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Genomics of schizophrenia: time to consider the gut
microbiome?
TG Dinan1,2, YE Borre1 and JF Cryan1,3

Research into the genomics of schizophrenia promises much, but so far is resplendent with failures to replicate, and has yielded
little of therapeutic potential. Within our bodies resides a dynamic population of gut microbes forming a symbiotic superorganism
comprising a myriad of bacteria of approximately 1014 cells, containing 100 times the number of genes of the human genome and
weighing approximately the same as the human brain. Recent preclinical investigations indicate that these microbes majorly
impact on cognitive function and fundamental behavior patterns, such as social interaction and stress management. We are
pivotally dependent on the neuroactive substances produced by such bacteria. The biological diversity of this ecosystem is
established in the initial months of life and is highly impacted upon by environmental factors. To date, this vast quantity of DNA has
been largely ignored in schizophrenia research. Perhaps it is time to reconsider this omission.
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The present classification of psychotic illness owes much to the
work of Emil Kraepelin1 and he observed the fact that psychotic
illness tended to run in certain families. Since then twin and
adoption studies have provided further support for the view that
schizophrenia is frequently a disorder with a genetic basis. It is
generally accepted that the concordance rate in monozygotic
twins is greater than that observed in dizygotic twins,2,3 and
adopted children of schizophrenic parents have the same risk of
schizophrenia as their biological rather than their adoptive
parents.4,5 In recent years the availability of high-throughput, rela-
tively inexpensive, sequencing technology has enabled a detailed
exploration of the molecular genetics of schizophrenia in large
patient populations.6,7 Risk loci have been identified from both
genome-wide association8,9 and copy number variant studies.10,11

However, the field since its inception is resplendent with claims,
counterclaims and major failures to replicate.12–14 Even more
recent findings that have been replicated account for only a frac-
tion of the heritability. In this article we explore the view that the
genomic analysis of schizophrenia to date has been far too
limited, and fails to capture the true genomic diversity of the
human body.
Within our bodies resides a dynamic population of microbes

forming a symbiotic super-organism with whom we have co-
evolved.15 Recent investigations indicate that these microbes
majorly impact on cognitive function and fundamental behavior
patterns, such as social interaction and stress management. The
collective microbiome comprises a myriad of bacteria of approxi-
mately 1014 cells, containing 100 times the number of genes of
the human genome.15,16 Despite evolution of this microbiome
for 500 million years,17,18 only recent advances in sequencing
technology have allowed us to appreciate the full complexity of
the host–microbe interrelationship. The gut microbiota is a highly
developed organ of immense metabolic complexity and has
approximately the same weight as the human brain. It is now clear
that the gut microbiota plays a key role in the life and health of

the host by protecting against pathogens, metabolizing dietary
nutrients and drugs, and influencing the absorption and distribu-
tion of dietary fat.17 However, the influence of the microbiota
extends beyond the gastrointestinal tract, playing a major role in
the development and functioning of the central nervous system
(CNS).19–21 Among the many substances produced by the gut
microbiota are key central neurotransmitters whose influence
extends beyond the enteric nervous system to the brain. To date
no effort has been made to analyse this complex genomic
structure in schizophrenia or other complex psychiatric disorders.
The composition and function of the intestinal microbiota has

been the subject of intense scrutiny, first using culture-dependent
microbiological techniques22 and, more recently, using culture-
independent 16 S rRNA gene sequence-based techniques, which
allow greater insight into the microbial composition and diversity
of this ‘virtual’ complex.23,24 Whereas advances in metagenomic
technologies have revealed the composition of the human gut
microbiota from early infancy25 through to elderly,26 far less is
known about the physiological impact this microbiota has on host
health, including that of the brain. Indeed, understanding the
influence of the gut microbiota on host health has been described
as one of the most exciting areas in the field of medicine.27

At birth the human brain is highly underdeveloped and the gut
is generally regarded as entirely sterile. However, it is worth noting
that there is an increasing body of evidence challenging
the sterile-womb paradigm28 and that transmission of certain
microbes already occurs in utero. Nonetheless, passage through
the birth canal exposes the baby to the mother’s microbiota. The
initial colonization is dictated by the mother’s microbes and the
hospital environment. This colonization plays a fundamental role
in brain development in the early postnatal weeks. The sub-
sequent microbial composition of the neonatal gut is influenced
by a number of factors, including antibiotic use, diet and various
environmental factors.29 For example, the microbiota of formula-
fed infants has been reported to be more diverse than that of
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breast-fed infants, containing higher proportions of Bacteroides,
Clostridium and Enterobacteriaceae. Furthermore, vaginally deliv-
ered infants are colonized by the fecal and vaginal bacteria of the
mother, most notably lactobacilli, whereas infants delivered by
caesarean section are colonized by other bacteria from environ-
mental sources including health-care workers, air, medical
equipment and other newborns.30

BRAIN–GUT COMMUNICATION
The concept of the brain–gut axis has emerged from the pioneer-
ing observations of some of the greats of modern physiology and
medicine, namely, Beaumont, Darwin, Pavlov and Cannon.19,31

More recently, given the growing realisation of the importance of
the microbiota in modulating health, the brain–gut axis has been
extended to the brain–gut–microbiota axis,32–34 which represents
a complex network of communication between the gut, micro-
biota and the brain, which modulate immune, gastrointestinal and
CNS functions.32,35 Several routes of communication between the
brain and gut have been explored.36 The vagus nerve provides a
bidirectional route for information flow and specific gut-based
lactobacilli species have been shown to lose their ability to
communicate with the brain if an animal has been vagotomised.37

There is also a growing appreciation that the hypothalamic–
pituitary–adrenal axis and cytokines from the immune system
both have a role.38 Tryptophan absorption from the gut into the
peripheral circulation regulates both the central serotonin and
glutamate systems.39 Short-chain fatty acids such as butyrate and
propionate are the product of microbial activity in the gut, and
permeate into the bloodstream. Butyrate is an established histone
deacetylase inhibitor. The short-chain fatty acids act in brain
regions through two discrete seven-transmembrane G-protein-
coupled receptors,40 free fatty acid receptors 2 and 3, and have
been implicated in autistic behavior.41

Microbes and neurotransmission
Which of the 4–5 million nonredundant bacterial genes that have
been sequenced from the human gut are fundamental for brain
development? At this point we do not know. It is tempting to
speculate that those microbes that produce and secrete neuro-
modulators or their precursors have an especially important role
to play in neurodevelopment. Gamma-aminobutyric acid, which
is the main inhibitory neurotransmitter in the human brain, is
produced by many lactobacilli, and for most babies born per
vaginum these are the first bacteria to which they are exposed. As
mentioned above, other essential neurotransmitters such as
serotonin (5-HT), norepinephrine and dopamine (DA) are also
produced by microbes. For example, certain Lactobacillus and
Bifidobacterium species produce gamma-aminobutyric acid;
Escherichia, Bacillus and Saccharomyces spp. produce noradrena-
line; Candida, Streptococcus, Escherichia and Enterococcus spp.
produce 5-HT; Bacillus produces DA; and Lactobacillus produces
acetylcholine.42,43 It is not clear if these bacterial genes, which are
relevant to neuroscience, are exact copies of the human version
and if the latter have evolved by horizontal gene transfer. Such
neurotransmitters have a key role in microbe to microbe commu-
nication and have important endocrine functions within the
host.44 We do not know if polymorphisms exist in microbial genes
that are relevant to host physiology and may mirror similar poly-
morphisms in the host. Whereas microbes can induce important
epigenetic alterations in humans, no epigenetic mechanisms have
been reported in microbes.
There are a variety of techniques used for studying the impact

of the gut microbiota on the brain; these techniques include
germ-free (GF) studies in mice (where animals are raised in a
bacteria-free environment), antibiotic and probiotic studies, infec-
tion studies and fecal transplantation.19,45 Matsumoto et al.46

assessed the cerebral metabolome of GF mice and found 196
metabolites of which 23 were at least 1.6-fold higher in GF than in
ex-GF mice, whereas for 15 metabolites the reverse was true.
Metabolites involved in glycolytic pathways were significantly
higher in GF than in ex-GF mice. Concentrations of DA were
twofold higher in GF than in ex-GF mice. In the cerebrum of ex-GF
mice the concentration of tryptophan, the precursor of 5-HT, was
enhanced but the study failed to find differences in 5-HT levels.
Levels of gamma-aminobutyric acid were similar in the brains of GF
and ex-GF mice but plasma concentrations differed. These data are
consistent with the view that gama-aminobutyric acid produced by
gut bacteria influences the brain via the vagus nerve and not by
directly acting within the brain. As DA remains the key neuro-
transmitter associated with schizophrenia pathophysiology and
treatment,47 it may be relevant that levels within the brain are partly
regulated by gut microbes. A pioneering study by Heijtz et al.48

showed that mice developmentally lacking any microbiota have
elevations in DA turnover in the striatum coupled with a
hyperactivity phenotype. Moreover, Sudo’s group showed that the
gut microbiota has a critical role in the production of biologically
active, free catecholamines including DA in the gut lumen of mice.49

A recent study20 demonstrated that the consequences of
growing up GF extends to a clear increase in the hippocampus in
both 5-HT and 5-hydroxyindoleacetic acid, its main metabolite,
over the normal levels of these neurochemicals. Despite the
increased 5-HT concentration observed, there was no altered
expression of the Tph2 gene, the key CNS isoform of the enzyme
responsible for the synthesis of 5-HT from tryptophan. No
alteration in gene expression level was found for either the
serotonin transporter gene or the range of serotonergic receptor
genes evaluated (5-HT1A, 5-HT6 and 5-HT2C). The alterations
observed are sex specific, occurring only in males, in contrast
with the immunological and neuroendocrine effects, which are
evident in both sexes. Concentrations of tryptophan, the precursor
of serotonin, are increased in the plasma of male GF animals,
suggesting a humoral route through which the microbiota can
influence CNS serotonergic neurotransmission. Interestingly,
colonization of the GF animals post weaning is insufficient to
reverse the CNS neurochemical consequences in adulthood of an
absent microbiota in early life despite the peripheral availability of
tryptophan being restored to baseline values. In addition, reduced
anxiety in GF animals is also normalized following restoration of
the intestinal microbiota. An earlier study by Desbonnet et al.50

reported increase in tryptophan levels in rats treated with the
probiotic Bifidobacerium infantis 35624. This probiotic has been
shown to have antidepressant action in preclinical models of
depression and may thus constitute a psychobiotic that is a
probiotic with a mental health benefit.51 Overall, accumulating
evidence points to key functions of microbial genes in neuronal
activity, supplying the developing as well as mature brain with
numerous neuroactive compounds, which have an impact on
health and disease and may lie at the heart of behavioral
disturbances. For example, in rodents, as in man, phencyclidine
induces significant behavioral changes that are ameliorated by
antipsychotics and also by the microbial produced histone
deacetylase inhibitor—butyrate. In contrast, a murine model of
autism reveals a strong association between changes in the gut
microbiota and increased levels of cecal butyrate.52

Microbiota and schizophrenia-like behavior
The maternal immune-activation mouse model is known to
display features of schizophrenia.53,54 Hsiao et al.55 showed that
maternal immune-activation offspring display an altered serum
metabolomic profile. They used oral treatment of such offspring
with the human commensal Bacteroides fragilis. Treatment
corrected gut permeability, altered microbial composition, and
ameliorated defects in communicative, stereotypic, anxiety-like
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Figure 1. The bidirectional routes of communication between the brain and the gut microbiota. These include the vagus nerve, short-chain
fatty acids, tryptophan, cortisol and cytokines. The figure also proposes a mechanism by which the gut microbiome could alter central
neurochemistry in patients with schizophrenia.
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and sensorimotor behaviors. Treating naive mice with a metabo-
lite that is increased by maternal immune activation and
normalized by B. fragilis resulted in behavioral abnormalities,
supporting the view that gut bacteria effects on the host
metabolome impact behavior. We examined social behavior in
GF mice using the three-chamber sociability test,56 one of the
most widely used assays of social behavior. In the first study, a GF
mouse was placed in the middle chamber with a second mouse in
the first chamber and a third empty chamber. A conventionally
colonized mouse tends to spend more time with a second mouse
than without, while the GF mouse did not discriminate between
chambers with or without a mouse. In a second experiment, a GF
mouse or a conventionally colonized mouse is placed in the
middle chamber with a familiar mouse in the first chamber and an
unfamiliar mouse in the third chamber. The conventionally
colonized mouse spends more time with the unfamiliar mouse
while the GF mouse shows no preference for either the familiar or
the unfamiliar mouse. The overall pattern of behavior in GF mice is
highly schizoid or autistic, with a capacity for reversal if the animal
is colonized at an early stage. The behavioral deficits seen in GF
mice are far more pronounced in males than in females, a fact
consistent with the epidemiological data on schizophrenia.
Postnatal gut microbial colonization occurs in parallel with

cognitive development. There is increasing evidence to support
the view that the evolving cognitive activity is critically dependent
on the microbiota and its metabolic outputs.18,57 Gareau et al.58

used a novel object recognition test examining for dorsal hippo-
campal function and exploration of a T-maze to study GF mice.
These animals displayed an absence of nonspatial and working
memory accompanied by decreases in hippocampal brain-derived
neurotrophic factor. The data indicate that compared with
colonized animals GF mice display significant cognitive deficits.
The authors conclude that the presence of microbes is crucial for
the development of hippocampus-dependent memory.
The protozoa Toxoplasma gondii is known to cause major

perturbation to the gut microbiota59 and is a recognized environ-
mental risk factor for schizophrenia.60 In rodents it is capable of
altering host behavior and underlying anxiety levels.61 Recent
studies in healthy elderly indicate that latent infection can lead to
deficits in goal-directed learning with alterations in dopaminergic
neural transmission (Figure 1).62

Schizophrenia, prematurity and microbiota
It is well established that premature delivery increases the risk of
developing schizophrenia.63,64 This may have major relevance in
countries where cesarian section rates are now in excess of 50%,
most notably China and Brazil, and where a majority of these
planned deliveries occur at least 2–3 weeks prior to full term.
Those who develop schizophrenia and were born prematurely
tend to show premorbid social withdrawal and an early age at
illness onset.65

Ehninger et al.66 studied the stability and function of early
microbial colonizers of the premature infant gut. Overall, the
premature infant gut has low individual but high interindividual
microbial diversity. Over a 1-week period, the early gut microbial
community transitions to a community with a higher representa-
tion of obligate anaerobes, emphasizing both taxonomic and
metabolic instability during colonization. Penders et al.67 conclude
that two of the most important determinants of the gut micro-
biotic composition in infants are the mode of delivery and
gestational age. Infants born through cesarean section had lower
numbers of Bifidobacteria and Bacteroides, whereas they were
more often colonized with C. difficile, compared with vaginally
born infants. There is now increasing evidence that Bifidobacteria
have positive benefits for the developing brain68,69 while C. difficile
is an aberrant undesirable pathogen.70 Cases of schizophrenia
and autism have been associated with C. difficile infection and

reported as mediated by a phenylalanine derivative produced by
the bacteria.71 There are no prospective studies available on the
outcome of otherwise healthy babies who have colonized this
organism.

Behavioral genetics and microbiota
Is the view that genes in the microbiota are relevant to the
etiology of schizophrenia consistent with the behavioral genetic
data? It is a fact that the microbiota architecture within members
of a family has greater similarity than with individuals outside the
family.72 This fact is consistent with the clustering of schizophrenia
within certain families. That monozygotic twins show greater
microbial commonality than do dizygotic twins has been demon-
strated73,74 and is once again consistent with the schizophrenia
twin studies. Both the monozygotic and dizygotic twins if born per
vaginum will have initial identical exposure to the mother’s
microbiota. Subsequent differences in concordance rates are
presumably due to the fact that monozygotic twins have an
identical immune system, which is not the case for dizygotic twins.
Having an identical immunology will allow for the establishment
of a similar microbiota. There are no human adoption studies
focusing on the microbiota. However, it is clear that the initial
microbiota formed has a maternal signature75,76 derived from the
biological mother and subsequent alteration will be determined
by the diet in the adoptive home and perhaps antibiotic exposure.
Let us take as a tentative lesson, the case of peptic ulcer disease,

which was previously viewed as a stress-related disorder.77

Clustering within families has been recognized78 and monozygotic
twins have a higher concordance than dizygotic twins.79 Likewise,
adoption studies in peptic ulcer disease yield a similar finding to
that of schizophrenia.80 Thanks to the pioneering work of Marshall
and Warren, which identified H. pylori as the main causative agent
in peptic ulcer disease, the disease is now readily treatable.81,82 We
could conduct genome-wide association studies for decades and
never find the cause of peptic ulcer disease. Only by studying the
microbiota was a causal agent established. This analogy is
obviously tempered by the obvious behavioral complexity of
schizophrenia relative to a disorder with a distinct pathology.

CONCLUSION
The human genome is greater than the DNA content in our cells. It
also includes the genetic material in the gut microbiota, our
‘virtual’ organ. We live in a symbiotic relationship with microbes,
and increasing evidence points to the fact that without the activity
of these microbes our social interactions and cognitive function-
ing would not have evolved to the extent it has. We are pivotally
dependent on the neuroactive substances produced by such
bacteria. The biological diversity of this ecosystem is established in
the initial months of life, is highly impacted upon by environ-
mental factors, and has a role throughout the lifespan. The
accumulating preclinical data provide support for the view that an
analysis of the gut microbiota in schizophrenia may yield valuable
information.
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