
The germ theory triggered a scientific 
revolution during the time of Robert 
Koch (1843–1910) and Louis Pasteur 
(1822–1895) by guiding efforts to identify 
bacterial pathogens as leading causes 
of communicable diseases (BOX 1). By 
developing culture-dependent methods for 
studying microorganisms, Louis Pasteur 
laid the foundation for a new discipline, 
bacteriology. Similarly, recent advances in 
culture-independent methods for analysing 
microorganisms have opened up a new 
field of study, microbiota research, that 
parallels the remarkable advances made 
during the ‘golden age’ of microbiology 
in the 19th century. Whereas the initial 
use of culture-dependent methods by 
Louis Pasteur and his contemporaries 
established a microbial cause for many 
communicable human diseases, recent 
advances in culture-independent methods 
have made it possible to associate 
gut-associated microbial communities with 
many non-communicable human diseases, 
including obesity1,2, arthritis3, asthma4,5, 
cardiovascular disease6, cancer7–9, diabetes10 

into question13–16. We would argue that 
the concept of a pathogen is still valid for 
studying communicable diseases, such 
as tuberculosis, but it does not provide 
a theoretical framework that adequately 
captures the contribution of microbial 
communities to non-communicable diseases 
(BOX 2). In other words, rather than omitting 
the term ‘pathogen’, the core concept of the 
germ theory, we should be mindful of using 
it in the context of communicable diseases 
while independently developing a new 
theory to guide studies on the microbial 
origin of non-communicable diseases. In 
this Opinion article, we discuss the most 
recent findings of microbiota research in 
search of a useful theoretical framework 
that adequately captures the contribution 
of gut-associated microbial communities 
to human non-communicable diseases 
and its implication for guiding future 
research efforts.

The microbial organ of the large bowel
More than 2 millennia have passed 
since Hippocrates (circa 460–370 bce) 
commented “all disease begins in the gut”, 
but in light of recent data revealing how 
microorganisms that inhabit our body 
affect human health, this quote feels more 
timely than ever17. The gut microbiota, the 
largest microbial community inhabiting 
our body, fulfils many functions important 
for human physiology, including nutrition, 
development of the immune system and 
niche protection against enteric pathogens18 
(FIG. 1). The microbiota of the large bowel 
is of particular importance and forms the 
focus of this Opinion article because in the 
colon, bacterial density reaches a staggering 
1011 organisms per gram, making this 
bacterial community the principal source of 
microbial metabolites in the human body. 
In turn, these metabolites are responsible for 
the beneficial effects of the gut microbiota 
on host physiology18. It was thus proposed 
in 2005 that the gut-associated microbial 
community of the large bowel represents 
a ‘microbial organ’ (REF. 19) because this 
collection of microorganisms resides as a 
structural unit and has a common function, 
which is the production of metabolites 
at concentrations that promote health. 
Although this idea is generally accepted17, 

and even neurological disorders11,12. 
However, research into the microbial origin 
of non-communicable human diseases 
differs in one important aspect from the 
studies performed at the end of the 19th 
century: the identification of pathogens as 
causes of communicable human diseases 
was guided by Louis Pasteur’s germ theory, 
whereas contemporary studies on the role 
of the gut microbiota in health and disease 
lack an overarching theoretical framework 
for guidance (BOX 2) and therefore 
remain heavily focused on technological 
development, census taking and predicting 
physiological potential.

The germ theory influenced initial 
studies on the microbial origin of non-
communicable diseases as investigators 
used 16S ribosomal RNA gene profiling 
to identify pathogens linked to an illness, 
which is understandable given the focus 
on the contribution of microorganisms 
to disease. However, the realization that 
most non-communicable diseases are not 
associated with a pathogen resulted in a 
conceptual crisis, calling the term ‘pathogen’ 
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it has never become an alternative to the 
germ theory. One aspect that has curbed 
the use of the microbial organ concept as a 
guide for microbiota research is the daunting 
complexity of our gut-associated microbial 
community. Comparison of the gut 
microbiota composition between different 
individuals reveals very little overlap on the 
species level20, thus making it problematic 
to define what a ‘balanced microbial 
community’ or a functional microbial organ 
should look like. As a result of limited 
progress in understanding how a balanced 
microbial community is maintained during 
gut homeostasis, the microbial organ 
concept has long remained elusive, thus 
curtailing its use as a conceptual framework.

Our poor understanding of gut 
homeostasis has shifted the focus to 
aspects that are easier to grasp, such as the 
association of disease with the presence 
or absence of individual microorganisms. 
Specifically, the concept that disease 
can result from a loss of beneficial 
commensal bacteria or an overgrowth of 
resident bacteria that have the potential 
to cause disease, termed ‘pathobionts’, is a 
commonly used guide for contemporary 
microbiota research21–24. The term ‘keystone 
species’ has been proposed for pathobionts 
that instigate inflammation even when 

mammalian gut because the diversity of 
this microbial community in adults does 
not suggest selection for any particular 
bacterial species20. There is evidence that a 
mammalian host directs the composition of 
the gut microbiota during infancy through 
milk oligosaccharides28 and to some degree 
throughout life by epithelial release of 
antimicrobials, such as defensins29,30. It is 
also well established that anaerobiosis is 
preserved in the mammalian large bowel, but 
the idea that this global ecosystem control is 
imposed by the host emerged only recently. 
We now know that mammalian hosts restrict 
oxygen availability in the lumen of the large 
bowel, thereby driving the composition 
of the microbial community towards a 
dominance of obligate anaerobes, which is 
critical for maintaining gut homeostasis31. 
Epithelial cells are maintained in a state of 
hypoxia (<1% oxygen) at the colonic surface, 
which limits the diffusion of oxygen from 
the colonic mucosa into the intestinal lumen, 
an attribute that preserves anaerobiosis in the 
large bowel32. In turn, anaerobiosis ensures 
a dominance of obligate anaerobic bacteria 
that belong to the Bacteroidetes phylum and 
Clostridia class33. This feature is conserved 
between individuals, although microbial 
communities tolerate an intimidating 
degree of species diversity20. Constraining 
oxygen availability is critical because 
under anaerobic conditions, our microbial 
organ self-assembles into a community of 
microorganisms that stably coexist34 by 
forming an anaerobic trophic network35. Each 
position in this trophic network represents 
a nutrient niche that can be occupied by 
any microorganism that discharges the 
required metabolic functions. Each occupant 
of a nutrient niche is predicted to be able 
to use a few limiting resources better than 
any other member within the microbial 
community, and the abundance of these 
limiting resources determines the abundance 
of the respective occupant, a concept known 
as the nutrient niche hypothesis36. The 
formation of this anaerobic trophic network 
generates metabolite profiles that are similar 
among individuals, regardless of the species 
composition of the microbial community.

During gut homeostasis, our microbial 
organ hydrolyses and ferments complex 
dietary carbohydrates (fibre) that escape 
degradation by host enzymes in the 
upper gastrointestinal tract into smaller 
compounds, with the short-chain fatty 
acids acetate, propionate and butyrate being 
the most abundant metabolites produced 
during gut homeostasis37 (FIG. 1). On the 
basis of their main metabolic functions, 

they are present as quantitatively minor 
components of the gut microbiota25. The 
quest to identify pathobionts by profiling 
microbial communities in health and 
disease follows in the footsteps of the 
search for pathogens during the golden 
age of microbiology (BOX 1), illustrating 
the marked influence that the germ theory 
continues to exert on microbiota research. 
However, although a focus on individual 
microorganisms is appropriate for studying 
pathogens that cause communicable diseases, 
this viewpoint is too narrow to fully capture 
the contribution of microbial community 
ecology to health and disease (BOX 2). Recent 
insights into how the host controls the gut 
ecosystem to ensure homeostasis suggest 
that it is time to revisit the usefulness of the 
microbial organ concept as a comprehensive 
guide for microbiota research.

Invertebrate models reveal a striking 
control of microbial community composition 
by the host, as species-specific antimicrobial 
peptides are believed to be the selective force 
behind the different bacterial communities 
associated with closely related species of the 
cnidarian Hydra26, whereas the light organ of 
Euprymna scolopes is associated with a single 
bacterial species, Aliivibrio fischeri27. At first 
glance, host control over the composition 
of the gut microbiota is less evident in the 

Box 1 | The germ theory of communicable diseases

Girolamo Fracastoro is credited with proposing in 1546 that microorganisms might cause human 
diseases. However, this concept did not gain acceptance because a connection could not be 
established until the invention of culture-dependent methods for isolating microorganisms, which 
was initiated by the development of pasteurization by Louis Pasteur in 1864 (REF. 99). This 
technological advance made it possible to associate microorganisms with communicable disease, 
a link first demonstrated for an illness of silkworms by Louis Pasteur in 1870 (REF. 100). The first 
human diseases for which an association with microbial pathogens was proposed were leprosy101 
and amoebic dysentery in 1875 (REF. 102), anthrax in 1877 (REF. 103), typhoid in 1880 (REF. 104) and 
pneumococcal pneumonia in 1881 (REFS 105,106). However, 1.5 decades after the invention of 
pasteurization, evidence for a microbial origin of human diseases remained correlative. Similarly, 
1.5 decades after the advent of next-generation sequencing, contemporary microbiota research 
has mostly linked the gut microbiota with human diseases rather than proving causation17. Thus, 
the innovations of culture-dependent and culture-independent methods were followed by an 
initial phase of intense research that remained largely correlative.

In 1882, Robert Koch proposed a game-changing approach ascertaining cause and effect, 
termed ‘Koch’s postulates’, to conclusively establish the microbial origin of communicable disease, 
which he first applied to tuberculosis, the leading cause of human mortality at the time107. The 
ability to prove causation spawned a flurry of seminal contributions over the following 2 decades, 
including the identification of microbial causes for cholera108,109, typhoid110, diphtheria111, 
tetanus112, bubonic plague113,114 and bacillary dysentery115, the identification of the first virulence 
factors (diphtheria toxin116 and Shiga toxin117,118) and the development of a treatment for 
diphtheria119,120 and vaccines against anthrax121, rabies122 and typhoid123. The discoveries made 
during the golden age of microbiology firmly established the germ theory, the idea that a specific 
microbial pathogen causes a discrete communicable human disease. This concept set the germ 
theory apart from competing ideas, which held that microorganisms would be transformed into 
pathogenic forms through exposure to miasma, a type of poisonous vapour. The identification of 
pathogens facilitated vaccine development and made it possible to diagnose infected individuals, 
thereby advancing public health measures to curb the spread of disease. It also identified bacterial 
pathogens as a target for treatment, which eventually led to the development of antibiotics.
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obligate anaerobic bacteria that degrade 
complex carbohydrates can be grouped into 
butyrate-producing bacteria, saccharolytic 
bacteria, sulfate-reducing bacteria and 
acetate-producing bacteria (acetogens)38. 
Saccharolytic bacteria produce hydrogen, 
which is consumed by hydrogenotrophic 
microorganisms, including sulfate-reducing 
bacteria, acetogens and methanogens39. 
Obligate anaerobic microorganisms that 
belong to these metabolic groupings 
produce a multitude of metabolites in 
addition to short-chain fatty acids, as 
has been elegantly reviewed elsewhere40. 
Importantly, the majority of microbiota-
derived short-chain fatty acids is absorbed 
by the host41 and contributes to host 
nutrition42. Evolutionarily, anaerobiosis 
could be viewed as a host-driven strategy 
to limit the ability of the microbiota to 
compete nutritionally with the host for 
compounds produced by the microbial 
fermentation of fibre. In the presence of 
oxygen, facultative anaerobic bacteria can 
catabolize fermentation products to carbon 
dioxide. By limiting oxygen availability, 
the host ensures that obligate anaerobes 
contribute to its own nutrition by producing 
metabolites through the fermentation 
of fibre while at the same time limiting 
catabolism of fermentation products to 
carbon dioxide by facultative anaerobic 
bacteria. Through this mechanism, the 
host maintains control over the microbial 
ecosystem without imposing constraints 
on the species composition of the 
microbial community.

Microbiota-derived short-chain 
fatty acids also contribute to immune 
development43–48 and gut homeostasis3,31,49,50. 
The latter process requires a continuous 
supply of microbiota-derived short-chain 
fatty acids to stimulate the intracellular 
butyrate sensor peroxisome proliferator-
activated receptor-γ (PPARγ) in colonic 
epithelial cells31 and to promote maturation 
and expansion of regulatory T cells in the 
colonic mucosa45–48,50. Regulatory T cells 
and epithelial PPARγ signalling cooperate 
to drive the metabolism of the colonic 
surface towards mitochondrial β-oxidation31, 
a process that consumes large quantities 
of oxygen, thereby rendering epithelial 
cells at the colonic surface hypoxic32. 
Hence, epithelial hypoxia ensures that 
obligate anaerobes produce short-chain 
fatty acids, which in turn induce epithelial 
hypoxia, thereby driving a virtuous cycle 
that maintains gut homeostasis and 
balances the composition of the microbial 
community31 (FIG. 1).

lumen, which gives rise to the most 
consistent and robust ecological pattern 
observed during gut dysbiosis, a shift in 
the microbial community structure from 
obligate to facultative anaerobes51,52. An 
expansion of facultative anaerobic bacteria 
of the phylum Proteobacteria has been 
described in individuals consuming a 
Western-style diet53,54, undergoing antibiotic 
therapy55 or suffering from irritable 
bowel syndrome56,57, inflammatory bowel 
disease58, metabolic syndrome59, necrotizing 
enterocolitis60 or colorectal cancer61. An 
expansion of Proteobacteria is also observed 
in animal models of chemically induced 
colitis62,63, genetically induced colitis62,64, 
colorectal cancer61, infection-induced 
colitis62,65,66 or antibiotic-mediated loss of 
colonization resistance67–69. The regularity 
with which a disruption of gut homeostasis 
produces an expansion of Proteobacteria 
suggests that this is a microbial signature 
of gut dysbiosis70. Below, we discuss 
recent data supporting the concept that 
increased availability of oxygen or other 
exogenous electron acceptors constitutes 
the main ecological driver of expansion 
of Proteobacteria.

Increased oxygen availability in the 
colon can ensue from disruption of 
the gut microbiota, which can be triggered 
by either antibiotic therapy or intestinal 
inflammation (FIG. 2). Depletion of gut 
microorganisms during antibiotic therapy 
reduces the production of microbiota-
derived metabolites, as indicated by a 

The picture emerging from these 
studies is that during gut homeostasis, 
the host controls its microbial organ in the 
large bowel through mechanisms that 
include limiting oxygen availability in this 
ecosystem. The latter provides a benefit by 
curbing the ability of facultative anaerobic 
microorganisms to compete with the host 
for nutrients and by ensuring the production 
of microbial fermentation products that 
promote nutrition, immune development 
and gut homeostasis.

Microbial organ dysfunction
Based on the above model of microbial organ 
function (FIG. 1), we propose that dysbiosis 
is a state of microbial organ dysfunction, 
a condition in which the gut-associated 
microbial community becomes a liability 
because the host no longer maintains proper 
control over the ecosystem. Microbial organ 
dysfunction can produce disease because 
metabolites are either depleted or produced 
at a harmful level21–24. As the gut microbiota 
can produce many different metabolites 
that are capable of acting both locally 
and on cells in distant tissues40, microbial 
organ dysfunction can result in metabolite 
imbalances that affect numerous organs, 
thereby possibly explaining the broad 
spectrum of non-communicable diseases 
associated with dysbiosis17.

Importantly, disruption of the virtuous 
cycle that maintains anaerobiosis in the 
colon31 (FIG. 1) impairs the ability of the host 
to limit the flow of oxygen into the gut 

Box 2 | Communicable diseases versus non-communicable diseases

Communicable diseases received their name because they are transmitted from one person or 
animal to another, either by direct contact, by exposure to bodily discharge or indirectly through 
fomites or vectors, such as arthropods. Causes of communicable diseases are infectious agents 
that fit the classic definition of a microbial pathogen, such as Mycobacterium tuberculosis, the 
causative agent of tuberculosis; Plasmodium falciparum, which causes malaria; or HIV, an infection 
that eventually progresses to AIDS. The notion that pathogens are the cause of communicable 
diseases is known as the germ theory (BOX 1). At the centre of this concept is the idea that frank 
pathogens can overcome host defences in individuals with an intact immune system. Thus, 
communicability is not due to an underlying defect in the host but is driven by virulence factors of 
the microbial pathogen. Worldwide, communicable diseases continue to be the leading causes 
of human mortality.

However, in high-income countries, the leading causes of death are non-communicable 
diseases, such as cardiovascular diseases, cancer, chronic respiratory diseases and diabetes. 
Non-communicable diseases were originally defined as medical conditions that are not caused by 
an infectious agent. Surprisingly, research over the past 14 years has linked the resident microbial 
community that inhabits our large bowel to many of those non-communicable human diseases. 
The germ theory, the leading concept on the microbial origin of human disease, does not apply to 
non-communicable diseases, because they are not due to infection with communicable infectious 
agents but rather are driven by underlying defects in host physiology that are not communicable. 
Thus, while the germ theory provides a theoretical framework for communicable diseases, there is 
a need to develop a new theoretical framework that explains how host physiology balances the 
gut-associated microbial community and how defects in host physiology disrupt this balance, 
thereby linking microorganisms to non-communicable human diseases.
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marked drop in the concentration of 
short-chain fatty acids that are crucial for the 
maintenance of gut homeostasis71. Intestinal 
inflammation induced by enteric pathogens, 
such as Salmonella serovars (phylum 
Proteobacteria), causes transepithelial 
migration of neutrophils that deplete 
Clostridia72,73, thereby lowering short-chain 
fatty acid levels in the colon74. The depletion 
of short-chain fatty acids by antibiotics 
or host neutrophils shifts the energy 
metabolism of colonic epithelial cells from 
mitochondrial β-oxidation to anaerobic 
glycolysis31,75. As the latter pathway does not 
consume oxygen76, epithelial oxygenation 
increases, which in turn increases the levels 
of oxygen emanating from the epithelial 
surface. An antibiotic-mediated increase 
in oxygen availability may explain why 
treatment of mice with streptomycin 
increases the redox potential in the caecum 
to levels that approximate an aerobic broth 
culture71. The consequent disruption 
in anaerobiosis drives an expansion of 
facultative anaerobic Proteobacteria 
regardless of their pathogenic potential31,74. 

oxygenation of the colonic surface78 because 
this cell type obtains energy through 
anaerobic glycolysis76. The consequent 
disruption in anaerobiosis drives an 
expansion of Proteobacteria in the colon 
through aerobic respiration78. Importantly, as 
discussed below, dysbiosis can lead to disease 
by mechanisms that are not linked to the 
expansion of Proteobacteria6,81,82. However, 
an expansion of this taxon is relevant because 
it indicates an increased bioavailability of 
host-derived respiratory electron acceptors, 
which points to an impaired ability of the 
host to control the gut ecosystem as an 
important driver of dysbiosis.

Although mild intestinal inflammation 
increases epithelial oxygenation31,74 (FIGS 2,3), 
severe intestinal inflammation can render 
the mucosal surface hypoxic. During severe 
intestinal inflammation, necrosis of the upper 
mucosa leads to loss of the epithelial surface 
and formation of a pseudomembrane that 
is composed of necrotic tissue, neutrophils 
and fibrin83. This pseudomembrane becomes 
hypoxic because neutrophils covering the 
surface undergo a respiratory burst that 
depletes oxygen84. Although the mucosal 
surface is hypoxic, these pathological changes 
drive an expansion of Proteobacteria, 
such as Salmonella enterica65 and Yersinia 
enterocolitica85, as the neutrophil respiratory 
burst generates electron acceptors for 
anaerobic bacterial respiration, such as 
tetrathionate, which promote growth of 
these enteric pathogens. Thus, depletion of 
short-chain fatty acids (FIG. 2), colonic crypt 
hyperplasia (FIG. 3) and pseudomembrane 
formation each drive an expansion of 
Proteobacteria by increasing the availability 
of host-derived exogenous respiratory 
electron acceptors in the lumen of the 
large bowel.

It is important to keep in mind that 
although increased availability of respiratory 
electron acceptors contributes to the 
expansion of Proteobacteria, it may not 
be the only driver. For instance, antibiotic 
treatment increases the availability 
of monosaccharides, which have an 
important role in the observed expansion 
of Proteobacteria following antibiotic 
treatment86,87. Furthermore, whereas some 
Proteobacteria are pathogens or pathobionts, 
most members of this taxon are commensal 
microorganisms, and the expansion of such 
commensals does not drive disease but 
does represent a biomarker for dysbiotic 
ecosystem disruption. In other words, 
although an increase in the abundance of 
Proteobacteria may be observed during 
dysbiosis, disease might be caused by 

As oxygen originates from the host 
epithelium, an expansion of Proteobacteria 
could be viewed as a microbial signature of 
epithelial dysfunction31.

A second mechanism that can lead 
to increased oxygen availability in the 
colon is induction of excessive epithelial 
repair mechanisms (FIG. 3). Ulcerative 
colitis is associated with an expansion 
of Proteobacteria70 that is indicative of a 
disruption in anaerobiosis51. Consistent with 
this idea, recent work from animal models 
of ulcerative colitis, including dextran 
sulfate sodium (DSS)-induced colitis and 
Citrobacter rodentium-induced colitis, 
suggests that the mechanism driving 
expansion of Proteobacteria is increased 
oxygen availability in the colon77,78. Epithelial 
damage induced during DSS treatment or 
C. rodentium infection triggers colonic crypt 
hyperplasia, an excessive epithelial repair 
response that results in crypt elongation, 
a reduction of goblet cell numbers and the 
appearance of undifferentiated epithelial 
cells at the luminal surface79,80. The presence 
of undifferentiated epithelial cells increases 
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Figure 1 | The host controls the gut ecosystem to maintain homeostasis. Hypoxia of the colonic 
epithelial cells (colonocytes) lining the mucosal surface maintains luminal anaerobiosis, which drives 
the composition of the gut microbiota towards a dominance of obligate anaerobes. Butyrate produced 
by this microbial organ is oxidized by the colonic epithelium to carbon dioxide (CO2) to preserve 
epithelial hypoxia (<1% oxygen (O2)), thereby maintaining gut homeostasis. Dividing colonocytes at 
the bottom of crypts obtain energy through anaerobic glycolysis (that is, the fermentation of glucose 
to lactate) and are thus not hypoxic. A healthy diet ensures that the microbial organ produces 
metabo lites that function in nutrition, immune development and niche protection. For simplicity, 
only examples of metabolites are shown. The O2 concentration is indicated by the red colouring of 
the schematic.
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additional metabolite imbalances that are not 
linked to electron acceptor availability or the 
presence of Proteobacteria. The exact nature 
of the metabolite imbalance that develops 
during dysbiosis depends on the factors 
that trigger the disruption of the ecosystem. 
For example, the antibiotic-mediated 
disruption of the microbiota drives an 
expansion of Proteobacteria, but antibiotic-
associated colitis is caused by an expansion 
of toxin-producing Clostridium difficile, an 
opportunistic pathogen that is an obligate 
anaerobe88. Antibiotic treatment lowers 
colonization resistance against C. difficile by 
depleting other obligate anaerobic members 
of the microbiota that are producers of  
secondary bile acids89,90, which are 
metabolites that inhibit growth of vegetative 
C. difficile cells91 (FIG. 1). Restoration 
of a balanced community of obligate 
anaerobic bacteria by faecal microbiota 
transplantation can restore microbial organ 
function and thus provides an effective 
treatment for antibiotic-associated colitis92,93. 
Indeed, inoculation of the secondary bile 
acid-producing Clostridium scindens was 
shown to restore levels of secondary bile 
acids in antibiotic-treated mice, thereby 
re-establishing colonization resistance 
against C. difficile81.

Another example is consumption of a 
Western-style diet, which is associated with 
an expansion of Proteobacteria53,54 but is 
linked to disease because dietary inputs 
alter the metabolite profile produced by 
the gut microbiota. A Western-style diet 
is associated with obesity, a condition that 
increases the risk of atherosclerosis94. A link 
between diet and cardiovascular disease is 
the consumption of l-carnitine and choline, 
both of which are abundant in red meat, 
a common component of a Western-style 
diet, and are converted by the gut microbiota 
to trimethylamine (TMA)6,95. TMA is 
absorbed by the host and oxidized by human 
hepatic flavin-containing monooxygenases 
to TMA N-oxide (TMAO), a metabolite 
that increases the risk of atherosclerosis6,82. 
Pathways to convert l-carnitine and choline 
into TMA are present in bacteria that 
belong to various phyla6,95,96. Thus, although 
antibiotic treatment and the consumption 
of a Western-style diet both disrupt gut 
homeostasis, as indicated by an expansion 
of Proteobacteria, each is linked to disease 
through a different metabolite imbalance.

The germ-organ theory
Recent findings on the mechanisms that 
maintain or disrupt gut homeostasis 
can be assembled into the following 

the microbial organ, whereas disruption 
of host control triggers microbial organ 
dysfunction, which provides a link between 
the gut microbiota and non-communicable 
diseases. The focus on host control over 
the microbial ecosystem sets the concept 
of the germ-organ theory apart from the 
germ theory, which pictures the pathogen 
in control (BOX 2).

Conclusions
Broadening the concepts guiding 
microbiota research towards an ecological 
perspective of microbial organ function 
puts the spotlight on questions that are 
currently just ‘wallflowers’ in contemporary 
microbiota research. For instance, the 
germ-organ theory suggests that non-
communicable diseases associated with 
an expansion of Proteobacteria can be 
linked to impaired host control over the 
gut ecosystem. One example of impaired 
host control is epithelial dysfunction, which 
leads to a disruption of anaerobiosis in the 
large bowel31. We do not know whether 
depleting short-chain fatty acids (FIG. 2) 
or inducing excessive epithelial repair 

theoretical framework to describe 
microbial organ physiology. During gut 
homeostasis, the host controls the microbial 
ecosystem97 by limiting luminal oxygen 
availability in the colon, an ecological 
input that is critical for maintaining 
a balanced microbial community31. This 
balanced microbial community functions 
as a microbial organ, producing metabolites 
that maintain a virtuous cycle to preserve 
epithelial hypoxia (FIG. 1). Microbial organ 
dysfunction represents an ecosystem 
disturbance, commonly involving a shift in 
the microbial community from obligate to 
facultative anaerobes, which is indicative 
of a defect in the ability of the host to limit 
the flow of oxygen and other exogenous 
electron acceptors into the gut lumen. 
This loss of host control disrupts the 
microbial ecosystem, thereby contributing 
to non-communicable diseases because 
a microbiota-derived metabolite is either 
depleted or produced at harmful levels. We 
propose the term ‘germ-organ theory’ to 
describe the concept that host control over 
the microbial ecosystem in the large bowel is 
critical for the composition and function of 
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migration of neutrophils into the intestinal lumen during severe intestinal inflammation can cause 
the disruption of the microbiota, which leads to a depletion of short-chain fatty acids, thereby shift-
ing the metabolism of mature colonic epithelial cells (colonocytes) from mitochondrial β-oxidation to 
anaerobic glycolysis (that is, the fermentation of glucose to lactate). The resulting increase in epithelial 
oxygenation disrupts anaerobiosis, which drives an expansion of facultative anaerobic Proteobacteria, 
a microbial signature of dysbiosis. Neutrophils that encounter bacteria (for example, during trans-
epithelial migration into the lumen) undergo a respiratory burst and become hypoxic (<1% oxygen 
(O2))124. The O2 concentration is indicated by the red colouring of the schematic.
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(FIG. 3) are the only mechanisms increasing 
epithelial oxygenation in the colon. More 
research is needed to unravel the causes 
of epithelial dysfunction for the various 
non-communicable diseases associated 
with expansion of Proteobacteria. The 
focus on changes in host physiology that 
impair control over the gut ecosystem 
represents a paradigm shift from the 
current focus on identifying pathobionts 
or microbial biomarkers of disease within 
the gut microbiota. Identifying causes of 
epithelial dysfunction is relevant because 
the germ-organ theory points to host 
signalling pathways as a potential target for 
intervention strategies. Such approaches 
would be aimed at rebalancing the gut 
microbiota by limiting the availability of 
exogenous electron acceptors and restoring 
epithelial hypoxia, which could be used to 
complement faecal microbiota transfer or 
to develop alternative treatment strategies.

Additionally, the germ-organ theory 
advocates for obtaining a more complete 
understanding of the composition and 
function of our microbial organ. We know 
embarrassingly little about the identity of 
limiting resources that define each nutrient 

service facilities, mechanistic follow-up 
studies aimed at understanding trophic 
networks, the influence of host physiology 
on the microbial ecosystem and the role 
that microbiota-derived metabolites 
have in health and disease will require 
expertise in both bacterial physiology and 
immunology, which can be obtained only 
by attracting scientists from these fields 
to enter microbiota research. Researchers 
in the field of bacterial pathogenesis 
seem particularly well prepared to enter 
this arena as their research exposes them 
to bacterial physiology as well as to the 
interaction of pathogens with the immune 
system, thus providing an ideal background 
for mechanistic microbiota research. 
Alternatively, collaboration between 
scientists engaged in bioinformatics, 
bacterial physiology and ecology, 
cell biology and immunology could 
accelerate decryption of the mechanistic 
basis for microbial contributions to 
non-communicable diseases. Although 
funding agencies have not provided major 
incentives for bacterial physiologists 
and immunologists to enter microbiota 
research, history suggests that this might 
be a move in the right direction as we stand 
at the threshold of a ‘second golden age 
of microbiology’.
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