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Finally, tuft cells, that act as chemosensory receptors, generate 
a unique blend of effector molecules such as IL-25, allergy-associated 
eicosanoids and acetylcholine84. The secretion of IL-25 can promote 
the recruitment and activation of immune cells that affect bacterial 
communities85. Moreover, tuft-cell-derived acetylcholine has been 
shown to regulate epithelial fluid secretion, which might create niches 
that favour the growth of specific bacterial taxa86. Microbial-derived 
succinate also stimulates tuft cells to trigger a type 2 immune 
response, increasing Paneth cell numbers and antimicrobial peptide 
expression87.

Mucosal immunity and non-pathogenic taxa
Microfold (M) epithelial cells with a thin glycocalyx promiscuously 
allow dendritic cells in the dome of Peyer’s patches to sample the lumi-
nal contents and induce mucosal B and T cell reactions. The B cell arm 
of these responses triggers the induction of plasma cells producing 
high amounts of IgA, which is transported through the epithelial layer 
and can act on microorganisms in the intestinal lumen88. Reconstitu-
tion experiments in mice with different specificities of induced IgA 
show that it exerts a series of inhibitory functions by binding to the 
intestinal bacterial cell wall89. Although clearance of small intestinal 
microorganisms fundamentally depends on intestinal motility, there is 
evidence from animal models that intestinal secretory IgA contributes 
to promoting microbial passage into the colon and limiting premature 
microbial death with the release of microbial metabolites10. IgA gener-
ally coats the outer surface of intestinal microorganisms90, including 
the flagella, restricting bacterial motility in the small intestine and pro-
moting clearance into the colon. Surface coating with IgA also protects 
against bile acid-induced damage and bacterial cell death, therefore 
preventing the release of lipopolysaccharide and other inflammatory 
bacterial molecules89.

Enteric nervous system
The enteric nervous system functions autonomously through net-
works of enteric neurons that belong to molecularly and function-
ally distinct subtypes organized into discreet circuits with reflex 
activity91. The bidirectional interactions between the microbiota and 
the enteric nervous system have been reviewed in detail elsewhere92. 
In brief, the enteric nervous system controls the transit time through 
the small intestine of humans with different characteristics in both 
fed and fasting states. Luminal receptors for small intestinal micro-
bial metabolites and bile acids (following bacterial metabolism) 
can directly stimulate motility through enteroendocrine signalling 
through basolateral secretion of serotonin. Alarmins, such as IL-33, can 
potentially exert similar effects, and enteric nervous system afferents 
can be stimulated through a range of microbial-derived molecules93. 
Nuclear receptor systems, such as the aryl hydrocarbon receptor, also 
stimulate intestinal motility of both dietary and microbial molecules94. 

The small intestinal microbial biomass is, therefore, generally limited 
by intestinal motility with coupling between microbial molecular 
sensing and motile function.

Bile acids
Bile acids exert bactericidal effects due to their surfactant nature which 
can disrupt bacterial membranes, and destroy bacterial cells36. They 
are deconjugated and dehydroxylated by small intestinal microbial 
enzymes. Some dehydroxylases are expressed by a very limited range 
of microbial taxa, making the personalized composition of the small 
intestinal microbiota critical for individualized bile acid homeostasis95. 
Apart from their direct bactericidal effects bile acids also limit small 
intestinal microbial biomass indirectly through activation of the 
farnesoid X receptor, and stimulation of inducible nitric oxide syn-
thase and IL-18 transcription, which engage the immune system and 
providing  protection against the overgrowth96,97.

Microbial metabolites and systemic influences
Bacterial metabolites pervasively penetrate all host tissues in the body. 
Evidence from mass spectrometry and NMR spectroscopy analyses 
shows that about 10% of all metabolites in the bloodstream are from 
the microbiome98,99. Despite the lower bacterial biomass than the large 
intestine, small intestinal microbial metabolites enter the body very 
readily10. The relative contribution that the SIM makes to this perva-
sive microbial metabolite penetration probably depends on the level 
of the biomass at any given time. Most bacterial metabolites are rap-
idly cleared in the urine. Clearance of microorganisms into the colon 
(where mucus is thicker and its inner layer is almost free of bacteria) 
also restricts the accumulation of bacterial metabolites10.

As bacteria are replicating, growing and dying in the intestine, and 
exchanging molecular compounds between different taxa, many of the 
bacterial metabolites that penetrate the body are endogenous com-
pounds or other end products of metabolism synthesized from dietary 
carbon sources or shed host molecules. Drug xenobiotics are another 
starting point for microbiota metabolism in humans. Well-known 
examples are the microbiota-dependent cleavage of the azido bond 
of sulfasalazine to release anti-inflammatory 5-aminosalicylate from 
bound sulfapyridine for therapy of ulcerative colitis and reductive 
inactivation of digoxin by Eggerthella lenta100. The microbiota uses a 
wide range of different reductive, oxidative and conjugative (such as 
acetylation or proprionation) reactions in metabolizing drug xeno-
biotics. The combination of mass spectrometry and reverse genetic 
techniques has shown that although some drugs (for example, dexa-
methasone) are metabolized by single bacterial species or a limited 
range of taxa, microbial drug metabolism is generally promiscuous 
with homologous enzymes present in parallel in many different taxa101. 
This diversity is analogous to the redundancy in metabolic functions 
for general metabolism between microbial taxa, so that despite wide 

Fig. 3 | Structure and immune functions of the small and large intestine. 
a, Interplay between the small intestinal microbiota and the host immune system. 
Multiple barriers restrict gut bacteria from reaching host cells, including the 
mucus layers, antimicrobial peptides (AMPs) produced by Paneth cells at crypt 
bases, secreted IgA and translocated IgG and a sharp oxygen gradient affecting 
the survival of anaerobic bacteria near the epithelial surface. These interactions 
show how the small intestinal microbiota shapes mucosal immunity through 
mechanisms such as antigen presentation, induction of secretory IgA and 
modulation of inflammatory responses. Primary bile acids are converted by 

bacterial enzymes, promoting lipid digestion and offering protection against 
infections. b, Distribution of the mucus and microbiota density in the large 
intestine. A schematic longitudinal section of the large intestine highlights 
the relative thickness of the inner (firm) mucus layer, inhabited by few 
mucin-digesting bacteria and the outer (loose) mucus layer. This distribution 
underscores the dynamic nature of the interface between host mucosal 
surfaces and resident microbial communities, and illustrates the different host–
microbiota interactions in maintaining intestinal homeostasis. M cell, microfold 
cell; Treg cell, regulatory T cell.
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differences in microbiota composition between individuals, the overall 
encoded metabolic capability remains remarkably similar between 
individuals102.

Microbiota metabolism of drug xenobiotics has been largely stud-
ied taking the microbiota as a unit rather than discriminating reactions 
by those taxa in the lower small intestine (for example, by studies of 
ileostoma samples). Nevertheless, non-encapsulated oral drug treat-
ment is usually effective in patients with ileostomas given the large 
absorptive surface of the small intestine103. Despite the redundancy 
between drug metabolic pathways of different taxa described here, the 
reduced biomass and diversity of the SIM means that drug metabolism 
by different small intestinal consortia in different individuals is likely 
to be underestimated in understanding personalized differences in 
pharmacokinetics.

Dysfunctional microbial colonization
The microbiota, both in the intestine and at other body sites, is acknowl-
edged to play an important part in both intestinal and non-intestinal dis-
eases. Comparisons of germ-free and colonized mice have shown that 
every organ system is potentially affected. In the small intestine, there is 
extensive reprogramming of epithelial, mucosal immune and mesenchy-
mal cells, and enteric neural function. Although a few live microorgan-
isms translocate to reach the mesenteric lymph nodes or the systemic 
circulation, the microbiota is well contained in the intestinal lumen 
and most of these local effects (which adapt the small intestine to the 
presence of luminal microorganisms) are generated in the small intes-
tine itself. There is an extensive human and animal model literature —  
outside the scope of this Perspective — on how such adaptive mutualism 
can break down in Crohn’s disease104, how small intestinal microbial 
residents can potentially generate systemic autoimmunity105, and how 
colonization resistance with a non-pathogenic microbiota can prevent 
the ingress of pathogens32. As described above, the composition of 
the SIM community is highly dynamic with highly variable composi-
tions. As different microbial taxa are countered by distinct immune 
responses, the states of healthy mutualism are probably highly per-
sonalized, although better insights into the specifics between different 
individuals are still emerging.

In this section, we provide an overview of situations in which the 
SIM biomass is abnormally distributed or increased or in which small 
intestinal microbial metabolism rather than host immunity is primarily 
responsible for causing symptoms.

Small intestinal bacterial overgrowth
SIBO is a heterogeneous condition characterized by excessive bacte-
rial biomass within the small intestine. Typically, SIBO results from gut 
dysmotility or the loss of small intestinal continuity of flow (diverticula, 
surgically induced blind loops or strictures). The interdigestive motor 
programme of migrating motor complexes normally clears much of 
the small intestinal biomass53; when this programme is ineffective, 
inefficient removal of bacteria and their dietary carbon sources allows 
microbial blooms106. The consequences are that the bacterial break-
down of carbohydrates in the proximal small intestine results in the 
formation of organic acids, aldehydes, alcohols and gases106. Hydrogen 
and methane as respiratory acceptors detected in breath tests are used 
as surrogates for diagnosis107. Excessive fermentation in the small intes-
tine can lead to the production of metabolic by-products, potentially 
causing symptoms such as bloating, nausea, abdominal pain, distension 
and acidic stools. Only a proportion of microbial taxa can synthesize 
vitamin B12; in instances in which the overgrowing microbial mass is 

made up of consumers rather than producers, low serum B12 levels 
can result108.

For SIBO, as with other conditions potentially arising from small 
intestinal microbial dysbiosis, a critical challenge lies in accurately 
defining both the proximal extent and the size of the microbial bio-
mass. This task becomes particularly complex given that the biomass 
often varies between the fed and fasting states. These fluctuations are 
important not only for understanding SIBO but also because they can 
complicate the differential diagnosis of conditions with overlapping 
symptoms such as bloating, discomfort and altered bowel habits, as is 
the case for functional dyspepsia. Although levels of bacteria in fasting 
proximal intestinal aspirates of >103 cfu/ml on MacConkey agar109 are 
potentially diagnostic of SIBO110,111, non-invasive diagnostic methods 
such as glucose breath testing (GBT) or lactulose breath testing (LBT) 
are also more commonly used. However, their pooled sensitivity and 
specificity are disappointing (LBT 42.0% and 70.6% and GBT 54.5% 
and 83.2%, respectively, over 14 different studies)112–114.

The vast majority of bacteria detected in patients with SIBO belong 
to the phyla Bacillota and Pseudomonadota. These bacteria can be 
divided into two subgroups: Gram-positive bacteria such as Streptococ-
cus, Staphylococcus and Lactobacillus originating from the oropharynx, 
referred to as small intestinal oral bacterial overgrowth (aerodigestive 
tract SIBO, defined as >105 cfu/ml of oropharyngeal bacteria)58,115, and 
coliform Gram-negative bacteria, or coliform SIBO, predominantly 
characterized by an increased presence of Enterobacteriaceae patho-
gens such as Escherichia, Klebsiella and Proteus116. Overgrowth can also 
include Bacteroides, Clostridium, Veillonella, Fusobacterium and Pepto-
streptococcus in patients experiencing diarrhoea and malabsorption116 
as assessed by culture-based methods111,117–119 and/or 16S ribosomal RNA 
gene and/or shotgun metagenomic sequencing58,110,111,118,120. This diver-
sity supports the concept that SIBO is a microbial community problem 
in the face of altered motility or intestinal anatomy, rather than a single 
type of bacteria.

Within this heterogeneity, there is a major caveat. Even with the 
strict criterion of >105 cfu/ml in duodenal aspirates, SIBO can also be 
found in healthy individuals consuming high-fibre diets121. Conversely, 
in patients selected with non-specific intestinal symptoms, the symp-
toms were not significantly associated with SIBO but with a potentially 
dysbiotic upper intestinal microbiota121, as detailed below.

Functional gastrointestinal disease
Despite the potential challenges of sampling or analytical contaminants 
in samples from the upper small intestine with a low microbial biomass, 
there is evidence that the taxa composition of such low abundance 
communities can be associated with functional intestinal symptoms. 
Patients selected with symptoms such as diarrhoea, abdominal pain 
and bloating have reduced upper intestinal diversity on the basis of 16S 
microbial DNA sequences, loss of anaerobes and the selective presence 
of some facultative aerobes such as E. coli121. Animal model experiments 
show that E. coli blooms are associated with increased luminal oxygen 
when the intestinal epithelial layer is damaged and oxygen-sensitive 
anaerobes cease to produce short-chain fatty acids that normally 
drive epithelial oxygen consumption through β-oxidation122. There 
is preliminary evidence from dietary shift experiments in 16 healthy 
individuals with a high duodenal microbial biomass121 that dietary 
fibre (which provides the complex carbohydrate carbon source for 
the generation of short-chain fatty acids by anaerobes) can protect 
individuals from dysbiosis and symptoms such as diarrhoea, bloating 
and abdominal pain123.
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The antithesis of a high-fibre diet aiming to protect the proximal 
SIM is the fermentable oligosaccharides, disaccharides, monosaccha-
rides and polyols (FODMAP) diet, which has reduced fibre and includes 
other fermentable saccharides and polyols, and is used to treat irritable 
bowel syndrome (IBS). IBS lies at the interface of lower intestinal func-
tion and central pain appreciation, defined by the relationship between 
abdominal pain and defaecation with changes in the frequency of defae-
cation or faecal consistency. Amongst the multifaceted potential causes 
of IBS, including immune dysfunction, biogenic amine imbalance, 
altered barrier function, bile acid homeostasis and the enteric nervous 
system, it is recognized that dietary modifications, such as reducing 
intake of FODMAPs, can alleviate symptoms in some patients, probably 
due to reduced fermentation by colonic microbiota124. This finding 
leaves us with the uncertainty of which microbiota taxa are metabolizing 
which nutritional sources and where in the intestine this event occurs. 
The inaccessibility of the lower small intestine and proximal colonic 
microbiotas and their variability between individuals make this a chal-
lenging problem to answer on a personalized level. Nevertheless, the 
importance of staged metabolism along the small intestine is shown in 
short bowel syndrome in which simple sugars can reach the lower gas-
trointestinal tract to be fermented by d-lactate-producing Lactobacillus 
and pro-inflammatory Pseudomonadota125,126.

Coeliac disease
Coeliac disease presents a compelling case in which, despite a clearly 
defined nutritional aetiology involving dietary gluten, emerging evi-
dence suggests that low-abundance gut microorganisms could contrib-
ute to disease pathogenesis (reviewed elsewhere127). The condition is 
precipitated by gluten ingestion, and strict adherence to a gluten-free 
diet remains the cornerstone of effective management. Coeliac disease 
is strongly linked to haplotypes encoding HLA-DQ2/DQ8 (ref. 127), and 
gliadin protein epitopes of gluten-triggering pathogenic T cell clones 
have been identified128. The intestinal damage is normally confined to 
the proximal duodenum where the small intestinal microbial load is 
very low129, yet analysis of 16S microbial DNA sequences from duodenal 
aspirate and biopsy samples indicates that patients with coeliac disease 
and enteropathy have different upper intestinal microbial patterns 
from those in healthy individuals as controls. Microbiota composition 
was analysed in different sections (proximal-D1, D2 and distal-D3) and 
luminal compartments (small intestinal and faecal) from 24 patients 
with coeliac disease and 41 healthy individuals130. Gut location emerged 
as a primary determinant of microbiota composition, explaining 41% 
of the variation between samples, whereas disease status (coeliac dis-
ease versus controls) accounted for less than 1%. Bacillota dominated 
across all sites, with Bacteroidota enriched in duodenal aspirates and 
Pseudomonadota in biopsy samples. Different bacterial genera were 
enriched at each sampling location130. However, in patients with coeliac 
disease, microbial differences across different sampling sites revealed 
increased levels of Escherichia, Prevotellaceae (unclassified), Neisseria 
and Peptostreptococcus, whereas Dolosigranulum, Phenylobacterium, 
Acidovorax, Moraxella, Methylobacterium, Staphylococcus, Bacillus, 
Sellimonas, Bradyrhizobium, Delftia, Acinetobacter and Leuconostoc 
were decreased compared with levels in controls130,131. Evidence for 
a mechanistic role of the microbiota differences has been obtained 
from transferring these microbial consortia to germ-free mice and 
showing that carboxypeptidase gene content and gluten degrada-
tion are lower in samples from patients with coeliac disease than in 
samples from healthy individuaks130. It will be interesting to know 
whether persistent abnormalities of the duodenal microbiota can 

explain differences in sensitivity to gluten challenge in patients with 
primed mucosal T cells, yet whose intestinal histology has reverted to 
normal on a gluten-free diet.

Conclusions
In this Perspective, we highlight the intricacies of gut microbiota bio-
geography, emphasizing the stratification of microbial communities 
across various gut regions, specifically focusing on the small intestine. 
The reason that microbiotas can have such different compositions in 
different healthy individuals is largely explained by most metabolic 
functions being contributed by different taxa; yet altering the diet in 
each individual changes the microbiota composition through preferred 
consumer-resource effects. Understanding both the ecology and its 
effects on the host remains a challenge, given the oscillatory nature of 
small intestinal physiology.

There is evidence that even the low microbial biomass in the proxi-
mal small intestine could be relevant to intestinal function and disease 
susceptibility. Investigating these problems presents substantial tech-
nical challenges due to low microbial biomass and high risks of host 
DNA and environmental contamination, complicating the distinction 
between microbial signals and background noise. Longitudinal stud-
ies are required to understand the function of different consortia in 
individual patients.

Innovative methodologies such as stoma sampling, capsules and 
endoscopy, have propelled forward our understanding of the pro-
tective mechanisms of the small intestine, microbial metabolism, 
and their implications for drug bioavailability and health3–5,53. Yet, 
the complexity of the SIM and its dynamic relationship with the host 
remain under-investigated. Future work will leverage non-invasive 
techniques to ethically and effectively study the SIM, aiming to uncover 
the nuanced interrelations between diet, host genetics and microbial 
communities.
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