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Abstract. The human body hosts an estimated 38 trillion microbial cells — roughly equal to the number of human
cells — forming a dynamic ecosystem known as the microbiome. Over the past two decades, advances in DNA
sequencing have transformed this once-overlooked community into one of biomedicine’s most fertile frontiers.
This article traces the science of the microbiome from its historical roots to its clinical frontiers, exploring how
our microbial inhabitants shape immunity, mental health, metabolic function, and even drug responses — and
what the emerging field of microbiome medicine promises for the decade ahead.\
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1. You Are More Microbe Than Human
For most of human history, the microorganisms inhabiting our bodies were considered little more than passengers —

tolerated, occasionally troublesome, but largely irrelevant to health. That assumption has been overturned with startling
speed. Today, scientists understand the human microbiome — the collective genome of all microorganisms living in and
on the body — as a virtual organ: metabolically active, immunologically essential, and exquisitely sensitive to diet,
environment, and behaviour.

A landmark 2016 paper by Sender and colleagues, published in Cell, revised decades of received wisdom. The popular
claim that microbial cells outnumber human cells ten to one turns out to be an overestimate. The actual ratio is closer to
1.3:1 — roughly 38 trillion microbial cells to 30 trillion human cells. Even so, the microbiome’s genetic contribution is
staggering: the collective microbial genome contains approximately 500 times more genes than the human genome itself,
encoding metabolic functions our own cells cannot perform.

Fig. 4 — Milestones in Human Microbiome Research
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Fig. 4 — Three centuries of milestones in human microbiome research
The gut alone hosts the densest concentration of microbes, with the colon containing upwards of 10'! organisms per gram

of content — more bacteria in a teaspoon of colon contents than there are stars in the Milky Way. Different body sites host
strikingly different communities, each adapted to the local biochemical environment.
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Fig. 1 — Microbial Density Across Body Sites (logie cells per gram or mL)
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Sources: NIH Human Microbiome Project; Sender et al., Cell 2016

Fig. 1 — Microbial cell density varies dramatically across body sites, the gut dwarfs all others

2. The Immune System’s Hidden Tutor
Perhaps the most consequential role of the gut microbiome is its dialogue with the immune system. From the first moments

of life — indeed, even before birth — microbial signals calibrate immune development in ways that persist for decades.
Infants delivered by caesarean section, who miss the crucial inoculation with vaginal and faecal microbiota during passage
through the birth canal, show altered immune trajectories and modestly elevated rates of allergies, asthma, and autoimmune
conditions.

2.1 Short-Chain Fatty Acids: The Microbiome’s Currency
The primary mechanism through which gut bacteria influence immunity is the production of short-chain fatty acids

(SCFAs) — principally butyrate, propionate, and acetate — generated when colonic microbes ferment dietary fibre.
Butyrate, in particular, is the preferred energy source of colonocytes (colon lining cells), reinforces the gut epithelial
barrier, and instructs regulatory T cells to dampen inflammatory responses. A fibre-poor, ultra-processed diet starves
SCFA-producing bacteria, weakening this anti-inflammatory circuit.

2.2 Microbiome and Autoimmunity
The rise of autoimmune diseases in industrialised countries — multiple sclerosis, type 1 diabetes, rheumatoid arthritis,

inflammatory bowel disease — maps intriguingly onto the loss of ancestral microbial diversity. The ‘old friends’
hypothesis, proposed by Graham Rook, suggests that the immune system co-evolved with specific microorganisms and
parasites; their modern absence leaves the immune system ‘“under-occupied’ and prone to misdirected attacks on host
tissue.

3. The Gut-Brain Axis: A Two-Way Conversation
The notion that gut bacteria could influence mood, cognition, and mental health once seemed eccentric. It no longer does.

The gut-brain axis — a bidirectional communication network linking the enteric nervous system of the gut with the central
nervous system — is now among the most intensively studied areas in biomedicine. The enteric nervous system itself
contains roughly 500 million neurons, earning the gut its colloquial title: the ‘second brain.’
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Fig. 2 — The Gut-Brain Axis: Key Communication Pathways
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Fig. 2 — The gut-brain axis. bidirectional signalling via the vagus nerve, immune mediators, and neuroactive
metabolites
The vagus nerve serves as the primary anatomical highway of this axis, carrying signals in both directions — though

remarkably, approximately 80 percent of vagal fibres transmit information from the gut to the brain rather than the reverse.
Gut bacteria influence this traffic through multiple routes: producing neurotransmitter precursors (around 90 percent of
the body’s serotonin is synthesised in the gut), secreting neuroactive metabolites including GABA and dopamine
precursors, and modulating immune signals that reach the brain via the bloodstream.

3.1 Psychobiotics and the Future of Mental Health
A new class of interventions — ‘psychobiotics’ — seeks to exploit this axis therapeutically. Clinical trials have

demonstrated that specific probiotic formulations can reduce self-reported anxiety and depression scores in healthy
volunteers, lower cortisol responses to acute stress, and improve sleep quality. While the effect sizes are modest compared
to conventional antidepressants, the absence of systemic side effects makes psychobiotics an attractive adjunctive therapy.
More striking are findings from germ-free animal studies: mice raised without any microbiome show exaggerated stress
responses, social deficits, and anxiety-like behaviour — phenotypes that can be partially reversed by colonisation with
specific bacterial strains. The translational implications for human psychiatry remain cautious but compelling.

4. Microbiome Disruption and Disease
When the microbiome’s composition is destabilised — a state termed dysbiosis — the consequences can be far-reaching.

Dysbiosis is associated with a spectrum of conditions spanning metabolic, neurological, oncological, and psychiatric
domains. The causal directionality is often contested: does dysbiosis cause disease, or do disease processes cause
dysbiosis? In most conditions, the answer appears to be both — a mutually reinforcing spiral.
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Fig. 3 — Conditions Linked to Reduced Gut Microbiome Diversity
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Fig. 3 — Conditions robustly associated with reduced gut microbiome diversity in published meta-analyses

4.1 Antibiotics: A Double-Edged Legacy
No single intervention has more dramatically altered the human microbiome than antibiotics. Since Alexander Fleming’s

discovery of penicillin in 1928, antibiotic use has saved hundreds of millions of lives. But it has also imposed an ecological
price: broad-spectrum antibiotics kill beneficial bacteria indiscriminately, and microbial diversity may not fully recover
for months — or in some cases, years — after a course of treatment.

The downstream consequences are only beginning to be quantified. Epidemiological data link early-life antibiotic exposure
— particularly in the first year of life — to elevated risk of childhood obesity, asthma, inflammatory bowel disease, and
neurodevelopmental conditions. The global antimicrobial resistance crisis compounds these concerns: resistant organisms
are often precisely those that survive antibiotic courses, reshaping the microbiome towards less diverse, less resilient
configurations.

4.2 Diet as the Master Regulator
Of all modifiable factors, diet exerts the most consistent and powerful influence on microbiome composition. A diverse,

fibre-rich diet — abundant in vegetables, legumes, whole grains, and fermented foods — promotes microbial diversity and
SCFA production. The Western diet, characterised by ultra-processed foods, excess saturated fat, and minimal fibre, does
the opposite: selecting for species associated with inflammation and metabolic dysfunction.

Landmark studies, including the APC Microbiome Ireland trials, have demonstrated that a ‘high-fibre diet’ intervention
can measurably shift microbiome composition within days — and that these shifts correlate with improved markers of
metabolic and immune health. Fermented foods such as yoghurt, kefir, kimchi, and sauerkraut have been shown to increase
microbiome diversity and reduce markers of systemic inflammation in randomised controlled trials.

5. The Clinical Frontier: Microbiome Medicine
The transition of microbiome science from basic research to clinical application is accelerating. Faecal microbiota

transplantation (FMT) — the transfer of stool from a healthy donor to a patient — was approved by the US Food and Drug
Administration in 2022 for recurrent Clostridioides difficile infection, where cure rates exceed 85 percent, vastly
outperforming antibiotics. In 2024, a refined oral microbiome therapeutic derived from donor faeces (SER-109, marketed
as Vowst) became the first FDA-approved microbiome drug.

5.1 Oncology’s Microbial Turn
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One of the most consequential revelations of recent years is the microbiome’s influence on cancer immunotherapy.
Checkpoint inhibitor drugs — such as pembrolizumab and nivolumab — have transformed oncology, but their responses
are notoriously variable: some patients achieve durable remission while others show no benefit. Multiple studies have now
demonstrated that gut microbiome composition at the start of treatment is a significant predictor of immunotherapy
response, likely because gut bacteria modulate the systemic immune activation required to attack tumours.

Clinical trials are now underway testing FMT as an adjunct to checkpoint inhibitors in melanoma, lung, and colorectal
cancers. Early data are promising: patients receiving donor microbiomes from checkpoint-responders showed higher rates
of clinical benefit than those receiving standard care alone.

5.2 Personalised Nutrition and Microbiome Profiling
The vision of personalised nutrition — dietary recommendations tailored to an individual’s microbiome, genetics, and

metabolic phenotype — is moving from theory to practice. Israeli researchers Eran Segal and Eran Elinav demonstrated
that post-meal blood glucose responses to identical foods vary enormously between individuals, and that microbiome
composition is among the strongest predictors of this variation. Algorithms trained on microbiome data outperformed
standard nutritional guidelines in predicting and controlling postprandial glycaemia.

Commercial microbiome testing services — though still hampered by limited standardisation and uncertain clinical validity
— are finding consumers eager to understand their microbial profiles. Academic consensus holds that while the science is
compelling, the translation to actionable, validated individual recommendations remains a work in progress requiring
larger longitudinal datasets and rigorous clinical trials.

6. Ethical and Philosophical Frontiers
The microbiome raises questions that extend beyond biology into ethics, identity, and philosophy. If our microbiome

influences our mood, decisions, and personality — as emerging evidence suggests — to what degree are our mental states
truly ‘our own’? The microbiome is, in a profound sense, a community: inherited, shaped by those we live and eat with,
and passed across generations. It challenges the Cartesian notion of the individual as a bounded, autonomous entity.
Regulatory frameworks have not yet caught up with the pace of the science. FMT is approved for C. difficile infection, but
a global patchwork of rules governs its use for other conditions. Stool donor screening, consent frameworks, and long-
term safety monitoring of microbiome therapeutics require urgent international coordination. Questions of equitable access
— who will benefit from microbiome medicine, and who will be left behind — demand proactive engagement.

7. Conclusion: A Revolution Still Unfolding
The microbiome revolution is perhaps the most consequential shift in biological thinking since the germ theory of disease

overturned miasma theory in the nineteenth century — only this time, the direction of causality is partially reversed.
Microbes are not simply threats to be vanquished but partners in a negotiation stretching back hundreds of millions of
years. The health of our microbial ecosystems is inseparable from our own.

The clinical and scientific payoffs of this recognition are only beginning to materialise. Within the next decade,
microbiome-informed diagnostics, targeted live biotherapeutics, and personalised dietary interventions are likely to
become standard features of evidence-based medicine. The invisible universe within us is coming into view — and what
it reveals is transforming what it means to be human.
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