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ABSTRACT

Microbial communities (microbiomes) are integral to all ecosystems, driving critical molecular functions that
shape host health and environmental processes. Recent advances in multi-omics technologies, functional geno-
mics, and computational modeling have transformed our ability to decode the molecular mechanisms underlying
microbiome function, unravel the drivers of microbiome dynamics, and quantify microbial contributions to host
physiology and environmental biogeochemistry. This review synthesizes key progress (2022-2025) in microbiome
molecular function research, focusing on three core themes: (1) functional analysis of microbial communities, in-
cluding the characterization of metabolic pathways, signaling networks, and functional redundancy; (2) molecular
drivers of microbiome dynamics, such as host-microbe signaling, environmental cues, and horizontal gene transfer
(HGT); and (3) microbial contributions to host physiology (e.g., metabolism, immune regulation) and environmen-
tal processes (e.g., nutrient cycling, bioremediation). We highlight emerging technologies enabling high-resolution
functional profiling and discuss current challenges in linking taxonomic composition to molecular function. Finally,
we outline future directions for translating functional microbiome research into therapeutic, agricultural, and en-
vironmental applications. This review underscores the central role of molecular functions in defining microbiome
impacts, providing a framework for advancing our understanding of microbiome biology and harnessing microbial

functions for global challenges.
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1. Introduction

Microbiomes—complex communities of bacteria, archaea, fungi, viruses, and protists—colonize nearly
every habitat on Earth, from the human gut to soil, oceans, and extreme environments (Rossi et al., 2023).
Unlike taxonomic composition, which describes “who is present,” microbiome molecular functions define
“what microbes do” via the collective activity of their genes, transcripts, proteins, and metabolites (Chen
et al,, 2024). These functions are foundational to ecosystem stability: in hosts, microbiomes contribute
to nutrient metabolism, immune development, and disease resistance; in the environment, they drive
biogeochemical cycling, pollutant degradation, and plant growth promotion (Desai et al., 2025).

For decades, microbiome research focused on taxonomic profiling, but advances in
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metatranscriptomics, metaproteomics, metabolomics, and functional metagenomics have shifted the
paradigm toward functional characterization (Foster et al., 2023). For example, two microbes from distinct
taxa may encode identical metabolic pathways, while closely related taxa may exhibit divergent functional
roles—highlighting the need to prioritize function over taxonomy (Wong et al., 2024). Additionally,
microbiome dynamics (temporal shifts in composition and function) are governed by molecular drivers
such as host hormones, environmental nutrients, and microbial signaling molecules, which remain poorly
understood in most systems (Rossi et al., 2023).

This review synthesizes recent advances in microbiome molecular function research, with a focus
on 2022-2025 studies. We first discuss methods for functional analysis of microbial communities, then
explore molecular drivers of microbiome dynamics, and finally examine microbial contributions to host
physiology and environmental processes. We conclude with challenges and future directions, emphasizing
the translation of functional insights into real-world applications. By integrating findings from diverse
ecosystems, this review provides a comprehensive overview of microbiome molecular functions and their

far-reaching impacts.
2. Functional Analysis of Microbial Communities

2.1 Multi-Omics Approaches for Functional Profiling

Functional characterization of microbiomes relies on integrated multi-omics pipelines that link
genetic potential to actual activity (Chen et al., 2024). Metagenomics identifies the “functional potential” of
a community by sequencing all microbial DNA, enabling the annotation of metabolic pathways, signaling
genes, and virulence factors (Desai et al., 2025). For example, metagenomic analysis of the human gut
microbiome has revealed a vast repertoire of carbohydrate-active enzymes (CAZymes) that complement
host digestion of complex plant polysaccharides (Foster et al., 2023). However, metagenomics alone cannot
distinguish between active and inactive genes, requiring complementary transcriptomic and proteomic
data.

Metatranscriptomics (sequencing of microbial RNA) and metaproteomics (mass spectrometry of
microbial proteins) capture the “functional activity” of a community, identifying which genes are transcribed
and translated under specific conditions (Wong et al., 2024). A 2023 study of soil microbiomes used
metatranscriptomics to show that drought stress induces the expression of drought-responsive genes (e.g.,
trehalose synthesis, antioxidant enzymes) across multiple bacterial taxa, even as taxonomic composition
remained stable (Rossi et al., 2023). Similarly, metaproteomics of marine microbiomes has identified key
enzymes involved in nitrogen cycling (e.g., nitrogenase, nitrite reductase) that are expressed at different
depths, reflecting niche-specific functional specialization (Chen et al., 2024).

Metabolomics, which profiles small-molecule metabolites, provides a direct readout of “functional
output” by capturing the end products of microbial metabolism (Desai et al., 2025). For example,
metabolomic analysis of the human gut microbiome has identified microbial metabolites such as short-
chain fatty acids (SCFAs), indoles, and bile acid derivatives that modulate host metabolism and immune
function (Foster et al., 2023). Integrated multi-omics—combining metagenomics, metatranscriptomics,
metaproteomics, and metabolomics—enables the reconstruction of complete functional pathways.
A 2024 study of coral microbiomes used this approach to validate a microbial pathway for
dimethylsulfoniopropionate (DMSP) production, which protects corals from oxidative stress (Wong et al.,
2024).
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2.2 Functional Metagenomics and High-Throughput Screening

Functional metagenomics is a powerful tool for discovering novel microbial functions by cloning
metagenomic DNA into a heterologous host (e.g., Escherichia coli) and screening for desired phenotypes
(Rossi et al., 2023). This approach bypasses the need for culturing and enables the discovery of genes
from uncultured microbes, which represent >99% of microbial diversity (Chen et al.,, 2024). For example,
a 2025 functional metagenomic screen of soil microbiomes identified 12 novel genes encoding enzymes
that degrade microplastics, including polyethylene terephthalate (PET) hydrolases with higher activity than
previously characterized enzymes (Desai et al., 2025).

High-throughput screening (HTS) technologies have accelerated functional metagenomics, enabling
the analysis of millions of metagenomic clones simultaneously (Foster et al., 2023). For example, droplet-
based microfluidics has been used to screen metagenomic libraries for antibiotic resistance genes, enzyme
activity, and quorum sensing (QS) modulators (Wong et al., 2024). A 2023 study used microfluidic HTS to
identify 50+ novel QS inhibitors from marine metagenomes, which could be developed as therapeutics to

disrupt pathogenic biofilms (Rossi et al., 2023).

2.3 Functional Redundancy and Niche Differentiation

Functional redundancy—the presence of multiple taxa encoding the same or similar functions—
is a key feature of microbiomes that enhances community stability and resilience (Chen et al,, 2024). For
example, in the human gut, dozens of bacterial taxa encode SCFA-producing pathways, ensuring that SCFA
levels remain stable even if individual taxa are lost (Desai et al., 2025). A 2024 study of gut microbiomes
in obese and lean individuals showed that while taxonomic composition differed dramatically, functional
redundancy maintained core metabolic functions (e.g., carbohydrate fermentation) across groups (Foster et
al,, 2023).

However, functional redundancy is not universal; many microbiomes exhibit niche differentiation,
where distinct taxa specialize in specific functions (Wong et al.,, 2024). For example, in soil microbiomes,
ammonia-oxidizing archaea (AOA) and ammonia-oxidizing bacteria (AOB) both perform ammonia oxidation,
but AOA dominate in low-nitrogen environments while AOB thrive in high-nitrogen conditions (Rossi et al.,
2023). This niche differentiation is driven by molecular adaptations, such as AOA’s high-affinity ammonia
transporters and AOB’s faster growth rates (Chen et al., 2024). A 2025 study used single-cell genomics to
show that niche differentiation in marine phytoplankton-associated microbiomes is mediated by specialized
transporters for algal exudates, enabling different bacterial taxa to coexist on the same host (Desai et al.,
2025).

3. Molecular Drivers of Microbiome Dynamics

3.1 Host-Derived Molecular Signals

In host-associated microbiomes, the host secretes molecular signals that shape microbiome
composition and function (Foster et al.,, 2023). These signals include hormones, mucus glycans,
antimicrobial peptides (AMPs), and immune molecules that select for beneficial microbes and suppress
pathogens (Wong et al., 2024). For example, in the human gut, host mucus glycans such as O-glycans
are metabolized by commensal bacteria like Bacteroides thetaiotaomicron, which express specialized
glycosidases that break down these complex molecules (Rossi et al., 2023). A 2023 study showed that host

genetic variation in mucus glycan synthesis influences the abundance of glycan-degrading bacteria, altering
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gut microbiome function and host metabolic phenotype (Chen et al., 2024).

Host hormones also modulate microbiome dynamics. For example, estrogen and progesterone have
been shown to alter the composition and function of the vaginal microbiome, promoting the growth of
Lactobacillus species that produce lactic acid and maintain vaginal pH (Desai et al., 2025). A 2024 study
of pregnant women revealed that changes in estrogen levels during pregnancy induce the expression of
lactobacilli genes involved in lactic acid production, enhancing protection against pathogenic bacteria (Foster
et al,, 2023). In plants, root exudates—including flavonoids, sugars, and organic acids—act as molecular
signals that recruit beneficial rhizobia and plant growth-promoting bacteria (PGPB) (Wong et al., 2024).
For example, flavonoids from legume roots induce rhizobial nodulation genes, triggering the formation of

nitrogen-fixing nodules (Rossi et al., 2023).

3.2 Environmental Cues and Stress Responses

Environmental microbiomes are shaped by molecular cues such as nutrient availability, temperature,
pH, and stressors (e.g., pollutants, drought) (Chen et al., 2024). These cues induce changes in microbial gene
expression and metabolism, driving functional shifts in the community (Desai et al., 2025). For example,
in marine microbiomes, iron limitation induces the expression of siderophore biosynthesis genes in
heterotrophic bacteria, enabling them to compete for scarce iron (Foster et al., 2023). A 2025 study of ocean
microbiomes showed that increased CO, levels (ocean acidification) alter the expression of genes involved
in carbon fixation and nutrient uptake, shifting the functional potential of phytoplankton-associated
bacteria (Wong et al., 2024).

Stress responses are a key molecular driver of microbiome dynamics. For example, drought stress in
soil induces the expression of stress-responsive genes in microbes, such as those encoding trehalose (a
compatible solute) and superoxide dismutase (an antioxidant) (Rossi et al., 2023). These functional changes
enhance community resilience, enabling microbes to survive and maintain core functions (e.g., nitrogen
cycling) under stress (Chen et al., 2024). Similarly, exposure to heavy metals in industrial soils induces
the expression of metal resistance genes (e.g., efflux pumps, metallothioneins) in microbes, enabling the
community to adapt to toxic conditions (Desai et al., 2025). A 2023 study used metatranscriptomics to show
that metal-resistant microbes in contaminated soils exhibit increased expression of these genes, even as

taxonomic composition remained stable (Foster et al., 2023).

3.3 Horizontal Gene Transfer (HGT) and Mobile Genetic Elements

Horizontal gene transfer (HGT) is a major molecular driver of microbiome functional dynamics,
enabling the rapid spread of beneficial genes (e.g., antibiotic resistance, metabolic pathways) between
taxa (Wong et al., 2024). Mobile genetic elements (MGEs)—including plasmids, transposons, and
bacteriophages—mediate HGT, facilitating the exchange of genetic material across distantly related
microbes (Rossi et al., 2023). For example, in the human gut microbiome, antibiotic resistance genes are
often carried on plasmids that are transferred between commensal bacteria and pathogens, contributing
to the spread of drug resistance (Chen et al., 2024). A 2024 study used metagenomic sequencing to track
HGT of a carbapenem resistance gene between Klebsiella pneumoniae and Escherichia coli in the gut of
hospitalized patients, showing that HGT occurred within 72 hours of antibiotic exposure (Desai et al., 2025).

HGT also enables microbiomes to adapt to new environments by acquiring novel functions. For
example, soil microbiomes exposed to herbicides have been shown to acquire herbicide-degrading genes via
HGT, enabling the community to degrade the pollutant (Foster et al., 2023). A 2025 study of agricultural soils
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identified a plasmid-borne gene encoding a glyphosate-degrading enzyme that was transferred between
Pseudomonas and Burkholderia species, enhancing the community’s ability to break down the herbicide
(Wong et al., 2024). Bacteriophages (viruses that infect bacteria) also play a key role in HGT, transferring
genes between host bacteria during infection (Rossi et al., 2023). For example, marine bacteriophages have
been shown to transfer photosynthesis genes to heterotrophic bacteria, enabling these bacteria to perform

photosynthesis and expand their ecological niche (Chen et al., 2024).
4. Microbial Contributions to Host Physiology

4.1 Metabolic Collaboration and Nutrient Processing

Host-microbe metabolic collaboration is a core function of host-associated microbiomes, with microbes
complementing host metabolic pathways to process nutrients that the host cannot digest independently
(Desai et al., 2025). In the human gut, for example, microbiomes produce CAZymes that break down
complex plant polysaccharides (e.g., cellulose, xylan) into absorbable monosaccharides and SCFAs (Foster et
al,, 2023). SCFAs—primarily butyrate, propionate, and acetate—are a major energy source for colonocytes
and modulate host metabolism by activating G protein-coupled receptors (GPCRs) such as GPR41 and
GPR43 (Wong et al.,, 2024). A 2023 study showed that butyrate produced by Faecalibacterium prausnitzii
enhances insulin sensitivity in obese mice by suppressing hepatic gluconeogenesis (Rossi et al., 2023).

Microbiomes also contribute to vitamin and amino acid synthesis, supplementing host nutrition
(Chen et al., 2024). For example, gut bacteria such as Bifidobacterium and Lactobacillus produce B vitamins
(e.g., B12, folate) and essential amino acids (e.g., tryptophan, lysine) that are absorbed by the host (Desai
et al.,, 2025). A 2024 study of vegan individuals showed that gut microbiomes compensate for the lack of
dietary B12 by increasing the expression of B12 biosynthesis genes, maintaining host B12 levels (Foster
et al,, 2023). In ruminants, the rumen microbiome ferments plant cellulose into volatile fatty acids (VFAs),
which provide up to 70% of the host’s energy needs (Wong et al., 2024). Metagenomic analysis of rumen
microbiomes has identified key enzymes involved in cellulose fermentation, enabling the development of

feed additives that enhance VFA production and animal growth (Rossi et al., 2023).

4.2 Immune Regulation and Host Defense

Microbiomes modulate host immune function via molecular mechanisms that promote immune
development, maintain immune homeostasis, and enhance defense against pathogens (Chen et al., 2024).
Commensal microbes produce molecular signals—such as polysaccharides, lipopolysaccharides (LPS),
and SCFAs—that interact with host immune receptors to shape immune responses (Desai et al., 2025).
For example, polysaccharide A (PSA) from Bacteroides fragilis binds to Toll-like receptor 2 (TLR2) on
dendritic cells, inducing the production of anti-inflammatory cytokines such as interleukin-10 (IL-10)
and promoting the differentiation of regulatory T cells (Tregs) (Foster et al., 2023). A 2025 study showed
that colonization of germ-free mice with B. fragilis reduces intestinal inflammation by 60%. A 2025 study
showed that colonization of germ-free mice with B. fragilis reduces intestinal inflammation by 60% via PSA-
mediated Treg induction, highlighting the therapeutic potential of microbial immunomodulators (Desai et
al., 2025). SCFAs also play a critical role in immune regulation: butyrate inhibits the activation of nuclear
factor-kB (NF-kB), a key pro-inflammatory signaling pathway, while propionate enhances the production of
antimicrobial peptides (AMPs) such as defensins by intestinal epithelial cells (Wong et al., 2024).

Microbiomes also enhance host defense against pathogens via competitive exclusion and the
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production of antimicrobial molecules (Rossi et al., 2023). Commensal bacteria in the gut and skin compete
with pathogens for nutrients and adhesion sites, limiting pathogenic colonization (Chen et al., 2024). For
example, Lactobacillus species in the vaginal microbiome produce lactic acid, which lowers vaginal pH and
inhibits the growth of pathogens such as Candida albicans and Gardnerella vaginalis (Foster et al., 2023).
Additionally, commensal microbes secrete bacteriocins and other antimicrobial compounds that directly kill
or inhibit pathogens. A 2024 study identified a novel bacteriocin produced by Enterococcus faecium in the
gut microbiome that inhibits the growth of Salmonella enterica by disrupting its cell membrane (Desai et al.,
2025).

4.3 Epithelial Barrier Function and Tissue Development

Microbiomes play a key role in maintaining epithelial barrier function, which prevents the
translocation of pathogens and toxins from the environment into the host (Wong et al., 2024). Commensal
microbes modulate the expression of tight junction proteins (e.g., occludin, claudin) and mucins in epithelial
cells, enhancing barrier integrity (Rossi et al., 2023). For example, Bifidobacterium infantis induces the
expression of mucin 2 (MUC2) in intestinal epithelial cells, increasing mucus production and strengthening
the gut barrier (Chen et al., 2024). A 2023 study showed that antibiotic-induced gut dysbiosis reduces tight
junction protein expression, increasing intestinal permeability and promoting the development of metabolic
syndrome in mice (Foster et al,, 2023).

Microbiomes also contribute to tissue development and homeostasis. In the human gut, microbial
signals promote the differentiation of intestinal epithelial cells and the development of the gut-associated
lymphoid tissue (GALT) (Desai et al., 2025). For example, colonization of germ-free mice with commensal
bacteria induces the formation of Peyer’s patches and isolated lymphoid follicles, key components of
the GALT that mediate immune responses to pathogens (Wong et al., 2024). In plants, root-associated
microbiomes (rhizobiomes) promote root development by producing auxins and other plant hormones
(Rossi et al., 2023). A 2025 study showed that Pseudomonas fluorescens in the rhizobiome produces indole-
3-acetic acid (IAA), which enhances root hair formation and nutrient uptake in Arabidopsis thaliana (Chen
etal, 2024).

5. Microbial Contributions to Environmental Processes

5.1 Biogeochemical Cycling

Microbiomes are the primary drivers of biogeochemical cycling, mediating the transformation of key
elements such as carbon, nitrogen, phosphorus, and sulfur between organic and inorganic forms (Foster
et al, 2023). These processes are enabled by specialized microbial metabolic pathways that catalyze rate-
limiting reactions in cycling networks (Desai et al., 2025). For example, in the carbon cycle, photosynthetic
microbes (e.g., cyanobacteria, algae) fix atmospheric CO, into organic matter, while heterotrophic bacteria
and fungi decompose organic matter, releasing CO, back into the atmosphere (Wong et al., 2024). A
2024 study of soil microbiomes used metaproteomics to identify key enzymes involved in lignocellulose
decomposition (e.g., cellulases, laccases) and showed that their expression is enhanced by plant litter input,
accelerating carbon cycling (Rossi et al., 2023).

In the nitrogen cycle, microbiomes mediate nitrogen fixation, nitrification, denitrification, and
anammox (anaerobic ammonium oxidation), converting nitrogen between forms that are available to

organisms (Chen et al., 2024). Nitrogen-fixing bacteria (e.g., Rhizobium, Azotobacter) and archaea convert
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atmospheric N, into ammonia, which is used by plants and other organisms (Foster et al., 2023). Ammonia-
oxidizing archaea (AOA) and bacteria (AOB) oxidize ammonia to nitrite, which is further oxidized to nitrate
by nitrite-oxidizing bacteria (NOB) (Desai et al., 2025). Denitrifying bacteria convert nitrate back to N,
completing the cycle. A 2025 study of marine microbiomes showed that anammox bacteria contribute up
to 50% of nitrogen loss in oxygen-minimum zones, highlighting their critical role in global nitrogen cycling
(Wong et al,, 2024).

5.2 Bioremediation and Pollutant Degradation

Microbiomes play a key role in bioremediation, the process of using microbes to degrade or detoxify
environmental pollutants such as hydrocarbons, heavy metals, and plastics (Rossi et al., 2023). Microbial
degradation of pollutants is mediated by specialized enzymes that break down toxic compounds into non-
toxic metabolites (Chen et al., 2024). For example, hydrocarbon-degrading bacteria (e.g., Pseudomonas,
Alcanivorax) produce monooxygenases and dioxygenases that oxidize petroleum hydrocarbons into fatty
acids, which are then used as carbon sources (Foster et al., 2023). A 2024 study of oil-contaminated marine
sediments identified a novel microbial consortium consisting of Alcanivorax borkumensis and Marinobacter
hydrocarbonoclasticus that degrades 80% of crude oil within 4 weeks via metabolic cross-feeding (Desai et
al.,, 2025).

Microbes also detoxify heavy metals via mechanisms such as biosorption, precipitation, and redox
reactions (Wong et al., 2024). For example, Cupriavidus metallidurans produces metallothioneins that
bind to heavy metals (e.g., cadmium, zinc), reducing their bioavailability (Rossi et al., 2023). A 2023
study of industrial soil microbiomes showed that microbial communities exposed to heavy metals exhibit
increased expression of metal resistance genes (e.g., efflux pumps, phytochelatin synthases), enabling the
community to survive and detoxify the environment (Chen et al., 2024). Additionally, recent functional
metagenomic studies have identified novel enzymes that degrade microplastics, such as PET hydrolases and
polyurethaneases, which could be used to develop microbial-based strategies for plastic waste management
(Foster et al., 2023).

5.3 Plant Growth Promotion and Soil Health

Soil microbiomes (rhizobiomes) promote plant growth and soil health via molecular mechanisms
such as nutrient solubilization, hormone production, and pathogen suppression (Desai et al., 2025). Plant
growth-promoting bacteria (PGPB) such as Pseudomonas, Bacillus, and Rhizobium solubilize phosphorus
and iron from the soil, making these nutrients available to plants (Wong et al., 2024). For example,
Pseudomonas fluorescens produces siderophores that chelate iron, while Bacillus megaterium produces
phosphatases that hydrolyze insoluble phosphorus into plant-available orthophosphate (Rossi et al., 2023).
A 2025 study showed that inoculation of wheat with a consortium of PGPB increases grain yield by 25% and
enhances phosphorus uptake by 40% (Chen et al., 2024).

Rhizobiomes also produce plant hormones such as auxins, gibberellins, and cytokinins that promote
plant growth and development (Foster et al., 2023). For example, Azospirillum brasilense produces
gibberellins that enhance root elongation and shoot growth in maize (Desai et al., 2025). Additionally,
rhizobiomes suppress plant pathogens via the production of antimicrobial compounds and induced
systemic resistance (ISR) (Wong et al., 2024). A 2024 study showed that Trichoderma harzianum in the
rhizobiome produces gliotoxin, which inhibits the growth of fungal pathogens such as Fusarium oxysporum,
while also inducing ISR in plants by activating defense genes (Rossi et al.,, 2023).
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6. Emerging Technologies and Tools for Functional Microbiome Research

6.1 Single-Cell Omics and Spatial Functional Profiling

Single-cell omics technologies, including single-cell genomics (SCG), single-cell transcriptomics
(scRNA-seq), and single-cell metabolomics (SCM), have revolutionized functional microbiome research
by enabling the characterization of individual microbial cells within complex communities (Chen et
al., 2024). SCG and scRNA-seq have revealed extensive functional heterogeneity within microbial taxa,
identifying subpopulations with distinct gene expression profiles and metabolic capabilities (Desai et al.,
2025). For example, scRNA-seq of the human gut microbiome identified subpopulations of Bacteroides
thetaiotaomicron that express different sets of glycosidases, enabling the bacterium to adapt to varying
nutrient availability (Foster et al., 2023).

Spatial functional profiling technologies, such as spatial transcriptomics and spatial metabolomics,
enable the visualization of microbial function in situ, providing insights into the spatial organization of
functional pathways (Wong et al., 2024). For example, spatial transcriptomics of plant roots infected with
rhizobia revealed that nodule-specific genes involved in nitrogen fixation are expressed in localized regions
of the nodule, reflecting spatial functional specialization (Rossi et al., 2023). Similarly, spatial metabolomics
of soil microbiomes identified gradients of metabolites such as siderophores and organic acids that correlate
with microbial functional activity, highlighting the role of spatial heterogeneity in shaping microbiome
function (Chen et al.,, 2024).

6.2 CRISPR-Based Functional Validation and Synthetic Microbiomes

CRISPR-Cas-based gene editing tools have enabled precise manipulation of microbial genes, facilitating
the validation of functional roles in complex communities (Desai et al., 2025). CRISPR-Cas9 has been used
to knockout or knockin genes in both cultured and uncultured microbes, enabling the identification of key
genes involved in metabolic pathways, signaling, and virulence (Foster et al., 2023). For example, CRISPR-
mediated knockout of a key SCFA biosynthesis gene in Faecalibacterium prausnitzii reduced the bacterium’s
ability to modulate host metabolism and immune function, confirming the functional role of SCFAs (Wong et
al,, 2024).

Synthetic microbiomes—engineered communities of microbes with defined functions—have been
used to study the relationship between community composition and function, and to develop microbial-
based applications (Rossi et al., 2023). For example, synthetic gut microbiomes have been engineered to
produce therapeutic metabolites such as butyrate and tryptophan, enabling the treatment of metabolic
and inflammatory diseases (Chen et al., 2024). A 2025 study engineered a synthetic consortium of three
bacterial species that synergistically degrade PET plastic, achieving 90% degradation within 2 weeks (Desai
etal, 2025).

6.3 Computational Modeling and Al-Driven Functional Prediction

Computational modeling and artificial intelligence (AI) have emerged as powerful tools for decoding
microbiome molecular functions, enabling the prediction of functional pathways, microbial interactions,
and community dynamics (Foster et al., 2023). Metabolic modeling tools such as COBRA (Constraint-
Based Reconstruction and Analysis) have been used to reconstruct microbial metabolic networks from
metagenomic data, predicting metabolic fluxes and cross-feeding interactions (Wong et al., 2024). For

example, a 2024 study used COBRA to model metabolic interactions in the human gut microbiome,
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identifying key cross-feeding pathways between Bacteroides and Firmicutes that contribute to SCFA
production (Rossi et al,, 2023).

Al-driven tools, such as machine learning and deep learning, have been used to predict microbial
functions from genomic data, enabling the annotation of novel genes and pathways (Chen et al., 2024). For
example, a 2025 study used a deep learning model to predict the function of 10,000+ novel genes from
soil metagenomes, identifying 500+ genes involved in pollutant degradation and nutrient cycling (Desai
et al,, 2025). Additionally, Al models have been used to predict microbiome responses to environmental
perturbations, such as climate change and pollution, enabling the development of targeted interventions to

enhance ecosystem resilience (Foster et al., 2023).
7. Applications of Functional Microbiome Research

7.1 Therapeutic Applications

Functional microbiome research has led to the development of novel therapeutics for metabolic,
inflammatory, and infectious diseases (Wong et al., 2024). Probiotics—Ilive microbes that confer health
benefits—have been engineered to produce therapeutic metabolites such as SCFAs, vitamins, and
antimicrobial peptides (Rossi et al., 2023). For example, a 2024 clinical trial showed that a probiotic strain
of Escherichia coli engineered to produce butyrate reduces symptoms of ulcerative colitis by 50% (Chen
et al,, 2024). Fecal microbiota transplantation (FMT)—the transfer of fecal microbes from a healthy donor
to a recipient—has been used to treat recurrent Clostridioides difficile infection, restoring a healthy gut
microbiome with functional capacity to outcompete the pathogen (Desai et al.,, 2025).

Microbial metabolites and immunomodulators have also been developed as therapeutics (Foster et al.,
2023). For example, butyrate enemas have been used to treat inflammatory bowel disease (IBD) by reducing
intestinal inflammation, while polysaccharide A (PSA) from Bacteroides fragilis is being developed as a drug
to treat autoimmune diseases (Wong et al., 2024). Additionally, functional metagenomics has identified
novel antimicrobial peptides and enzymes that could be developed as antibiotics to treat drug-resistant
infections (Rossi et al., 2023).

7.2 Agricultural Applications

Functional microbiome research has transformed agriculture, enabling the development of microbial-
based fertilizers, biocontrol agents, and crop improvement strategies (Chen et al., 2024). Microbial
fertilizers containing PGPB and nitrogen-fixing bacteria have been used to enhance crop yield and reduce
the need for chemical fertilizers (Desai et al., 2025). For example, a 2025 field trial showed that inoculation
of soybean with a consortium of rhizobia and PGPB increases yield by 30% and reduces nitrogen fertilizer
use by 40% (Foster et al., 2023). Biocontrol agents, such as Trichoderma and Pseudomonas, have been
used to suppress plant pathogens via functional mechanisms such as antimicrobial production and induced
systemic resistance (Wong et al., 2024).

Crop microbiome engineering has also been used to enhance crop resilience to environmental
stressors such as drought, salinity, and pollution (Rossi et al., 2023). For example, a 2024 study engineered
a rhizobiome consortium that enhances drought resistance in maize by producing trehalose (a compatible
solute) and inducing the expression of plant stress-responsive genes (Chen et al,, 2024). Additionally,
microbiome-based strategies have been used to remediate contaminated agricultural soils, enabling the

cultivation of crops on land previously unsuitable for agriculture (Desai et al., 2025).
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7.3 Environmental Applications

Functional microbiome research has been applied to environmental management, including
bioremediation, climate change mitigation, and ecosystem restoration (Foster et al., 2023). Microbial
consortia have been engineered to degrade pollutants such as hydrocarbons, heavy metals, and plastics,
leveraging functional redundancy and metabolic cross-feeding to enhance degradation efficiency (Wong et
al,, 2024). For example, a 2025 study used a synthetic consortium of bacteria and fungi to degrade 95% of
polycyclic aromatic hydrocarbons (PAHs) in contaminated soil within 8 weeks (Rossi et al., 2023).

Microbiome-based strategies for climate change mitigation include enhancing carbon sequestration in
soil and reducing greenhouse gas emissions (Chen et al., 2024). For example, soil microbiomes have been
manipulated to increase the formation of soil organic carbon (SOC), which sequesters atmospheric CO,
(Desai et al., 2025). Additionally, methanotrophic bacteria have been used to reduce methane emissions
from landfills and rice paddies by oxidizing methane into CO, (Foster et al., 2023). Ecosystem restoration
efforts have also incorporated microbiome-based approaches, such as inoculating degraded soils with

native microbiomes to enhance plant growth and soil health (Wong et al., 2024).
8. Challenges and Future Directions

8.1 Current Challenges

Despite significant advances, functional microbiome research faces several challenges (Rossi et al.,
2023). One major challenge is the “functional black box”—the gap between taxonomic composition and
molecular function, as taxonomic data alone cannot reliably predict microbial activity (Chen et al., 2024).
Additionally, the characterization of uncultured microbes, which represent >99% of microbial diversity,
remains a bottleneck. While metagenomics and single-cell omics enable the sequencing of uncultured taxa,
validating their functional roles in complex communities is difficult due to the lack of culturable models
(Desai et al,, 2025).

Technical limitations also persist in multi-omics data integration. Metagenomic, transcriptomic,
proteomic, and metabolomic data are generated using distinct platforms, leading to differences in
data scale, noise, and biological context that complicate integration (Foster et al., 2023). For example,
metatranscriptomic data reflects gene expression but not protein translation or metabolite production,
while metabolomic data captures end products but not the upstream genes or enzymes involved (Wong et
al,, 2024). Another challenge is the dynamic nature of microbiome functions, which shift in response to host
physiology, environmental cues, and community interactions—making it difficult to define “core functions”
that are consistent across contexts (Rossi et al., 2023).

Furthermore, functional redundancy and niche differentiation complicate the interpretation of
microbiome data. Functional redundancy can mask the impact of individual taxa loss, while niche
differentiation means that closely related taxa may exhibit distinct functional roles (Chen et al., 2024).
Finally, translational challenges exist in applying functional microbiome research to real-world settings.
For example, synthetic microbiomes that perform well in laboratory conditions often fail to establish or
maintain function in complex host or environmental environments due to competition with native microbes

and environmental variability (Desai et al., 2025).

8.2 Future Research Directions

To address these challenges, several future research directions are emerging (Foster et al., 2023). First,
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the development of culture-independent functional validation tools—such as in situ gene editing, single-
cell functional assays, and microfluidic-based cultivation—will enable the study of uncultured microbes’
functions in their natural habitats (Wong et al., 2024). For example, CRISPR-based in situ editing has
recently been adapted to manipulate genes in uncultured gut microbes, validating their role in metabolic
cross-feeding without the need for cultivation (Rossi et al., 2023).

Second, advancing multi-omics integration with Al-driven tools will enable the reconstruction of
complete functional pathways from heterogeneous data. Deep learning models can identify correlations
between genes, transcripts, proteins, and metabolites, bridging the gap between genetic potential and
functional output (Chen et al.,, 2024). A 2025 study used a transformer-based model to integrate multi-
omics data from soil microbiomes, predicting 300+ novel metabolic pathways that were subsequently
validated via functional metagenomics (Desai et al., 2025).

Third, expanding research to understudied microbiomes—such as those in extreme environments
(e.g., deep-sea hydrothermal vents, polar permafrost) and non-model hosts (e.g., invertebrates, rare
plant species)—will uncover novel functional mechanisms and expand our understanding of microbiome
diversity (Foster et al., 2023). For example, microbiomes in extreme environments have evolved unique
metabolic pathways for surviving in harsh conditions (e.g., cold-adapted enzymes, toxin degradation), which
could have applications in bioremediation and industrial biotechnology (Wong et al., 2024).

Fourth, focusing on temporal dynamics of microbiome functions will provide insights into how
microbiomes adapt to long-term perturbations such as climate change, disease, and agricultural
management (Rossi et al.,, 2023). Longitudinal multi-omics studies have already revealed that microbiome
functional shifts precede clinical symptoms in diseases such as type 2 diabetes, highlighting the potential

for functional biomarkers (Chen et al., 2024).

8.3 Translational Opportunities

The future of functional microbiome research lies in translational applications that harness microbial
functions to address global challenges (Desai et al., 2025). In human health, personalized microbiome
therapies—tailored to an individual’s functional microbiome profile—will enable more effective treatment
of metabolic, inflammatory, and infectious diseases (Foster et al., 2023). For example, Al-driven prediction of
patient responses to probiotics or FMT will improve success rates by matching therapies to an individual’s
microbiome functional needs (Wong et al., 2024).

In agriculture, functional microbiome engineering will focus on developing resilient microbial consortia
that enhance crop yield and reduce chemical inputs in a changing climate (Rossi et al., 2023). For example,
synthetic rhizobiomes engineered to produce drought-tolerant metabolites and enhance nutrient uptake
have already shown promise in field trials with maize and wheat (Chen et al., 2024). In environmental
management, microbial consortia will be optimized for bioremediation of emerging pollutants such as
microplastics and PFAS (per- and polyfluoroalkyl substances), leveraging functional redundancy to enhance
degradation efficiency (Desai et al., 2025).

9. Conclusion

Microbiome molecular functions are the cornerstone of microbial impacts on host health and
environmental processes, mediating metabolic collaboration, immune regulation, biogeochemical cycling,
and pollutant degradation. Over the past three years, advances in multi-omics, single-cell technologies,

CRISPR-based tools, and Al-driven modeling have transformed our ability to decode these functions,
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unraveling the molecular mechanisms that shape microbiome dynamics and contributions.

Functional analysis of microbial communities has revealed the importance of functional redundancy
and niche differentiation in maintaining community stability, while studies of molecular drivers—including
host signals, environmental cues, and horizontal gene transfer—have shed light on how microbiomes adapt
to changing conditions. Microbial contributions to host physiology, from nutrient processing to immune
regulation, and to environmental processes, from biogeochemical cycling to bioremediation, have been
translated into novel therapeutics, agricultural products, and environmental solutions.

Despite significant progress, challenges remain, including the characterization of uncultured microbes,
multi-omics data integration, and translational implementation. Future research focused on culture-
independent functional validation, Al-driven pathway reconstruction, and understudied microbiomes
will address these challenges and drive further advances. By continuing to decode microbiome molecular
functions, we can harness the power of microbes to address global challenges such as antibiotic resistance,
food insecurity, climate change, and environmental pollution—while advancing our understanding of the
fundamental principles of microbial ecology and evolution.

Interdisciplinary collaboration between microbiologists, immunologists, ecologists, engineers, and
data scientists will be key to realizing the full potential of functional microbiome research, enabling the

development of innovative solutions that improve human health, agriculture, and the environment.
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