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Abstract

The small intestinal microbiota has a crucial role in gastrointestinal 
health, affecting digestion, immune function, bile acid homeostasis 
and nutrient metabolism. The challenges of accessibility at this 
site mean that our knowledge of the small intestinal microbiota 
is less developed than of the colonic or faecal microbiota. Here, 
we summarize the features and fluctuations of the microbiota 
along the small intestinal tract, focusing on humans, and discuss 
physicochemical factors and assessment methods, including the 
technical challenges of investigating the low microbial biomass 
of the proximal small bowel. We highlight the essential protective 
mechanisms of the small intestine, including motility, the paracellular 
barrier and mucus, and secretory immunity, to show their roles in 
limiting excessive exposure of host tissues to microbial metabolites. 
We address current knowledge gaps, particularly the variability among 
individuals, the effects of dysbiosis of the small intestinal microbiota 
on health and how different taxa in small intestinal microbiota could 
compensate for each other functionally.
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Biogeographical and fluctuating dynamics
The small intestine, comprising the duodenum, jejunum and ileum, 
has a vital role in the digestive system, primarily focusing on nutrient 
absorption and digestion. This role is distinct from that of the colon, 
whose physiological role is to contain the bulk of the intestinal micro-
biota and reabsorb approximately 97% of the 9 l of fluid entering daily 
from the small intestine9. The human small intestine accomplishes 
its absorptive and secretory functions with a specialized anatomi-
cal and physiological setup. The large surface of the human small 
intestine, with only a thin mucus layer, allows efficient absorption of 
macronutrients and micronutrients as well as immune modulation10; 
it mediates the absorption of 90% of all host-digestible calories. Thus, 
metabolic changes within the small intestine have a notable effect on 
host metabolism10,11. This unique environment is bounded by a single 
layer of polarized intestinal epithelial cells comprising absorptive, 
goblet, Paneth, tuft and enteroendocrine lineages. The subepithelial 
microvasculature selectively oxygenates mucosal tissues setting up an 
oxygen gradient between the mucosa and the lumen12.

The junction of the small and large intestines is at the ileocecal 
valve. Human studies of ileocecal physiology are also limited by acces-
sibility, but both human and large-animal studies indicate the presence 
of a functional high-pressure zone13 that prevents free reflux of large 
intestinal contents14, with neuromuscular control allowing drainage of 
small intestinal contents both in digestive and interdigestive phases15.

Characteristics of the small intestine
The small intestinal luminal environment has distinct histological and 
physiological characteristics16,17 (Fig. 1): a longitudinal pH gradient 
(in humans: pH ~6.0 in the duodenum, 6.8 in the jejunum, and ~7.45 in 
the terminal ileum)18–21; higher partial pressures of oxygen than in the 
lower intestine (10–50 mmHg)19,22; high concentrations of antimicrobial 
peptides in the lower small intestine (2 μg/ml)23; continuous exposure 
to digestive enzymes and bile24,25; an shorter transit of the contents of 
a meal than the colon, typically 3–6 h5,26,27, with motility modulated 
according to the episodic intake of food by the host28. The small intes-
tine is less acidic than the stomach and small intestinal conditions 
allow microbial populations with lower biomass and diversity than the 
colon. The labile environment of the proximal small intestine requires 
exceptional microbial adaptability, as rapid adjustments are needed 
to cope with dynamically changing conditions. Bacterial populations 
are observed to range from approximately ≤104–105 colony-forming 
units per millilitre (cfu/ml) in the healthy duodenum, increasing to 
107–108 cfu/ml in the distal ileum in humans29. This gradient reflects 
both the decreasing influence of gastric acid and the increasing 
bioavailability of nutrients as food transits through the intestine.

The biogeographical features along the transverse axis of the gut 
exhibit notable variations, influencing the distribution of microbial 
populations. The predominant microbial community in the lower 
small intestine is characterized by the prevalence of rapidly prolifer-
ating facultative anaerobes. These microorganisms are resilient to 
the combined effects of bile acids30, as demonstrated in Escherichia 
coli via efflux pumps31, and to antimicrobials32, such as the resistance 
of Enterococcus faecalis through the production of altered cell wall 
precursors that prevent drug binding and overexpression of efflux 
pumps33. Therefore, they can compete with the host and other bacteria 
for the available simple carbohydrates within the intestinal lumen4. 
Bile acids, released through the ampulla of Vater in the duodenum, 
are bactericidal due to their surfactant nature. These bile acids mark-
edly influence the composition of the SIM34,35 as they are toxic to 

Introduction
The history of microbiota research has been driven by a series of 
technical innovations. In 1683, Leeuwenhoek first glimpsed the pre-
viously unseen world of microorganisms, including bacteria, hidden 
in his dental plaque. The pioneering work of Louis Pasteur in the latter 
half of the nineteenth century on microbial selective culture led to 
the later identification and characterization of different microbial 
taxa by many different researchers. In the mid-twentieth century, 
the development of microbial genetics initially through conjugation1 
and phage transduction techniques facilitated the identification of 
biochemical pathways2. Despite these advances, research activity was 
still hampered until the 1990s by the laborious nature of determin-
ing the detailed composition of a highly complex microbiome. This 
aspect all changed after a revolution in engineering and computational 
solutions for highly parallel nucleic acid sequencing microbiology. 
The rich automated data-stream caused a revolution in microbiol-
ogy by the use of omics technologies and bioinformatics, making it 
practical to address the composition and transcriptomic activity of 
microbiotas at an individualized level. We now have a better apprecia-
tion of the intriguing role of gut microbiota in our health and disease, 
although the groundbreaking studies have primarily been focused on 
the colonic microbiota, mainly using faecal samples to probe the larg-
est and densest population of these microscopic health influencers 
in the human body.

In contrast to the extensively studied large intestinal microbiota, 
small intestinal microbiota (SIM) has faced challenges in investigation, 
mainly due to technical challenges in the analysis of the low microbial 
biomass of the proximal small intestine and difficulties in ethical access 
to the distal small intestine without invasive methods3. Various meas-
urement methods for SIM in humans, including surgical procedures 
such as stomas, offer distal sampling access but are limited to specific 
medical conditions4. Endoscopy provides a less invasive option for 
visualization and targeted sample collection, but requires prepara-
tive fasting. Smart capsules enable non-invasive data collection from 
the entire gastrointestinal tract, but are only recovered in the faeces 
following extended colonic transit times5. Post-mortem samples from 
brain-dead organ donors offer another avenue6–8, although their lim-
ited availability and the delays in collection can ultimately affect the 
cultivation of microbiota. Due to all these constraints, much of our 
understanding of SIM is derived from studies in patients with gastro-
intestinal conditions, potentially biasing our knowledge. This reliance 
on patient-derived data, coupled with the under-representation of 
healthy individuals in SIM studies, poses a major limitation, impeding 
our ability to draw comprehensive conclusions about the composition 
and role of ‘typical’, disease-free SIMs.

In this Perspective, our purpose is to demonstrate some current 
ideas of the way in which the human SIM functions in health — and dys-
functions in conditions such as small intestinal bacterial overgrowth 
(SIBO) — given the underlying problems of competition between 
the host and its microbiota for nutrients set against the benefits of 
mutualism. We highlight non-invasive sampling techniques and their 
potential caveats, heralding a new era of comprehensive digestive 
tract profiling by addressing the distinct composition and metabolic 
functions of SIM, including the bioavailability of bile salts and phar-
maceuticals. We explore the dynamic shifts in SIM across time and 
the feed–fast cycle that limits SIBO. Our purpose is to highlight the 
importance of the SIM in both disease prevention and the maintenance 
of health, as a somewhat different perspective on the human colonic 
microbiome.
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many bacterial taxa36. For instance, an excess of bile acids might pro-
mote the growth of Bacillota (formerly Firmicutes) whilst inhibiting 
Bacteroidota (formerly Bacteroidetes)36.

Given the shorter transit time in the small intestine (3–6 h)37 than in 
the colon (48–72 h)38,39, bacterial adherence to tissue or mucus becomes 
advantageous for sustained small intestinal colonization. The transi-
tion from proximal to distal segments of the small intestine and into the 
colon is marked by an equilibrium shift favouring a higher prevalence 
of strict anaerobes. This shift is attributed, in part, to the oxygen con-
sumption patterns of aerobic and facultative anaerobic microorgan-
isms in the upper intestinal sections. Additionally, the gradual increase 
in pH from the duodenum to the ileum, reaching approximately ~pH 
7.5, coupled with a diminishing oxygen gradient distally, creates a more 
favourable environment for bacterial growth18,40.

Technical caveats of analysis and animal models
The most robust analysis of the SIM is made from samples with the high-
est biomass from the lower small intestine where culture techniques 
can be used to verify taxonomy by molecular determination of species 
or genus-specific microbial DNA sequences. Unfortunately, whilst DNA 
sequencing techniques are highly sensitive and can detect non-culturable 
organisms, they are very susceptible to contamination, especially when 
processing samples with a low microbial biomass such as those from 
the duodenum and proximal jejunum41. As DNA is a stable molecule, 
detection does not necessarily prove that live organisms were present 
in the sample. The arguments against a low biomass placental micro
biome in the past few years illustrate the caveats that must be applied 
to interpreting DNA analyses of samples with a low microbial biomass42.

Comparative analyses between different animal species show 
fundamental differences in intestinal physiology and microbiota 
mutualism (for example, in ruminants), but these are outside our 
current scope43. Mice are nevertheless valuable animal models (Fig. 1) 
as they can be maintained germ-free and both their microbiome and 
germ-line genetics can be experimentally manipulated to determine 
causal mechanisms of mutualism or disease. An important caveat is 
that they are naturally coprophagic and re-inoculate their intestinal 
microbiome unless special experimental measures are taken.

Small intestinal microbial composition and variability
The initial studies of the lower human SIM were with ileal samples 
taken at surgery or from ileostoma effluents. These showed a bio-
mass of 105–107 microorganisms per millilitre of contents, which is 
many orders of magnitude lower than the biomass in the colon, with 
compositions including Streptococcus, Bacteroides, Clostridium, Lac-
tobacillus and Enterobacteriaceae as relatively common taxa. Examina-
tions of mucosal samples obtained from autopsies44, endoscopies45, 
colonoscopies46 and ostomies47 verified these data. Streptococcus, 
Veillonella, Prevotella, Fusobacterium and Haemophilus have also been 
identified as constituents of the small intestinal microbiota, and are 
consistently detected throughout the small intestine48–50. Studies using 
nasoileal catheters and analysing ileostoma effluent, which enable 
continuous collection, have supported these observations4,47,51–53. 
By contrast, tube aspirates have shown very a low microbial biomass 
of 101–104/ml in the jejunum54–56.

The shifting microbial landscape along the length of the small 
intestine involves differences in the relative contributions of different 

pO2

pH

AMP

Bacterial
load

Length

pH

O2

AMP

Transit time

Plicae circulares

Mucus thickness

SI/colon

Microbiota

Human

4.5–5.5 m 

6.6–7.49

10–70 mmHg 

<2 µg ml–1 

3–6 h 

Yes 

? 

400

Lactobacillaceae
Enterobacteriaceae 
Streptococcaceae 
Actinomycetaceae 
Prevotellaceae
Veillonellaceae

Mouse

30–40 cm

5.9–7.45

56–60 mmHg

<2 µg ml–1 

2–4 h

No

~100–300 µm

18

Lactobacillaceae
Enterobacteriaceae
Muribaculaceae
Actinomycetaceae

Large
intestine

Small
intestine

Stomach

Jejunum

Duodenum

Ileum

Fig. 1 | Biogeographical characteristics of the gastrointestinal tract in 
humans and mice. The longitudinal axis of the intestines shows variations in 
both environmental conditions and bacterial populations, including changes 
in oxygen partial pressure (pO2

), pH, antimicrobial peptides (AMP) and bacterial 
biomass. More distally there is a decrease in pO2

 and AMP levels, whereas pH and 
bacterial load show a general increase although this aspect is not necessarily 
continuous and depends on the interdigestive or postprandial state. The small 

intestine exhibits distinct biogeographical characteristics, including length, 
pH, transit times, plicae circulares, mucus thickness, surface area ratio and 
microbiota profiles, compared with the large intestine. Mice are shown for 
comparison as they are frequently used as in vivo models, although they naturally 
re-inoculate their intestinal microbiota through coprophagia. SI/colon, small 
intestine to large intestine surface area ratio.
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taxa as well as increased distal microbial density. The duodenum exhib-
its a predominance of Bacillota, with an increase in Pseudomonad-
ota (formerly Proteobacteria) from the proximal to the distal sections. 
The ileum has a higher abundance of Bacteroidota than the duode-
num, resembling conditions found in the colon48,49,57,58. By contrast, the 
human colonic microbiota exhibits a predominance of Bacteroidota 
and Bacillota with substantial representation from the Clostridiaceae, 
Bacteroidaceae, Lachnospiraceae, Enterococcaceae and Ruminococ-
caceae families, with their relative contributions varying considerably 
between individuals53,59,60.

The reasons for the low microbial density in the proximal small 
intestine can be understood in terms of relative sterility of the gastric 
input, postprandial and interdigestive intestinal motility, and suscepti-
bility of different taxa to bile acids and secreted antimicrobial peptides. 
As the host digests and absorbs the diet, available nutritional carbon 
sources change along the length of the small intestine. Ileostomy 
fluids contain dietary fibre and complex carbohydrates resistant to 
human digestion, particularly from plant cell walls that have escaped 

absorption in the small bowel, and are mainly hydrolysed once they 
reach the microbial biomass of the lower intestine61–63. In other words, 
bacteria in the small intestine could potentially metabolize simple sug-
ars and amino acids4 whereas ileal and colonic bacteria mainly ferment 
large polysaccharides remaining from mucus or nutritional fibre.

Comparative stability and dynamic responses of SIM
In work where we were able to analyse samples from human patients 
directly from the ileal contents during surgery, before the creation of 
an ileostoma, and those collected from the ileostoma later, we found 
that there were no statistically significant differences in the microbiota 
composition of the stoma samples from individual patients compared 
with their unmanipulated lower SIM53. Further studies of the ileostoma 
samples from patients during the feed–fast cycle showed purging of 
the small intestinal biomass during overnight fasting, followed by rapid 
blooms in small intestinal microbial taxa after the patient had eaten53 
(Fig. 2). Through deep sequencing and computational reconstruc-
tion, we were able to infer the substrain compositions in the distal 
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Fig. 2 | Feeding affects the abundance of gut microbial members and 
metabolites in the small intestine during the day. Overnight fasting induces 
a reduction in bacterial biomass within the small intestine. Subsequent 
reintroduction of nutrients through feeding triggers an exponential increase in 
bacterial mass, predominantly characterized by a proliferation of facultative, 
rapidly proliferating bacterial substrains. This dynamic fluctuation underscores 
the major effect of feeding patterns on the microbial landscape and different 
metabolite patterns of the small intestine. In contrast to biomass, the pattern 
of metabolite concentrations is more intricate. Pattern 1 demonstrates that 
overnight fasting leads to a reduction in specific metabolites within the small 

intestine. The subsequent reintroduction of nutrients triggers a substantial 
increase in these metabolites. Conversely, Pattern 2 shows an opposite trend, 
with an increase in metabolite levels during fasting and a decrease after meals. 
Pattern 3 shows a reduction in metabolite concentrations following a meal, 
which remain lower until the end of the day. Lastly, Pattern 4 shows an increase in 
metabolite concentrations after the second meal of the day, which are sustained 
at higher levels. Each pattern is specific for different metabolites depending on 
whether feeding induces or represses the uptake or release of small intestinal 
molecules. See ref. 53 for further information.
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section of small intestine; some of these substrains rapidly increased 
or decreased in frequency within hours after the patient had eaten. 
These changes suggest very fast adjustments in substrains even within 
a single microbial species during digestion, that probably represent 
adaptation to the changing conditions as the wave of dietary metabo-
lites pass through the gut53. The purging of the small intestinal biomass 
during an overnight fast is probably dependent on the interdigestive 
motor programme of migrating motor complexes — a cyclical pattern of 
motility that occurs every 90–120 min64 — and explains why problems 
of SIBO occur in patients with diseases of intestinal dysmotility and 
those with surgically created blind loops.

The SIM, therefore, shows features of functional elasticity. This 
dynamic response concept has so far mainly been investigated in the 
colonic microbiota. The microbiota needs to resume its original com-
position and functionality after regular perturbations. Thus, sequential 
environmental challenges can be accommodated in several ways: 
without changes in composition (for example, by upregulation of 
metabolic activities) (‘resistance’); by limiting alterations in composi-
tion over time (‘resilience’); and by maintaining sufficient microorgan-
ism diversity so that loss of a metabolic function in one strain can be 
compensated by its presence in another (‘functional redundancy’)65.

Microbial adaption and transmission dynamics
It is still unclear if bacterial strains consistently maintain their iden-
tity during passage throughout the entire gastrointestinal tract, or 
if they adapt to the specific intestinal niches they inhabit. Extensive 
microbial movement can be observed from the oral cavity to the lower 
gastrointestinal tract in both healthy individuals and individuals with 
disease66. In a study of 125 species common to both the mouth and the 
gut, 77% exhibited evidence of orofaecal transmission, with 59% of 
these showing substantially higher strain similarity within individu-
als than across a broader cohort, indicating frequent and coherent 
strain transfers along the intestine66. Specifically, core oral taxa such 
as Streptococcus, Veillonella, Actinomyces and Haemophilus were iden-
tified among those frequently passaged, whereas 22 species showed 
occasional passage, including all 21 members of the Prevotella genus, 
a key component of the oral and gut microbiome. However, 23% of the 
species prevalent in both sites did not meet the criteria for transmission, 
highlighting a complex and selective transmission landscape within the 
oral–gut–microbiome axis66. The genetic makeup of bacterial strains 
in particular locations within the intestine is distinctly unique, yet 
these strains are interconnected and seem to originate from a com-
mon founder strain that has colonized multiple areas. Strains such as  
E. coli, Phocaeicola vulgatus (formerly Bacteroides vulgatus) and Rumi-
nococcus gnavus show remarkable genetic similarity when compared 
across different locations within the same intestine, despite differing 
in their growth rates depending on their location67. Notably, there is 
a gap of 300–400 genes between microbial strains that are distantly 
related, and a difference of 10–30 genes among strains closely related 
but isolated from distinct individuals67. These data indicate that the 
intestinal microbiota is formed by microbial transmission between 
individuals and along the intestine as well as the evolution of strains 
over time within an individual.

Shielding from microbial invasion
The essential problem of small intestinal host–microbial mutualism 
and physiology is that, whereas microorganisms can metabolize, and 
therefore harvest energy from, complex carbohydrates and other 
macromolecules that are resistant to host digestive enzymes, they 

also compete with the host for simple saccharides, amino acids and 
lipids, and compete with each other for carbon sources68. This aspect 
means that compartmentalization between host tissues and the differ-
ent cellular components of the microbiota in the human small intestine 
needs to work along two axes: a transverse barrier between the intesti-
nal lumen and host tissues, formed by junctional complexes between 
epithelial cells, and motility along its length to maintain a gradient of 
microbial biomass. Even in the absence of the full sterilizing effect 
of stomach acid, as seen in patients treated with proton pump inhibi-
tors, the proximal small intestine prioritizes digestion and absorption 
of bioavailable dietary components. This section of the gastrointestinal 
tract is not sterile and maintains a small microbial population adapted 
to its unique environmental pressures and resource availability, as 
discussed below (Fig. 3).

Epithelial cells and immune mediators
The single cell layer of intestinal epithelial cells connected by junc-
tional complexes is the key physical and permeability barrier, selec-
tively absorbing nutrients whilst excluding luminal pathogens and 
pro-inflammatory molecules from the host tissues. The intestinal epi-
thelium also consists of specialized cell lineages that are relevant to the 
microbiota barrier69. Much of the evidence discussed in this section 
was derived from studies in animal models, which provide insights 
into these mechanisms.

Paneth cells are located at the base of small intestinal crypts and 
secrete antibacterial peptides70 such as defensins, lysozyme and DMBT1, 
which mix into the mucus and are secreted at the crypt opening71. 
Mucus, enriched with antibacterial peptides, then spreads to cover 
spaces between the villi. Epithelial cells produce additional bactericidal 
substances, such as REG3A which targets Gram-positive bacteria72–74. 
The production of reactive oxygen species by DUOX2 in the upper villi 
generates hydrogen peroxide that has potential biocidal activity for 
luminal microbes75.

Goblet cells generate mucins that form an uninterrupted barrier. 
The mucus layer, a gel-like barrier composed of proteins and glycans, 
has a crucial role in the cross-sectional structure of the host–microbiota 
interface. This layer is generally thin and easily detachable in the small 
intestine, compared with two layers and a thicker coating in the colon, 
of which an inner compact layer is tightly bound to the epithelium and 
excludes most bacteria76,77 (Fig. 3). Mucus also contains a variety of 
goblet-cell-derived antimicrobial molecules, including IgGFc-binding 
protein, calcium-activated chloride channel regulator 1, zymogen 
granule membrane protein 16, anterior gradient protein 2 homologue, 
trefoil factor 3 and kallikrein 1, alongside MUC2 (refs. 78,79), which 
contribute to intestinal epithelial shielding from the luminal microbial 
contents80. Although the loose small intestinal mucus layers allow infil-
tration of some bacteria76, the epithelial cells are effectively protected 
by the presence of a high concentration of antimicrobial proteins (for 
example, defensins produced by Paneth cells71 and IgA from lamina 
propria plasma cells) and oxygen in the zone surrounding the villi12. 
The intestinal microbiota is also restrained by bacterial competition 
for metabolites and the action of mucus-adhering bacteriophages, with 
bactericidal activity particularly intense in the small intestinal mucus81. 
Despite these defences, certain mucosa-adherent microorganisms in 
the small intestine manage to establish themselves due to specialized 
adaptations. These adaptations include the expression of surface 
structures such as pili and fimbriae82, which facilitate attachment to the 
epithelial cells, and the induction of a common set of genes specifically 
to enable growth in host mucin glycans83.
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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.

Published online: xx xx xxxx

References
1.	 Lederberg, J. & Tatum, E. L. Gene recombination in Escherichia coli. Nature 158, 558 

(1946).
2.	 Zinder, N. D. & Lederberg, J. Genetic exchange in Salmonella. J. Bacteriol. 64, 679–699 

(1952).
3.	 Hill, M. J. in Human Microbial Ecology (eds Hill, M. J. & Marsh, P. D.) 57–85 (CRC Press, 2020).
4.	 Zoetendal, E. G. et al. The human small intestinal microbiota is driven by rapid uptake 

and conversion of simple carbohydrates. ISME J. 6, 1415–1426 (2012).
5.	 Shalon, D. et al. Profiling the human intestinal environment under physiological 

conditions. Nature 617, 581–591 (2023).
6.	 Javan, G. T. et al. Correlation between postmortem microbial signatures and substance 

abuse disorders. PLoS ONE 17, e0274401 (2022).
7.	 Pechal, J. L., Schmidt, C. J., Jordan, H. R. & Benbow, M. E. A large-scale survey of the 

postmortem human microbiome, and its potential to provide insight into the living health 
condition. Sci. Rep. 8, 5724 (2018).

8.	 DeBruyn, J. M. & Hauther, K. A. Postmortem succession of gut microbial communities in 
deceased human subjects. PeerJ 5, e3437 (2017).

9.	 Debongnie, J. C. & Phillips, S. F. Capacity of the human colon to absorb fluid. 
Gastroenterology 74, 698–703 (1978).

10.	 Uchimura, Y. et al. Antibodies set boundaries limiting microbial metabolite 
penetration and the resultant mammalian host response. Immunity 49, 545–559.e5 
(2018).

11.	 Kverka, M. & Tlaskalova-Hogenova, H. Intestinal microbiota: facts and fiction. Dig. Dis. 35, 
139–147 (2017).

12.	 Albenberg, L. et al. Correlation between intraluminal oxygen gradient and radial 
partitioning of intestinal microbiota. Gastroenterology 147, 1055–1063.e8 (2014).

13.	 Shafik, A., El-Sibai, O. & Shafik, A. A. Physiological assessment of the function of the 
ileocecal junction with evidence of ileocecal junction reflexes. Med. Sci. Monit. 8, 
CR629–CR635 (2002).

14.	 Dinning, J. P. & Hixson, L. J. Value of flexible sigmoldoscopy – reply. Arch. Intern. Med. 
155, 427–427 (1995).

15.	 Malbert, C. H. The ileocolonic sphincter. Neurogastroenterol. Motil. 17, 41–49 (2005).

http://www.nature.com/nrgastro


Nature Reviews Gastroenterology & Hepatology

Perspective

16.	 Hugenholtz, F. & de Vos, W. M. Mouse models for human intestinal microbiota research: 
a critical evaluation. Cell. Mol. Life Sci. 75, 149–160 (2018).

17.	 Casteleyn, C., Rekecki, A., Van der Aa, A., Simoens, P. & Van den Broeck, W. Surface area 
assessment of the murine intestinal tract as a prerequisite for oral dose translation from 
mouse to man. Lab. Anim. 44, 176–183 (2010).

18.	 Evans, D. F. et al. Measurement of gastrointestinal pH profiles in normal ambulant human 
subjects. Gut 29, 1035–1041 (1988).

19.	 Lkhagva, E. et al. The regional diversity of gut microbiome along the GI tract of male 
C57BL/6 mice. BMC Microbiol. 21, 44 (2021).

20.	 Maurer, J. M. et al. Gastrointestinal pH and transit time profiling in healthy volunteers 
using the IntelliCap system confirms ileo-colonic release of colopulse tablets. PLoS ONE 
10, e0129076 (2015).

21.	 Frey, J. C. et al. Comparative studies of microbial populations in the rumen, duodenum, 
ileum and faeces of lactating dairy cows. J. Appl. Microbiol. 108, 1982–1993 (2010).

22.	 Zheng, L., Kelly, C. J. & Colgan, S. P. Physiologic hypoxia and oxygen homeostasis in the 
healthy intestine. a review in the theme: cellular responses to hypoxia. Am. J. Physiol. Cell 
Physiol. 309, C350–C360 (2015).

23.	 Nijnik, A. & Hancock, R. Host defence peptides: antimicrobial and immunomodulatory 
activity and potential applications for tackling antibiotic-resistant infections. Emerg. 
Health Threat. J. 2, e1 (2009).

24.	 Kiela, P. R. & Ghishan, F. K. Physiology of intestinal absorption and secretion. Best. Pract. 
Res. Clin. Gastroenterol. 30, 145–159 (2016).

25.	 Volk, N. & Lacy, B. Anatomy and physiology of the small bowel. Gastrointest. Endosc. 
Clin. N. Am. 27, 1–13 (2017).

26.	 Szarka, L. A. & Camilleri, M. Methods for the assessment of small-bowel and colonic 
transit. Semin. Nucl. Med. 42, 113–123 (2012).

27.	 Li, N. et al. Microbiome-encoded bile acid metabolism modulates colonic transit times. 
iScience 24, 102508 (2021).

28.	 Cummings, D. E. & Overduin, J. Gastrointestinal regulation of food intake. J. Clin. Invest. 
117, 13–23 (2007).

29.	 Martinez-Guryn, K., Leone, V. & Chang, E. B. Regional diversity of the gastrointestinal 
microbiome. Cell Host Microbe 26, 314–324 (2019).

30.	 Begley, M., Gahan, C. G. & Hill, C. The interaction between bacteria and bile. FEMS Microbiol. 
Rev. 29, 625–651 (2005).

31.	 Thanassi, D. G., Cheng, L. W. & Nikaido, H. Active efflux of bile salts by Escherichia coli.  
J. Bacteriol. 179, 2512–2518 (1997).

32.	 Buffie, C. G. & Pamer, E. G. Microbiota-mediated colonization resistance against intestinal 
pathogens. Nat. Rev. Immunol. 13, 790–801 (2013).

33.	 Miller, W. R., Munita, J. M. & Arias, C. A. Mechanisms of antibiotic resistance in 
enterococci. Expert. Rev. Anti Infect. Ther. 12, 1221–1236 (2014).

34.	 van Best, N. et al. Bile acids drive the newborn’s gut microbiota maturation. Nat. Commun. 
11, 3692 (2020).

35.	 Sayin, S. I. et al. Gut microbiota regulates bile acid metabolism by reducing the levels 
of tauro-beta-muricholic acid, a naturally occurring FXR antagonist. Cell Metab. 17, 
225–235 (2013).

36.	 Islam, K. B. et al. Bile acid is a host factor that regulates the composition of the cecal 
microbiota in rats. Gastroenterology 141, 1773–1781 (2011).

37.	 Steenackers, N. et al. Specific contributions of segmental transit times to gut microbiota 
composition. Gut 71, 1443–1444 (2022).

38.	 Asnicar, F. et al. Blue poo: impact of gut transit time on the gut microbiome using a novel 
marker. Gut 70, 1665–1674 (2021).

39.	 Stephen, A. M., Wiggins, H. S. & Cummings, J. H. Effect of changing transit time on 
colonic microbial metabolism in man. Gut 28, 601–609 (1987).

40.	 Mikolajczyk, A. E., Watson, S., Surma, B. L. & Rubin, D. T. Assessment of tandem 
measurements of pH and total gut transit time in healthy volunteers. Clin. Transl. 
Gastroenterol. 6, e100 (2015).

41.	 Karstens, L. et al. Controlling for contaminants in low-biomass 16S rRNA gene 
sequencing experiments. mSystems 4, e00290-19 (2019).

42.	 Kennedy, K. M. et al. Questioning the fetal microbiome illustrates pitfalls of low-biomass 
microbial studies. Nature 613, 639–649 (2023).

43.	 Hanning, I. & Diaz-Sanchez, S. The functionality of the gastrointestinal microbiome  
in non-human animals. Microbiome 3, 51 (2015).

44.	 Hayashi, H., Takahashi, R., Nishi, T., Sakamoto, M. & Benno, Y. Molecular analysis of 
jejunal, ileal, caecal and recto-sigmoidal human colonic microbiota using 16S rRNA gene 
libraries and terminal restriction fragment length polymorphism. J. Med. Microbiol. 54, 
1093–1101 (2005).

45.	 Wang, X., Heazlewood, S. P., Krause, D. O. & Florin, T. H. Molecular characterization of 
the microbial species that colonize human ileal and colonic mucosa by using 16S rDNA 
sequence analysis. J. Appl. Microbiol. 95, 508–520 (2003).

46.	 Dey, N., Soergel, D. A., Repo, S. & Brenner, S. E. Association of gut microbiota with 
post-operative clinical course in Crohn’s disease. BMC Gastroenterol. 13, 131 (2013).

47.	 Barrett, E. et al. Microbiota diversity and stability of the preterm neonatal ileum and 
colon of two infants. Microbiologyopen 2, 215–225 (2013).

48.	 Zmora, N. et al. Personalized gut mucosal colonization resistance to empiric probiotics 
is associated with unique host and microbiome features. Cell 174, 1388–1405.e21 (2018).

49.	 Nagasue, T. et al. The compositional structure of the small intestinal microbial 
community via balloon-assisted enteroscopy. Digestion 103, 308–318 (2022).

50.	 Seekatz, A. M. et al. Spatial and temporal analysis of the stomach and small-intestinal 
microbiota in fasted healthy humans. mSphere 4, e00126-19 (2019).

51.	 Booijink, C. C. et al. High temporal and inter-individual variation detected in the human 
ileal microbiota. Env. Microbiol. 12, 3213–3227 (2010).

52.	 van den Bogert, B. et al. Diversity of human small intestinal Streptococcus and Veillonella 
populations. FEMS Microbiol. Ecol. 85, 376–388 (2013).

53.	 Yilmaz, B. et al. Plasticity of the adult human small intestinal stoma microbiota. Cell Host 
Microbe 30, 1773–1787 e1776 (2022).

54.	 Gorbach, S. L. in Medical Microbiology (ed. Baron, S.) Ch. 95 (University of Texas Medical 
Branch at Galveston, 1996).

55.	 Berghouse, L. et al. Comparison between the bacterial and oligosaccharide content of 
ileostomy effluent in subjects taking diets rich in refined or unrefined carbohydrate. Gut 
25, 1071–1077 (1984).

56.	 Drasar, B. S., Shiner, M. & McLeod, G. M. Studies on the intestinal flora. I. The bacterial 
flora of the gastrointestinal tract in healthy and achlorhydric persons. Gastroenterology 
56, 71–79 (1969).

57.	 Leite, G. G. S. et al. Mapping the segmental microbiomes in the human small bowel in 
comparison with stool: a REIMAGINE study. Dig. Dis. Sci. 65, 2595–2604 (2020).

58.	 Vonaesch, P. et al. Stunted children display ectopic small intestinal colonization by oral 
bacteria, which cause lipid malabsorption in experimental models. Proc. Natl Acad. Sci. 
USA 119, e2209589119 (2022).

59.	 James, K. R. et al. Distinct microbial and immune niches of the human colon. Nat. Immunol. 
21, 343–353 (2020).

60.	 The Tabula Sapiens Consortium The Tabula Sapiens: a multiple-organ, single-cell 
transcriptomic atlas of humans. Science 376, eabl4896 (2022).

61.	 Macfarlane, G. T. & Englyst, H. N. Starch utilization by the human large intestinal 
microflora. J. Appl. Bacteriol. 60, 195–201 (1986).

62.	 Englyst, H. N., Trowell, H., Southgate, D. A. & Cummings, J. H. Dietary fiber and resistant 
starch. Am. J. Clin. Nutr. 46, 873–874 (1987).

63.	 Pomare, E. W., Branch, W. J. & Cummings, J. H. Carbohydrate fermentation in the human 
colon and its relation to acetate concentrations in venous blood. J. Clin. Invest. 75, 
1448–1454 (1985).

64.	 Takahashi, T. Interdigestive migrating motor complex – its mechanism and clinical 
importance. J. Smooth Muscle Res. 49, 99–111 (2013).

65.	 Moya, A. & Ferrer, M. Functional redundancy-induced stability of gut microbiota 
subjected to disturbance. Trends Microbiol. 24, 402–413 (2016).

66.	 Schmidt, T. S. et al. Extensive transmission of microbes along the gastrointestinal tract. 
eLife 8, e42693 (2019).

67.	 Dubinsky, V., Dotan, I. & Gophna, U. Strains colonizing different intestinal sites within an 
individual are derived from a single founder population. mBio 14, e0345622 (2023).

68.	 Spragge, F. et al. Microbiome diversity protects against pathogens by nutrient blocking. 
Science 382, eadj3502 (2023).

69.	 Donaldson, G. P., Lee, S. M. & Mazmanian, S. K. Gut biogeography of the bacterial 
microbiota. Nat. Rev. Microbiol. 14, 20–32 (2016).

70.	 Sato, T. et al. Paneth cells constitute the niche for Lgr5 stem cells in intestinal crypts. 
Nature 469, 415–418 (2011).

71.	 Bevins, C. L. & Salzman, N. H. Paneth cells, antimicrobial peptides and maintenance  
of intestinal homeostasis. Nat. Rev. Microbiol. 9, 356–368 (2011).

72.	 Vaishnava, S. et al. The antibacterial lectin RegIIIγ promotes the spatial segregation  
of microbiota and host in the intestine. Science 334, 255–258 (2011).

73.	 Cash, H. L., Whitham, C. V., Behrendt, C. L. & Hooper, L. V. Symbiotic bacteria direct 
expression of an intestinal bactericidal lectin. Science 313, 1126–1130 (2006).

74.	 Loonen, L. M. et al. REG3γ-deficient mice have altered mucus distribution and increased 
mucosal inflammatory responses to the microbiota and enteric pathogens in the ileum. 
Mucosal Immunol. 7, 939–947 (2014).

75.	 Sommer, F. & Backhed, F. The gut microbiota engages different signaling pathways 
to induce Duox2 expression in the ileum and colon epithelium. Mucosal Immunol. 8, 
372–379 (2015).

76.	 Ermund, A., Schutte, A., Johansson, M. E., Gustafsson, J. K. & Hansson, G. C. Studies of 
mucus in mouse stomach, small intestine, and colon. I. Gastrointestinal mucus layers 
have different properties depending on location as well as over the Peyer’s patches.  
Am. J. Physiol. Gastrointest. Liver Physiol. 305, G341–G347 (2013).

77.	 Johansson, M. E. et al. The inner of the two Muc2 mucin-dependent mucus layers in 
colon is devoid of bacteria. Proc. Natl Acad. Sci. USA 105, 15064–15069 (2008).

78.	 Gregorieff, A. et al. The Ets-domain transcription factor Spdef promotes maturation of 
goblet and paneth cells in the intestinal epithelium. Gastroenterology 137, 1333–1345.e3 
(2009).

79.	 Rodriguez-Pineiro, A. M. et al. Studies of mucus in mouse stomach, small intestine, and 
colon. II. Gastrointestinal mucus proteome reveals Muc2 and Muc5ac accompanied by  
a set of core proteins. Am. J. Physiol. Gastrointest. Liver Physiol. 305, G348–G356  
(2013).

80.	 Johansson, M. E. & Hansson, G. C. Immunological aspects of intestinal mucus and 
mucins. Nat. Rev. Immunol. 16, 639–649 (2016).

81.	 Barr, J. J. et al. Bacteriophage adhering to mucus provide a non-host-derived immunity. 
Proc. Natl Acad. Sci. USA 110, 10771–10776 (2013).

82.	 Tytgat, H. L. P. & de Vos, W. M. Sugar coating the envelope: glycoconjugates for 
microbe-host crosstalk. Trends Microbiol. 24, 853–861 (2016).

83.	 Marcobal, A. et al. Bacteroides in the infant gut consume milk oligosaccharides via 
mucus-utilization pathways. Cell Host Microbe 10, 507–514 (2011).

84.	 Schneider, C., O’Leary, C. E. & Locksley, R. M. Regulation of immune responses by 
tuft cells. Nat. Rev. Immunol. 19, 584–593 (2019).

http://www.nature.com/nrgastro


Nature Reviews Gastroenterology & Hepatology

Perspective

85.	 Howitt, M. R. et al. Tuft cells, taste-chemosensory cells, orchestrate parasite type 2 
immunity in the gut. Science 351, 1329–1333 (2016).

86.	 Billipp, T. E. et al. Tuft cell-derived acetylcholine promotes epithelial chloride secretion 
and intestinal helminth clearance. Immunity 57, 1243–1259.e8 (2024).

87.	 Fung, C. et al. Tuft cells mediate commensal remodeling of the small intestinal 
antimicrobial landscape. Proc. Natl Acad. Sci. USA 120, e2216908120 (2023).

88.	 Macpherson, A. J., Yilmaz, B., Limenitakis, J. P. & Ganal-Vonarburg, S. C. IgA function 
in relation to the intestinal microbiota. Annu. Rev. Immunol. 36, 359–381 (2018).

89.	 Rollenske, T. et al. Parallelism of intestinal secretory IgA shapes functional microbial 
fitness. Nature 598, 657–661 (2021).

90.	 Bunker, J. J. et al. Innate and adaptive humoral responses coat distinct commensal 
bacteria with immunoglobulin A. Immunity 43, 541–553 (2015).

91.	 Furness, J. B. The enteric nervous system and neurogastroenterology. Nat. Rev. 
Gastroenterol. Hepatol. 9, 286–294 (2012).

92.	 Macpherson, A. J., Pachnis, V. & Prinz, M. Boundaries and integration between 
microbiota, the nervous system, and immunity. Immunity 56, 1712–1726 (2023).

93.	 Yu, L. W. & Hsiao, E. Y. IL-33 changes our “gut feelings” about serotonin. Immunity 54, 9–11 
(2021).

94.	 Obata, Y. et al. Neuronal programming by microbiota regulates intestinal physiology. 
Nature 578, 284–289 (2020).

95.	 Ridlon, J. M., Kang, D. J., Hylemon, P. B. & Bajaj, J. S. Bile acids and the gut microbiome. 
Curr. Opin. Gastroenterol. 30, 332–338 (2014).

96.	 Inagaki, T. et al. Regulation of antibacterial defense in the small intestine by the nuclear 
bile acid receptor. Proc. Natl Acad. Sci. USA 103, 3920–3925 (2006).

97.	 Wahlstrom, A., Sayin, S. I., Marschall, H. U. & Backhed, F. Intestinal crosstalk between bile 
acids and microbiota and its impact on host metabolism. Cell Metab. 24, 41–50 (2016).

98.	 Wikoff, W. R. et al. Metabolomics analysis reveals large effects of gut microflora on 
mammalian blood metabolites. Proc. Natl Acad. Sci. USA 106, 3698–3703 (2009).

99.	 Holmes, E., Li, J. V., Athanasiou, T., Ashrafian, H. & Nicholson, J. K. Understanding  
the role of gut microbiome-host metabolic signal disruption in health and disease. 
Trends Microbiol. 19, 349–359 (2011).

100.	 Haiser, H. J. et al. Predicting and manipulating cardiac drug inactivation by the human 
gut bacterium Eggerthella lenta. Science 341, 295–298 (2013).

101.	 Zimmermann, M., Zimmermann-Kogadeeva, M., Wegmann, R. & Goodman, A. L. Mapping 
human microbiome drug metabolism by gut bacteria and their genes. Nature 570, 
462–467 (2019).

102.	 The Human Microbiome Project Consortium Structure, function and diversity of the 
healthy human microbiome. Nature 486, 207–214 (2012).

103.	 Davis, S. S., Hardy, J. G. & Fara, J. W. Transit of pharmaceutical dosage forms through the 
small intestine. Gut 27, 886–892 (1986).

104.	 Mueller, C. & Macpherson, A. J. Layers of mutualism with commensal bacteria protect us 
from intestinal inflammation. Gut 55, 276–284 (2006).

105.	 Zheng, D., Liwinski, T. & Elinav, E. Interaction between microbiota and immunity in health 
and disease. Cell Res. 30, 492–506 (2020).

106.	 Sroka, N. et al. Show me what you have inside – the complex interplay between SIBO and 
multiple medical conditions – a systematic review. Nutrients 15, 90 (2022).

107.	 Tansel, A. & Levinthal, D. J. Understanding our tests: hydrogen-methane breath testing 
to diagnose small intestinal bacterial overgrowth. Clin. Transl. Gastroenterol. 14, e00567 
(2023).

108.	 Watanabe, F. & Bito, T. Vitamin B12 sources and microbial interaction. Exp. Biol. Med. 243, 
148–158 (2018).

109.	 Rezaie, A. et al. Hydrogen and methane-based breath testing in gastrointestinal 
disorders: the North American consensus. Am. J. Gastroenterol. 112, 775–784 (2017).

110.	 Shin, A. S. et al. Characterization of proximal small intestinal microbiota in patients with 
suspected small intestinal bacterial overgrowth: a cross-sectional study. Clin. Transl. 
Gastroenterol. 10, e00073 (2019).

111.	 Leite, G. et al. Defining small intestinal bacterial overgrowth by culture and high 
throughput sequencing. Clin. Gastroenterol. Hepatol. 22, 259–270 (2024).

112.	 Corazza, G. R. et al. The diagnosis of small bowel bacterial overgrowth. Reliability 
of jejunal culture and inadequacy of breath hydrogen testing. Gastroenterology 98, 
302–309 (1990).

113.	 King, C. E. & Toskes, P. P. Comparison of the 1-gram [14C]xylose, 10-gram lactulose-H2, and 
80-gram glucose-H2 breath tests in patients with small intestine bacterial overgrowth. 
Gastroenterology 91, 1447–1451 (1986).

114.	 Losurdo, G. et al. Breath tests for the non-invasive diagnosis of small intestinal bacterial 
overgrowth: a systematic review with meta-analysis. J. Neurogastroenterol. Motil. 26, 
16–28 (2020).

115.	 Siddique, D. A. et al. Clinical presentation of small intestinal bacterial overgrowth from 
aerodigestive tract bacteria versus colonic-type bacteria: a comparison study. Dig. Dis. 
Sci. 68, 3390–3399 (2023).

116.	 Bouhnik, Y. et al. Bacterial populations contaminating the upper gut in patients with 
small intestinal bacterial overgrowth syndrome. Am. J. Gastroenterol. 94, 1327–1331 
(1999).

117.	 Collard, J. M. et al. High prevalence of small intestine bacteria overgrowth and 
asymptomatic carriage of enteric pathogens in stunted children in Antananarivo, 
Madagascar. PLoS Negl. Trop. Dis. 16, e0009849 (2022).

118.	 Leite, G. et al. The duodenal microbiome is altered in small intestinal bacterial 
overgrowth. PLoS ONE 15, e0234906 (2020).

119.	 Ghoshal, U. C. et al. Asian-Pacific consensus on small intestinal bacterial overgrowth in 
gastrointestinal disorders: an initiative of the Indian Neurogastroenterology and Motility 
Association. Indian. J. Gastroenterol. 41, 483–507 (2022).

120.	 Bamba, S. et al. Altered gut microbiota in patients with small intestinal bacterial 
overgrowth. J. Gastroenterol. Hepatol. 38, 61–69 (2023).

121.	 Saffouri, G. B. et al. Small intestinal microbial dysbiosis underlies symptoms associated 
with functional gastrointestinal disorders. Nat. Commun. 10, 2012 (2019).

122.	 Byndloss, M. X. et al. Microbiota-activated PPAR-γ signaling inhibits dysbiotic 
Enterobacteriaceae expansion. Science 357, 570–575 (2017).

123.	 Morrison, D. J. & Preston, T. Formation of short chain fatty acids by the gut microbiota and 
their impact on human metabolism. Gut Microbes 7, 189–200 (2016).

124.	 Halmos, E. P., Power, V. A., Shepherd, S. J., Gibson, P. R. & Muir, J. G. A diet low in 
FODMAPs reduces symptoms of irritable bowel syndrome. Gastroenterology 146, 67–75.
e5 (2014).

125.	 Bongaerts, G. P. et al. Role of bacteria in the pathogenesis of short bowel 
syndrome-associated D-lactic acidemia. Microb. Pathog. 22, 285–293 (1997).

126.	 Davidovics, Z. H. et al. The fecal microbiome in pediatric patients with short bowel 
syndrome. J. Parenter. Enter. Nutr. 40, 1106–1113 (2016).

127.	 Galipeau, H. J., Hinterleitner, R., Leonard, M. M. & Caminero, A. Non-host factors 
influencing onset and severity of celiac disease. Gastroenterology 167, 34–50  
(2024).

128.	 Chlubnova, M. et al. Identification of gluten T cell epitopes driving celiac disease.  
Sci. Adv. 9, eade5800 (2023).

129.	 Catassi, C., Verdu, E. F., Bai, J. C. & Lionetti, E. Coeliac disease. Lancet 399, 2413–2426 
(2022).

130.	 Constante, M. et al. Biogeographic variation and functional pathways of the gut 
microbiota in celiac disease. Gastroenterology 163, 1351–1363.e15 (2022).

131.	 Caminero, A. et al. Duodenal bacterial proteolytic activity determines sensitivity to 
dietary antigen through protease-activated receptor-2. Nat. Commun. 10, 1198 (2019).

Acknowledgements
A.J.M. was supported by the Swiss National Science Foundation (40B2-0_211573, 
310030_208056 and CRSII5_205965). B.Y. was supported by SNF Starting Grant 
TMSGI3_211300.

Author contributions
The authors contributed equally to all aspects of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Peer review information Nature Reviews Gastroenterology & Hepatology thanks Elena Verdu, 
who co-reviewed with Alberto Caminero, and the other, anonymous, reviewer(s) for their 
contribution to the peer review of this work.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this 
article under a publishing agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article is solely governed by the 
terms of such publishing agreement and applicable law.

© Springer Nature Limited 2024

http://www.nature.com/nrgastro

	Delving the depths of ‘terra incognita’ in the human intestine — the small intestinal microbiota

	Introduction

	Biogeographical and fluctuating dynamics

	Characteristics of the small intestine

	Technical caveats of analysis and animal models

	Small intestinal microbial composition and variability

	Comparative stability and dynamic responses of SIM

	Microbial adaption and transmission dynamics


	Shielding from microbial invasion

	Epithelial cells and immune mediators

	Mucosal immunity and non-pathogenic taxa

	Enteric nervous system

	Bile acids


	Microbial metabolites and systemic influences

	Dysfunctional microbial colonization

	Small intestinal bacterial overgrowth

	Functional gastrointestinal disease

	Coeliac disease


	Conclusions

	Acknowledgements

	Fig. 1 Biogeographical characteristics of the gastrointestinal tract in humans and mice.
	Fig. 2 Feeding affects the abundance of gut microbial members and metabolites in the small intestine during the day.
	Fig. 3 Structure and immune functions of the small and large intestine.




