonas strains introduced for oil degradation transferred resistance genes
to indigenous soil bacteria, raising concerns about unintended ecological impacts. Further-
more, long-term use of microbiome-based probiotics in livestock farming could alter gut
microbiota composition, potentially affecting animal health and zoonotic pathogen trans-
mission [45]. These findings underscore the need for longitudinal ecological monitoring to
assess the sustainability and safety of microbiome interventions over time.

3. Leveraging Microbiome Profiling and Metagenomics for Advanced
Foodborne Pathogen Control

The microbiome critically influences food safety and quality. Complex microbial com-
munities can obscure foodborne pathogen detection, complicating food safety efforts [46].
Contaminated foods impact public health and economics through illnesses, recalls, and
reduced consumer trust [47]. Fresh produce, often consumed raw, serves as a reservoir for
pathogens, necessitating rigorous screening. Long-read sequencing improves detection
of risks in raw vegetables [48], while Al predicts contamination hotspots [49]. Rising
outbreaks and antimicrobial-resistance (AMR) gene transfer risks [50] highlight the urgent
need for alternative pathogen detection approaches.

3.1. Metagenomic Approaches in Pathogen Detection

Advancements in metagenomic sequencing technologies have revolutionized the de-
tection and characterization of foodborne pathogens within complex microbiomes. Unlike
traditional culture-based methods that are laborious and ineffective for non-culturable
microbes, metagenomics offers a more culture-independent approach, enabling the iden-
tification of a broad spectrum of microorganisms, including those that are viable but
non-culturable [51]. Metagenomics therefore allows for a thorough understanding of mi-
crobial diversity and possible health hazards by enabling the simultaneous investigation of
bacterial, viral, and fungal pathogens in food matrices [51].

Figure 3 illustrates the sequential steps involved in microbiome data analysis,
starting from sample collection and DNA extraction to bioinformatic processing and
statistical interpretation.

Sample Processing

!

DNA Extraction

Sequencing (NGS)

I

Bioinformatics Fipeline

Statistical Analysis

Interpretation and Visualization

Figure 3. Workflow for microbiome data analysis, from sample processing to statistical interpretation.
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Long-read sequencing identifies all microbes present, whether they can be cultured
or not [51,52]. Al analyzes this data, detecting E. coli in beef and identifying emerging
threats [53]. For example, a study by Yang et al. [11] demonstrated the efficacy of metage-
nomic shotgun sequencing in identifying pathogens along the beef production chain,
revealing critical insights into the microbial landscape of meat products. This technology
enhances pathogen detection by providing a comprehensive view of the entire microbial
community, allowing for the identification of both known and novel pathogens that might
otherwise be overlooked. It also informs food safety interventions by pinpointing areas of
contamination, which can lead to more precise and effective interventions. For example,
pathogen loads in meat products have been shown to be reduced through food safety
practices like knife trimming and steam vacuuming. These practices are guided by the
data provided through metagenomic analysis, which identifies the most critical sources of
contamination and informs the development of targeted interventions to reduce pathogen
loads effectively.

Furthermore, the application of omics technologies, including metagenomics, as dis-
cussed by Cook and Nightingale [54], provides a comprehensive understanding of micro-
bial communities in food processing environments. Omics technologies, which include
genomics, transcriptomics, proteomics, and metabolomics, allow researchers to analyze the
genetic and functional potential of entire microbial communities. This integrated approach
facilitates the identification of contamination routes and supports the implementation of
targeted food safety measures. By combining omics data with food safety management
systems, we can enhance risk assessments, tailor mitigation strategies to specific pathogens,
and ultimately improve food safety outcomes. The integration of omics technologies offers
a more holistic and data-driven approach to food safety, enabling more precise identification
of hazards and more effective control measures.

Metabolomics typically involves collecting microbial samples, extracting metabolites
using GC-MS or LC-MS platforms, and interpreting data through multivariate analysis.
In a food safety context, targeted metabolomics revealed aflatoxin-producing pathways
in contaminated peanuts [55]. Culturomics, on the other hand, relies on high-throughput
culture conditions, matrix-assisted laser desorption ionization-time of flight (MALDI-
TOF) for identification, and has successfully isolated novel anaerobes from fermented
dairy products [56]. Synthetic biology applications require CRISPR or recombination-based
pathway engineering, validated through microbial growth curves and pollutant breakdown
efficiency. For example, Pseudomonas putida engineered for enhanced biodegradation of
polyethylene achieved a 25-30% weight reduction over 60 days under controlled laboratory
conditions [57]. These integrative approaches not only advance our understanding of
microbial function and diversity but also offer scalable solutions to pressing challenges in
health, industry, and environmental sustainability.

3.2. Microbiome Profiling and Sanitation Effectiveness

Microbiome profiling through techniques such as 165 rRNA sequencing has become a
standard practice for assessing sanitation effectiveness in food production systems. Dong
and Feng [58] emphasize the importance of understanding microbiome shifts in controlled
environment farming systems, where sanitation practices are critical for preventing con-
tamination. However, the limitations of 16S rRNA sequencing in distinguishing closely
related species highlight the need for more advanced techniques to accurately characterize
microbial communities.

The longitudinal consistency and cross-sectional distinctiveness of microbiomes in
retail chicken breast, as reported by Li et al. [59], further illustrate the importance of micro-
biome profiling in food safety. AI monitors changes in chicken breast microbiomes, helping
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optimize sanitation practices [23]. Understanding the microbial communities associated
with food products can inform processing practices and enhance food safety measures.

3.3. Implications for Foodborne Pathogen Surveillance

The surveillance of foodborne pathogens is essential for preventing outbreaks and
ensuring public health. Painter et al. [60] provides insights into the attribution of foodborne
illnesses to specific food commodities, emphasizing the need for robust surveillance systems
to track and manage foodborne pathogens effectively. The integration of microbiome data
into these surveillance efforts can enhance our understanding of pathogen transmission
dynamics and inform targeted interventions. Long-read sequencing and Al enhance
pathogen tracking by mapping their transmission routes [61].

Furthermore, the recognition of foodborne pathogens through innovative technologies,
such as terahertz spectroscopy, as discussed by Zeng et al. [62], represents a promising
avenue for improving pathogen detection in food products. These advancements can
facilitate rapid and accurate identification of pathogens, thereby enhancing food safety.
A comprehensive understanding of the diverse microbiomes involved in food safety is
essential, as different microbiomes play distinct roles in influencing pathogen behavior and
food quality, as outlined in Table S1 (see Supplementary Materials).

4. Current Applications for Microbiome-Based Interventions

Microbiome-based interventions have emerged as an important tool in food safety,
environmental health, and treatment of infectious diseases, due to their positive effects
on the immune system, overall human health, and the environment. Microbiome-based
therapeutics find application in probiotics, prebiotics, and synbiotics, especially in ensuring
improved gut health and food safety. They also find applications in fecal microbiota
transplantation (FMT) and phage therapy for the treatment of diseases.

4.1. Probiotics in Food Safety

The use of probiotics as health-promoting ingredients in a variety of meals, particularly
in fermented goods, pharmaceutical/dietary supplements, or animal diets to support and
stabilize animal growth and products, has grown throughout the last two decades [63].
Probiotics are used to improve gut health, boost the immune system, and outcompete
pathogenic bacteria [64]. Primarily, probiotics enhance food safety by maintaining a healthy
gut microbiota, which is crucial for preventing various disease states and intestinal dis-
orders associated with an unbalanced gut [65]. The idea that keeping the gut microbiota
in a healthy state helps guard against digestive problems such as gastrointestinal infec-
tions, irritable bowel syndrome, and even cancer is being supported by growing scientific
research [63]. Probiotics like Lactobacillus and Bifidobacterium species help to outcompete
pathogenic bacteria by adhering to the gut lining, producing antimicrobial substances,
and enhancing the host’s immune response [64]. These beneficial bacteria help to enhance
immune function and maintain the integrity of the gut lining, thereby reducing the risk
of infections and inflammatory conditions. Additionally, a balanced gut microbiota can
modulate the body’s inflammatory response and has been linked to lower incidence of
colorectal cancer [66].

Probiotics can be introduced into food through various methods to enhance their
health benefits. One common approach is fermentation, where live probiotic strains are
incorporated into the food product along with traditional starter cultures such as Lacto-
bacillus bulgaricus and Streptococcus thermophilus in food products like yogurt, kefir, and
sauerkraut [67,68]. This fermentation process not only enriches the food with live probiotic
cultures that confer health benefits but also enhances its flavor and shelf life [67]. Addi-
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tionally, probiotics can be introduced through encapsulation, an advanced technique that
involves coating probiotic bacteria with a protective layer [69]. This layer helps shield
the bacteria from harsh conditions during processing, storage, and digestion, improving
their viability when consumed [70]. Encapsulation is often used in functional foods and
dietary supplements to ensure that probiotics remain active until they reach the gut, pro-
tecting them from degradation that might occur during the production process [69].The
role of probiotics in food safety has been demonstrated by numerous studies. For instance,
ref. [71] investigated the ability of Lactobacillus rhamnosus GG (ATCC 53103) and L. casei
(ATCC 393) to inhibit and prevent biofilm formation by pathogens like E. coli O157:H?7,
Salmonella enterica, and L. monocytogenes on food contact surfaces. Results showed that these
probiotics significantly reduced pathogenic adhesion and biofilm formation, particularly
on stainless steel surfaces in juice processing, highlighting their potential to improve the
safety and quality of fruit-based products. Similarly, ref. [72] encapsulated Lactobacillus
paraplantarum FT-259 and Lactococcus lactis QMF in casein/pectin microparticles and tested
their ability to inhibit Listeria and Staphylococcus in fresh Minas cheese stored at 8 °C. The
encapsulated probiotics maintained high viability and effectively reduced pathogen levels,
with the encapsulated Lactobacillus paraplantarum showing enhanced antilisterial activity
and Lactococcus lactis significantly inhibiting Listeria in both free and encapsulated forms,
indicating that these microparticles are effective carriers for enhancing the safety of the
cheese. The inhibitory activity of these lactic acid bacteria is attributable to synthesized
lactic acid and associated bacteriocins, which are active against a broad range of pathogenic
and spoilage organisms [73].

Al and machine learning are rapidly becoming integral tools in microbiome-based
therapeutics, helping to improve outcomes in food safety, medical applications, and en-
vironmental monitoring [74]. By leveraging predictive modeling, machine learning, and
deep learning techniques, researchers can better understand microbiome dynamics and
predict microbial behavior in various environments. Food Safety: Al-driven pathogen
detection in food microbiomes has significantly enhanced the ability to identify harmful
microorganisms, enabling proactive food safety measures [75]. Medical Applications: Ma-
chine learning models are being used to predict microbiome shifts in diseases, offering
insights into disease progression and therapeutic interventions [76]. Environmental Moni-
toring: Al tools are increasingly employed to analyze microbial communities in polluted
environments, offering a more efficient means to assess environmental health [22].

4.2. Prebiotics in Food Safety

Unlike probiotics, which introduce live foreign bacteria into the human GIT, prebiotics
encourage the growth of certain beneficial species that are already present in the gut,
particularly but not limited to lactobacilli and bifidobacteria [77]. Prebiotics are non-
digestible food ingredients that beneficially affect the host by selectively stimulating the
growth and activity of beneficial microorganisms in the gut [78]. Prebiotic oligosaccharides
like fructooligosaccharides are found in a variety of fruits and vegetables, and therefore
consuming them through diet may be a more natural way to obtain prebiotics [77]. The
oligosaccharides found in human breast milk are thought to be the prototypical prebiotic
because they encourage the colons of exclusively breastfed newborns to grow bifidobacteria
and lactobacilli preferentially [77]. This phenomenon may be responsible for some of the
immunological and other advantages that breastfed infants experience [79]. In food animals,
certain natural microflora species (such as Bifidobacteria, Butyrivibrio, and Lactobacillus)
that are known to function antagonistically against pathogens benefit from a competitive
advantage provided by some prebiotics [80]. Additionally, prebiotics may lower colonic
inflammation and colitis [81], supply some limiting nutrients directly to the intestinal
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mucosa, and provide the substrates necessary for intestinal bacteria to ferment, thereby
increasing the synthesis of B vitamins [80].

Different studies have demonstrated the role of prebiotics in food safety, such as a
reduction in the presence of foodborne pathogens by promoting the growth of beneficial
bacteria, serving as a substrate for probiotic growth, enhancing gastrointestinal functions,
the immune system, calcium and magnesium absorption, blood glucose levels, and plasma
lipids [82]. For instance, ref. [83] examined the effects of probiotics and prebiotics on
controlling Salmonella spp. in chickens, revealing that B. subtilis probiotic and Levoxyl
prebiotic treatments significantly improved survival rates and reduced the growth of
Salmonella enteritidis and Salmonella typhimurium. While the B. subtilis probiotic was found to
have antimicrobial properties that inhibited the growth of these harmful bacteria, Levoxyl,
a prebiotic, supported the growth of beneficial gut microbes that competed with Salmonella
for nutrients and space. Together, these treatments improved the survival rates of chickens
by enhancing the balance of gut microbiota and reducing the prevalence of Salmonella
infections, indicating that the oral application of these treatments in infected broiler chickens
could effectively enhance their resistance against nalidixic acid-resistant Salmonella strains.
Similarly, ref. [84] investigated the effect of Salmonella Typhimurium infection on the
gut microbiota in laying chickens and evaluated how an in-feed probiotic supplement
can restore microbial balance and reduce Salmonella load. They found that Salmonella
infection caused significant dysbiosis in the gut by reducing the abundance of beneficial
microbial genera such as Lactobacillus, Bacteroides, and Alistipes and increasing the presence
of genera such as Eisenbergiella and Oscillibacter, which favor Salmonella growth. Probiotic
supplementation helped restore gut microbiota balance by increasing the abundance of
previously displaced beneficial genera and enhancing levels of propionate and butyrate,
which were not significantly affected by Salmonella challenge. Continuous probiotic use
notably reduced the overall Salmonella load in feces and internal organs, highlighting its
effectiveness in controlling Salmonella infections. Similarly, prebiotics may also have a
beneficial effect on the proliferation of probiotic bacteria, as shown in a study by [85], where
they found that the prebiotic effect of rice increased the number of Bifidobacterium cells in
yogurt mixed with rice as opposed to plain yogurt.

4.3. Synbiotics in Food Safety

Synbiotics are a blend of probiotics and prebiotics that have a positive effect on the host
by enhancing the implantation and survival of live microbial strains in the gastrointestinal
system [86]. They can work in synergy or complement each other to perform a variety
of tasks, such as antioxidant activities, which can improve the health of the host [87].
The antioxidant effects of synbiotics are attributed to their activation of nuclear factors
that enhance the expression of antioxidant enzymes, generate key antioxidant molecules,
and neutralize harmful singlet oxygen and free radicals [87,88]. When probiotic bacteria
and prebiotic compounds are combined, antibacterial compounds like bacteriocin are
released, which can stop the growth of harmful bacteria [82]. Due to their synergistic effects,
synbiotics are expected to confer more benefits than probiotics or prebiotics alone [89].
Synbiotics have been shown to help prevent the aberrant growth of harmful bacteria in
the intestine in animals. For instance, it has been discovered that Campylobacter jejuni,
the causative agent of foodborne gastroenteritis in humans with poultry and poultry
products serving as the primary source of infection, can be moderated using synbiotics.
Galactooligosaccharides and the microencapsulated Bifidobacterium longum subsp. longum
PCB133 strain were used in an in vivo experiment by [90] to evaluate the effectiveness
of the synbiotic in grill chickens. Comparing the treated group to the control group
that did not get any special treatment, the results showed a substantial drop in C. jejuni
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quantification and a significant increase in total bifidobacteria after two weeks of treatment.
In an observational study, ref. [91] investigated the prevalence of infectious diseases in
infants transitioning from exclusive breastfeeding to symbiotic-supplemented formula,
finding reduced infection rates. Results from the study showed that compared to babies
who received normal formula, the incidence of infectious disease and growth were found
to be positively impacted by supplementation with synbiotic-enriched formula.

4.4. Phage Therapy

Bacteriophages (phages), which are viruses that can specifically target and replicate
within bacterial cells, have been utilized as a form of antibacterial monotherapy for over
100 years to treat bacterial infections [6]. Phages replicate via two main life cycles that
impact their therapeutic use: virulent phages rapidly kill their bacterial hosts, while tem-
perate phages can integrate into the host genome or switch to a lytic cycle [92]. Temperate
phages can also prevent reinfection in their host and alter bacterial traits through lysogenic
conversion [93]. Phage therapy involves administering pathogenic phages directly to a
patient with the aim of lysing the bacterial pathogen causing a reduction or elimination
of the pathogenic bacteria [92]. The primary feature of phages is their high specificity of
infection: they usually identify only a small subset of bacterial strains, minimizing the harm
to the host’s regular microbial community [94]. Furthermore, because phages reproduce
exclusively at the site of infection, they are self-limiting and self-dosing, and they vanish
when their particular bacterial pathogen is eliminated [95]. Phages have shown promise in
effectively killing bacteria resistant to broad-spectrum antibiotics, as their mechanisms of
action differ from those of antibiotics, and resistance can often be overcome using different
phage isolates, cocktails, or modified phages [96]. This is demonstrated in a study by [97],
where a personalized bacteriophage therapy successfully treated a 68-year-old diabetic pa-
tient with necrotizing pancreatitis and a multidrug-resistant A. baumannii infection, which
had persisted despite multiple-antibiotic therapy. The intravenous and percutaneous ad-
ministration of nine different lytic bacteriophages into the abscess cavities of the patient led
to the resolution of the infection and a return to health, highlighting the potential of tailored
phage therapies for managing resistant infections. Phage therapy is also gaining attention
for controlling bacterial biofilms, especially as resistance to antibiotics increases. A study
by [98] demonstrated that combining bacteriophage T4 with the antibiotic cefotaxime en-
hanced the eradication of biofilms formed by E. coli, showing that phage-antibiotic synergy
can significantly improve treatment outcomes. This synergy, where sublethal antibiotic
concentrations boost phage activity, resulted in better biofilm control and reduced antibiotic
concentrations needed for effective treatment.

4.5. Fecal Microbiota Transplantation

Gut microbiota imbalances, known as dysbiosis, have been linked to various diseases,
driving increased interest in FMT over the past decade [99]. FMT involves transferring
screened manipulated donor stool into a patient’s gastrointestinal tract to restore microbiota
diversity and functionality, aiming to correct the dysbiotic state [99,100]. FMT has been
integral in restoring microbial diversity and structure in the colon, leading to high cure rates
for Clostridium difficile infection (CDI) [101]. CDI is primarily caused by the suppression and
disruption of colon microbiota, often due to antibiotic use, and is significantly with high
morbidity and mortality [102]. FMT restores microbial diversity in the colon by inhibiting C.
difficile and preventing reinfection through several mechanisms such as bile acid-mediated
inhibition of spore germination and vegetative growth, competition for nutrients, direct
suppression by antimicrobial peptides, and activation of immune-mediated colonization
resistance [101].
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Several studies have reported the effectiveness of FMT in the treatment of recurrent
and refractory CDI, with a recent meta-analysis by [102] concluding that FMT successfully
resolved symptoms of CDI in 92% of the cases treated. Similarly, a study by [103] of 111 pa-
tients treated with FMT for recurrent or refractory CDI in Israel from 2013 to 2017 reported
an overall success rate of 87.4%, with no significant difference in success between different
routes of administration (lower gastrointestinal route by colonoscopy (45%), capsules (33%),
and upper gastrointestinal route (22%)). Since it has proven effective in treating CDI, FMT
is currently being investigated for its potential to treat other GI disorders such as inflamma-
tory bowel disease (IBD). A systematic review of 17 studies by [104] involving 41 patients
showed that most IBD patients treated with FMT experienced symptom reduction (19/25),
disease remission (15/24), cessation of IBD medications (13/17), and remission of C. difficile
infection in every patient receiving such treatment (15/15), suggesting that FMT may be an
effective treatment option, particularly when standard therapies have failed.

5. Challenges and Limitations Associated with MBT
5.1. Regulatory and Safety Concerns

Despite significant advancements in MBT using various techniques like probiotics,
prebiotics, synbiotics, and FMT to counteract dysbiosis and restore gut microbiota, this
research area still faces challenges, such as the evolving regulatory landscape, and safety
concerns arising from their unclear mechanism of action and the inherent risks of introduc-
ing live microorganisms into the human body [105,106]. While the stable colonization of
therapeutic organisms in the gut can enhance their effectiveness, it raises concerns about
pharmacological control and the potential spread of genetically modified DNA to native
microbiota due to natural horizontal gene transfer [107]. Also, although most genetically
modified organisms (GMOs) developed in laboratories tend to be less competitive than
their natural counterparts, there is a risk that these engineered organisms could escape
into the environment and inadvertently colonize other areas such as natural ecosystems
or agricultural environments [108]. This presents a challenge in MBT, as the unintended
spread of GMOs could potentially disrupt natural ecosystems and interactions.

Recent studies have shown the vast potential of MBT, as evidenced by scientific lit-
erature and media, with practices like FMT showing high efficacy in treating recurrent
CDI [109], and probiotics, especially strains of Lactobacillus rhamnosus and Saccharomyces
boulardii, helping in reducing the duration and severity of diarrhea, including antibiotic-
associated and infectious diarrhea [110]. However, FMT products pose safety risks due to
the potential presence of uncharacterized pathogens that might pose threats to immuno-
compromised individuals, prompting the U.S. Food and Drug Administration (FDA) to
issue multiple safety alerts regarding serious adverse events associated with their use [111].
Similarly, a study of Lactobacillus bacteremia cases in ICU patients at Boston Children’s Hos-
pital by [112] found that those receiving Lactobacillus rhamnosus strain GG (LGG) probiotics
had a significantly higher risk of developing Lactobacillus bacteremia compared to those
who did not receive probiotics. Out of 22,174 ICU patients, 522 were given LGG probiotics
(usually through a feeding tube), and 6 of these patients developed Lactobacillus bacteremia,
while only 2 of the 21,652 patients who did not receive LGG probiotics experienced the
same condition.

Until 2022, FMT and other microbiota-based therapies in Europe faced regulatory
uncertainty because they were not classified as drugs. This lack of classification stemmed
from the highly variable composition of gut microbiota samples, which made it challenging
to standardize and regulate these therapies under existing drug frameworks [113]. The
diverse nature of microbiota means that each FMT or microbiota-based product can differ
significantly in its microbial content [114,115], complicating efforts to apply conventional
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drug regulations and approval processes. As a result, these therapies existed in a regulatory
gray area, lacking clear guidelines and standards for their use and oversight [113].

In the United States, the classification of MBT such as the use of stool in FMT as a
drug and a biological product under traditional statutory declarations by regulatory bodies
affects the required clinical trial rigor, safety evaluations, and manufacturing standards,
creating significant regulatory challenges [116,117]. This is exemplified by the FDA’s 2013
decision to regulate stool for FMT as a biologic drug, necessitating an investigational new
drug (IND) application for clinical trials [118]. Since clinical experience and preliminary data
for FMT already showed its efficacy as treatment for recurrent or refractory CDI [119,120],
investigators and clinicians pushed back against the policy, arguing that the regulatory
burden of maintaining an IND may prohibit many clinicians from offering a potentially
life-saving therapy [121]. In consideration of this input from major stakeholders, the
FDA eventually allowed “enforcement discretion” for FMT to treat CDI that was not
responding to standard antibiotic therapies without requiring them to submit an IND
application, resulting in most physicians and stool banks not obtaining IND approval for
such treatments [116,117]. The agency, however, insisted that an IND application would
be necessary if FMT were to be used for research purposes or to treat ailments other than
CDI [122].

The FDA classifies products based on the claims made by the manufacturer, not their
ingredients or properties [116]. Ethical and socioeconomic factors significantly influence
the design, implementation, and outcomes of microbiome research. For instance, in FMT
trials, stringent donor screening is required to minimize the risk of transmitting infectious
agents. However, inconsistent regulatory frameworks across countries raise ethical con-
cerns regarding patient safety and data privacy [113]. Socioeconomic factors also impact the
accessibility of microbiome-based interventions [123]. Additionally, ethical considerations
extend to data privacy in large-scale microbiome studies. For example, in human gut micro-
biome sequencing projects, ensuring participant consent and data security is paramount. To
prevent privacy breaches while maintaining data transparency and reproducibility, it is es-
sential to de-identify microbiome data. For instance, Gaikwad and Naoghare [124] discuss
the privacy risks associated with microbiome data and suggest that adopting well-known
anonymization techniques can help protect participant privacy in microbiome studies.
Additionally, Wagner et al. [125] propose the use of secure computation methods to enable
comparative analysis over combined microbiome datasets without revealing individual
sample information, thereby addressing privacy concerns in microbiome research.

If a product, including a probiotic, is claimed to cure, mitigate, treat, or prevent disease,
it is classified as a drug, thereby requiring a costly IND application. Similarly, human
studies investigating these claims also require an IND application, which poses barriers for
researchers due to the need to provide proprietary manufacturing information [126]. The
“locked-in” rule, which forbids marketing a substance as a food product if it is first examined
as an IND, even if the study is intended to encourage usage of that product as a food rather
than a medication, increases limitations to high-quality clinical research on probiotics [126].
Considering that these substances can be marketed as a dietary supplement or food before
conducting an IND application, the FDA inadvertently provides a loophole that allows
marketing a substance as a dietary supplement or food before seeking an IND approval,
preserving the option to continue marketing it in those forms even if substantial clinical
investigations show no benefit [126]. This has discouraged manufacturers and researchers
from rigorously evaluating probiotic claims, contributing to the FDA not approving any
probiotic products as live biotherapeutic agents [116,126].
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5.2. Technical and Logistical Challenges in Implementation

One of the foremost technical challenges in the development of effective MBT is the
isolation and cultivation of effective microbial strains, which is challenging due to the com-
plexity of the human microbiome and the specific conditions required for their growth, as
many beneficial microbes thrive only in the unique environment of the human body [127].
The human microbiome is incredibly diverse, with thousands of bacterial species coexist-
ing in various body sites. Determining which specific strains have therapeutic potential
involves extensive screening and validation, which is challenging because the effectiveness
of probiotics varies by strain and is often specific to different body environments and
diseases [128]. For example, Bacteroides sp. colonizes the colon and cecum, Lactobacillus
sp. and E. coli Nissle 1917 thrive in the small intestine, while Lactobacillus lactis does not
colonize the intestine, making disease biogeography crucial in determining the suitable
probiotic for treatment [129].

Identifying the mechanistic elements of host-microbe interactions and microbe—
microbe interactions of potential probiotic strains has proven challenging, as they are
usually influenced by many internal and external factors such as diet, antimicrobials, geno-
type, and environment [130]. For example, the critical role that vaginal delivery plays in
transferring beneficial microbes from mother to newborn that colonize the baby’s skin and
gut highlights a technical and logistical challenge in implementing MBT in ensuring the
appropriate seeding and maintenance of beneficial microbial communities in individuals,
especially those born via cesarean section [130]. Cesarean births prevent this beneficial
microbial transfer, leading to the acquisition of environmental microbes, which increases
the risk of chronic diseases in adulthood, such as diabetes, obesity, asthma, and neurological
disorders [131]. This can however be mitigated through methods such as vaginal microbial
transfer (also known as “vaginal seeding”), where beneficial bacteria from the mother’s
vaginal canal are applied to the newborn’s skin or mouth immediately after birth, helping
to introduce beneficial microbes that are typically acquired during a vaginal delivery [132].

There are practical challenges associated with the preparation of probiotics, especially
for commercial purposes. Probiotics face destabilization during manufacturing and storage
due to stressors such as heat, oxygen, mechanical force, osmotic shock, and changes in
pH [127]. The commonly used process of spray-drying often induces thermal stress, with el-
evated temperatures potentially denaturing proteins and causing cell damage in probiotics,
which presents significant challenges in the implementation of MBT, as maintaining the
stability and viability of probiotics becomes difficult [133]. Osmotic shock can also result
during the drying process because it raises intracellular osmolarity, which modifies the
cellular membrane, thereby reducing the viability of microbiome therapies [133]. Similarly,
the ability of probiotics to survive during production and storage is impacted by oxidative
stress, as their proteins, lipids, and DNA can be harmed by reactive oxygen species, which
are produced when oxygen is partially reduced to water [134]. Spray-dried cells may be
more susceptible to oxidative stress because dehydration causes cellular damage [127].

5.3. Microbial Resistance and Stability Issues

The promise of MBT in treating various conditions is tempered by significant chal-
lenges, including microbial resistance and stability issues, which can impact the efficacy
and safety of these therapies and pose hurdles for their widespread adoption [135]. The
use of probiotics or engineered microbes in microbiome-based therapies could potentially
introduce antibiotic-resistance genes into the gut microbiota, which could lead to the failure
of antibiotic treatments [135]. In an in vivo study by Jacobsen et al. [136] using gnotobiotic
rats, two wild-type strains of Lactobacillus plantarum from fermented sausages were found
to transfer tet(M) and erm(B) resistance gene—encoding plasmids to Enterococcus faecalis
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within the gastrointestinal tract, with the first transconjugants detected in fecal samples
just two days after donor introduction. This study was one of the first to demonstrate the
in vivo transfer of antibiotic-resistant plasmids from wild-type L. plantarum to E. faecalis,
highlighting the potential for resistance genes to be transferred within the gut environment.
While probiotics are generally considered safe, concerns exist about their potential risks,
including causing diseases like bacteremia or endocarditis, toxic or metabolic effects on
the gastrointestinal tract, and the transfer of antibiotic resistance within gut flora [137],
remain. Also, while intrinsic or mutation-based antibiotic resistance in probiotic bacteria is
not inherently a safety concern, as they can even help restore gut microbiota post-antibiotic
treatment, the presence of resistance genes on mobile genetic elements in them poses a risk
of transferring resistance to potential gut pathogens [137,138]. These bacteria can develop
resistance through spontaneous gene mutations or horizontal gene transfer, which poses a
high risk in non-pathogenic bacteria found in the gut [137]. Lactobacilli have shown high
spontaneous mutation rates to antibiotics like nitrofurazone, kanamycin, and streptomycin
(10~* to 10~° frequency/rate), indicating significant variability in their antibiotic-resistance
profiles even within the same genus and species [135]. Molecular research suggests that
the efficiency and safety of microbiome therapeutics may be compromised by human
interactions with bacteria due to constant exposure to various bacterial strains through diet,
environment, and medical treatments, which can increase the uptake of antibiotic-resistant
genes already present in the environment and gut microbiota [138,139].

Although lactobacilli are generally recognized as safe and are widely used in vari-
ous fermented foods and beverages, recent studies have shown that some strains carry
antibiotic-resistance genes and can transfer these genes to other bacteria, posing a threat
to human health [140]. An analysis of 33 Lactobacillus strains from fermented milk in
China [140] revealed resistance to vancomycin and varying susceptibilities to other antibi-
otics, with certain Lactobacillus strains being found to carry specific resistance genes: erm(B)
for erythromycin, tet(W) for tetracycline (in three L. helveticus strains), gyrA for ciprofloxacin
(in all tested L. helveticus strains and two L. casei strains), and vanX for vancomycin (in
most Lactobacillus strains). The kanamycin-resistance gene aph(3")-1II was detected in only
one L. helveticus strain, highlighting the challenge of ensuring the safety of MBT due to
the potential for antibiotic-resistance gene transfer [140]. Similarly, a study by [141] found
that some commercially available probiotics contained lactic acid bacteria strains with
antibiotic-resistance genes. Although the overall incidence was low, these resistance genes
were found in mobile genetic elements like plasmids and transposons, conferring resistance
to a range of antibiotics including aminoglycosides, 3-lactams, and macrolides. Specific
resistance genes, such as msrC, vanX, and dfrA, were detected in strains like Enterococcus
faecium, Lactobacillus plantarum, Streptococcus thermophilus, and Lactococcus lactis, which
poses a significant threat to food safety [141].

The increasing incorporation of probiotic bacteria into food products to enhance health
benefits has been laden with stability challenges, which frequently call into question their
efficacy in commercial products [142]. The primary challenge in developing functional
foods is maintaining high levels of viable probiotic bacteria during processing, with an
additional difficulty in ensuring their safe delivery to the gut, where they can provide health
benefits [143]. Due to instability, the viability of these probiotics can diminish significantly
during preparation, shelf storage, in vivo application, and when passing through the
human gastrointestinal tract, thereby compromising their intended therapeutic effects [142].
Following oral delivery, probiotics face severe conditions in the gastrointestinal tract, such
as the highly acidic gastric fluids (pH 1-3) and a two-hour gastric emptying period, which
significantly reduce their viability in the stomach [144]. The cytoplasmic pH and glycolytic
enzyme activity of probiotics are reduced by the extremely acidic pH of the stomach, which
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has an impact on the F1Fo-ATPase proton pump that is necessary for probiotic survival
in acidic environments [145]. This presents a critical limitation for MBT, as maintaining
the stability and viability of probiotic strains is essential to ensure their effectiveness in
promoting health and preventing diseases [143]. Additionally, ensuring that probiotics
remain active and potent throughout their shelf life and after ingestion involves overcoming
significant technical and formulation hurdles, which adds to the complexity and cost of
developing effective microbiome-based therapeutic products [127].

6. Future Directions and Research Needs

New technologies and innovation in the field of MBT are rapidly expanding and
will in the near future reduce the continuous reliance on conventional therapeutics. This
is based on the breadth of its potential use and market value. The advent of new se-
quencing technologies and culture-independent methods are promising for understanding
microbiome-host interactions. Currently new technologies and innovations are being
introduced to overcome current challenges, design large-scale clinical trials, and generate
robust objective research aimed at improving patient outcomes. Next-generation sequenc-
ing metagenomics, specifically amplicon and shotgun sequencing, are widely adopted in
microbiome research; however, both methods are limited by their short-read sequencing
technologies. Emerging data supports the adoption of newer sequencing tools such as
Pacific Biosciences (PacBio) single-molecule real-time sequencing and Oxford Nanopore
Technologies” nanopore sequencing, both long-read sequencing, to manage the limitations
mentioned [52]. Currently, there is ongoing debate regarding the cost-effectiveness and
accuracy of long-read sequencing compared to short-read sequencing, which limits its
widespread adoption [146]. Additionally, the application of the 16S ribosomal RNA gene as
a phylogenetic marker has proven to be a relatively efficient and cost-effective microbiome
analytic tool. High-throughput technology is currently being adopted to provide insight
into the microbial determinants of health and disease [147]. Advances have been made
using culturomics (a computational method for analyzing cultural trends and a culturing
technique for identifying bacterial species) to address the limitations of traditional cul-
ture methods that are labor-intensive and limit the identification of gut microbiome, with
about 80% gut microbiota previously being unculturable [148]. The statistics of culturable
microbes culturomics have heightened and extended our understanding of bacterial diver-
sity [17]. A significant evolution in metatranscriptomics, metabolomics, culturomics, and
synthetic biology and their application in microbiome research is regarded as a potential
tool to advance research. A multi-omics approach was reported in a recent landmark study
on microbial communities present on human fetal organs during the second trimester of
gestation. Mishra et al. [146] profiled microbes on fetal organs, which play certain roles in
microbial exposure in fetal immune-priming, using 16S rRNA gene sequencing; however,
subject-specific transit times and selection bias pose a limit to this advancement [147]. Re-
cent years have seen a dramatic rise in gut microbiome studies, which has been enabled by
the rapidly evolving high-throughput sequencing methods. Microbial-based interventions
are gradually exceeding the limits of feces-based transplants. They are used sparingly in
the treatment of various diseases, with the mainstay in the treatment of recurrent CDI,
the largest area of focus in microbiome clinical development. Recently IBD, including
ulcerative colitis and Crohn’s disease, which is thought to be affected by the gut micro-
biome, is being explored with a rise in ongoing clinical trials [149]. Again, therapeutic
interventions are starting to gain attention around microbiota—gut-brain bidirectional
pathway in neurodegenerative diseases with compelling evidence that an alteration in gut
microbiome drives neurodegenerative disease pathogenesis [150-153]. Immune-checkpoint
inhibitors, which are immunotherapies that boost anticancer immune responses, are being
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explored in the field of microbial therapeutics [154]. Finally, Al is gaining attention for its
potential in shaping clinical diagnostics, prognosis of diseases, and treatment options to
bridge the gap between present knowledge of the human microbiome and targeted health
interventions [13].

The collaboration among stakeholders and partnerships between industry, learning
institutions, governments, and individuals can aid progression in specialist knowledge
and public awareness about microbiome-based therapies. Interdisciplinary approaches
require collaboration across different disciplines including bioinformatics, microbiology,
mathematics, biochemistry, ecology, social sciences, and humanities, amongst others, due
to the relevance of microorganisms in all forms of life. Presently, a large fraction of micro-
biome field research has focused on human populations in clinical contexts, with dietary,
social, economic, and environmental factors representing major variability and limita-
tions in these studies. One such limitation relies on recent evidence that suggests that
the environment rather than genetics predominantly shapes human gut microbiome [155].
More exploration in microbiome research outside clinical contexts targets more diverse
human populations that focus on human behavior, environment and physiology, although
humanities research has explored microbiomes, particularly in areas of medical ethics and
history [156-158]. Nevertheless, research on the intricate entanglements between micro-
biomes and the environment is advancing amidst challenges, although these research areas
are still in their infancy.

New studies are beginning to highlight certain variabilities posed by early-life socioe-
conomic resources [159], social relationships [160,161], and socioeconomic conditions in
microbiome interventions [162]. Mathematical techniques are now available for research to
determine the population dynamics of gut-microbiome, causal interactions, predict stable
microcommunities, and identify crucial microbes in varying contexts [163]. Ethical and
social disciplines are equally involved in human microbiome research to explore ethical,
legal, and social aspects of human microbiome research as well as clinical applications due
to the potential risk associated with some interventions [112,164].

Despite the advances in MBT research, there remains a lack of standardized set of
methodology for sample collection of microbiomes, storage, data analysis, and dosage
calculation [165-167]. Additionally, there has been a partial tilt towards the use of an-
imal models in recent studies in microbiome therapeutics and their generalizability to
humans, that is, preclinical testing and safety profiling are skipped for most microbiome
mimetic/drug products based on prior approval of the therapeutic with reported variable
treatment regulation globally. Disease-specific testing of therapeutic efficacy is offered little
or no attention in most countries [168,169]. However interspecies limitations with the use of
animal models in anatomy, metabolism, physiology, and genetics are too significant to over-
look and limit holistic test patterns due to the notorious variability in responses [105,170].
In line with this, a significant gap and potential research area exists concerning the use
of non-animal models such as three-dimensional (3D) cultures, which are currently used
to suffice for the limitations of animal models. Development of non-animal alternatives
has led to groundbreaking research that overcomes the limitations of animal models and
ex vivo tissues. However, these alternatives are still constrained by the inability to model
microbiome-host immune interactions in certain target locations, and they can potentially
harm the host, as seen with organoids derived from tissue-specific adult stem cells or
pluripotent stem cells [171]. The generation of mini-human organs on a chip addressed
the limitations of organoids, and although development has been reportedly successful,
this may not represent adaptive host-microbe responses, which are equally relevant for
microbiome studies [172]. Furthermore, since a microbial consortium can be used in the
production of therapeutic molecules or antitoxins by manipulating individual microbes
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or a microbial consortia genome [12], advances in microbiome therapeutics demand a
well-characterized library of biosensors integrated with Al to identify relevant candidate
disease biomarkers, utilize microbes as a class of diagnostics, and trigger therapeutic re-
sponses [105]. Presently, the escape of engineered organisms into the environment is limited
by advancement in technologies. Nevertheless, the possibility of escape of engineered
organisms triggers concerns of environmental perturbations. Again, the adoption of vast
machine learning could bridge the existing gaps in the design of new therapeutics that
are specifically targeted to microbiomes of interest. This would expand its adoption in
microbiome precision medicine and microbiome profiling [173-175] and requires continu-
ous research. Importantly, most microbiome studies are heavily bacteria-biased, and more
research is required to analyze potential therapeutic benefits from overlooked microbial
interactions among viruses, fungi, intestinal helminths, and protozoan parasites [176].

7. Conclusions

This review highlights the significant advances and emerging directions in MBT,
underscoring the novelty and originality of approaches that promise to reshape the land-
scape of healthcare. This comprehensive assessment brings together diverse technologies
and methodologies—from next-generation long-read sequencing to Al-driven diagnostics
and therapeutic design—that collectively offer unprecedented insights into the human
microbiome. Unlike traditional approaches, which often relied on generalized microbial in-
terventions, recent innovations enable highly specific, targeted manipulations of microbial
communities, marking a departure from conventional therapeutics. This work integrates
new evidence on microbiome-host interactions with advanced methodologies such as cul-
turomics, synthetic biology, and machine learning, offering a more holistic understanding
of the microbiome’s impact on health and disease.

A key contribution of this review is its focus on interdisciplinary collaborations and
non-animal model systems, which represent novel responses to the limitations of existing
microbiome studies. By advocating for robust, non-animal alternatives like 3D cultures and
organ-on-a-chip technologies, this review not only addresses current gaps but also paves
the way for more ethical, scalable, and reproducible microbiome research. Moreover, the
review’s emphasis on integrating socioeconomic, environmental, and behavioral factors
in microbiome research adds a unique dimension to the field, positioning the human
microbiome within a broader ecological and social context. This approach is still emerging,
yet it has the potential to transform how we understand microbiome variability across
populations and individual life stages.

Finally, this review highlights the potential of overlooked microbial relationships—such
as those involving fungi, viruses, and helminths—in advancing therapeutic interventions.
It calls for a more comprehensive exploration of microbial consortia and their roles in
diverse physiological pathways, an area that remains largely uncharted, yet promises
substantial therapeutic value. This work synthesizes current knowledge while identifying
critical gaps and proposing directions that push beyond traditional research boundaries. By
emphasizing the integration of machine learning, biosensors, and bioinformatics with high-
throughput sequencing, it highlights the revolutionary potential of precision microbiome
medicine and establishes a foundation for future breakthroughs in personalized healthcare.
The perspectives presented here serve as a valuable resource for researchers and clinicians
navigating the rapidly evolving field of microbiome therapeutics.
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