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ABSTRACT
The developmental programs that build and sustain animal forms also
encode the capacity to sense and adapt to the microbial world within
which they evolved. This is abundantly apparent in the development
of the digestive tract, which typically harbors the densest microbial
communities of the body. Here, we review studies in human, mouse,
zebrafish and Drosophila that are revealing how the microbiota
impacts the development of the gut and its communication with the
nervous system, highlighting important implications for human and
animal health.
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Introduction
The complex communities of microorganisms that colonize animals
(microbiotas) have been identified as major environmental factors
that can shape animal development. Indeed, research using a variety
of models has continued to uncover remarkable ways in which
microbiotas contribute to animal development and physiology,
within individual life cycles and over evolutionary timescales
(McFall-Ngai et al., 2013). Studies in extant representatives of
early animal lineages, such as choanoflagellates (Woznica and King,
2018), echinoderms (Carrier and Reitzel, 2020) and cnidaria (Deines
et al., 2017), indicate that host-microbe interactions have been
abundant from the earliest stages of animal evolution. For example,
even the primitive nervous system that develops in the cnidarian
Hydra has been shown to perceive microbial stimuli (Murillo-
Rincon et al., 2017) and exert control over resident microbes
(Augustin et al., 2017). This ancient theme of host-microbial
interactions has continued to shape the evolution, development and
physiology of animal lineages. Furthermore, revelations from studies
of host-microbial interactions have challenged traditional views of
biological individuality and support a view of animal development
and physiology as emergent outcomes of dynamic ecological
interactions (Gilbert et al., 2012). These interactions are most
salient in the digestive tract, which is the primary site of dietary
nutrient absorption and often harbors the densest and most diverse
microbial communities in the animal.
The purpose of this Review is to summarize our current

understanding of how the microbiota contributes to the
development of the digestive tract, with particular emphasis on
the interactions between the intestinal epithelium and the nervous

system. Although these interactions apply to all animals, the
majority of this Review focuses on studies in humans, mice and
zebrafish, with some comparison to the fruit fly, Drosophila. We
focus on these animals for two main reasons. First, these animals
together represent a relatively broad range of evolutionary distances,
thereby facilitating the identification of mechanisms and principles
that have been conserved since their respective last common
ancestors (Benton and Donoghue, 2007). Second, historic research
emphasis on these animal species has already afforded extensive
insights into the mechanisms and principles underlying their host-
microbe interactions and intestinal biology. Whereas emphasis on
humans is motivated by human health interests, emphasis on model
systems such as Drosophila, zebrafish and mice has been motivated
by the abundance of experimental tools and genomic resources
available in those systems. In particular, these model organisms
permit the controlled experimental manipulation of host genotype as
well as microbial, dietary and other environmental exposures (see
Box 1).

The choreography between microbiota and intestinal
development
The orchestrated process of animal development is paralleled by the
ways in which microbes in their surrounding environment begin to
colonize and influence their developing bodies. It is notable that
early embryonic development typically occurs in the protective
confines of a chorion and other structures that provide a physical
barrier excluding most, if not all, microbial cells from directly
contacting the developing embryo. The process of birth or hatching
then represents the first substantial contact of the animal
with microbial cells, although a major exception is seen in the
case of arthropods, which are able to engage in early endosymbiotic
relationships with microbes (reviewed by Perlmutter and
Bordenstein, 2020). Consequently, early development in healthy
animals has traditionally been considered to occur in the absence of
free-living microorganisms. This concept has been challenged in
recent years based on the reported observations of microbial cells
associated with mammalian embryos in utero (Chen and Gur, 2019)
and the discovery that metabolites and products from the maternal
microbiota in mice are able to enter the maternal-fetal circulation
and thereby influence immune system development (Gomez de
Agüero et al., 2016). The existence and prevalence of prenatal
microbiota across animal species in natural or lab-reared habitats, or
the extent to which they shape animal development, are active areas
of research. However, the ability of researchers to routinely derive
conventionally-reared animals into germ-free (GF) conditions
suggests that the environment within the chorion is usually
axenic, at least at the time of derivation. Regardless, the chorion
and associated prenatal barriers effectively limit the extent
of microbial contacts and exposures during early development,
insulating those critical stages of the life cycle against microbial and
other environmental influences (Fig. 1).
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At the time of birth or hatching, animals become exposed to new
sources of microbes in their respective environments that can
subsequently colonize their digestive tracts and influence their
biology. In all vertebrates, the embryonic origin of the intestinal
tract appears to be similar. Specifically, the endoderm gives rise to
the epithelial layer that lines the gastrointestinal (GI) lumen, while
mesenchymal cells within the lamina propria support the epithelium
and, along with the epithelium, form the mucosa. Mesenchymal
cells also form the outer strata including the submucosa, the
muscularis and the serosa (Dauça, 1990). In addition to these
structures, a plexus of branched interconnected vessels develops
in the small intestine of mammals and zebrafish coincident with
the period of microbiota assembly (Stappenbeck et al., 2002;
Willms et al., 2021 preprint), suggesting that these two events
might be connected. Indeed, colonization of GF mice with
microbiota promotes increased vessel density in the small
intestine via microbiota-induced extravascular protease-activated
receptor (PAR) signaling (Reinhardt et al., 2012). More recently,
research using gnotobiotic zebrafish has revealed that commensal
gut microbiota promote transduction of vascular endothelial
growth factor (VEGF)-dependent signals and facilitate intestinal
vascularization (Willms et al., 2021 preprint) (Fig. 1).
In mammals, the maturity of the intestine at birth is generally

dependent upon the length of the gestational period. In humans,
organogenesis of the intestine is completed by 13 weeks of
gestation (Montgomery et al., 1999) and the crypts and villi of the
small intestine become organized and functional well before birth
(Walthall et al., 2005). Postnatal maturation of the human GI tract
includes maturation and proliferation of cells within the small and
large intestinal epithelium (Walthall et al., 2005). Mice and rats have
a relatively short gestational period and thus have a relatively
immature intestine at birth (Henning, 1981). As a result, postnatal
maturation in rodents involves replacing the immature epithelium
with a mature epithelium (Carlile and Beck, 1983). The epithelial
crypts of the rodent small intestine are formed after birth (Ariely,
1975) and the proliferation of crypt cells is low until weaning. In
rats, a marked increase in cell division and migration occurs in

intestinal crypts during weaning (postnatal day 15 to 30). This
results in an increase in epithelial cell number and in the absorptive
ability of the small intestine (Henning, 1981; Buts and De Meyer,
1981). This rapid and pronounced functional maturation of the gut
happens during the suckling-weaning transition, a time when
significant changes in gut microbiota occur (Derrien et al., 2019).
As discussed in greater detail elsewhere (Torow and Hornef, 2017;
Sommer and Bäckhed, 2013; Round and Mazmanian, 2009) and
below, animals reared under germ-free conditions display
attenuation or loss of features associated with normal intestinal
and immune system development, including differentiation of the
epithelial brush border, development of the gut-associated
lymphoid tissues (GALT) and differentiation of distinct immune
cell subsets. Identifying the specific microbes and microbial signals
responsible for these aspects of intestinal maturation remains an
important challenge in the field.

In humans, early infant microbiota composition is influenced by
gestational age, birth mode, maternal microbiota, antibiotic exposure
and early-life feeding practices. With the introduction of solid foods
and discontinuation of breast milk feeding, a significant shift in gut
microbial structure occurs. This results in the establishment of an
adult-like microbiome, which is typically dominated by the bacterial
phyla Bacteroidetes and Firmicutes by three years of age (Bäckhed
et al., 2015; Dogra et al., 2015a,b; Yatsunenko et al., 2012; Sprockett
et al., 2018). Mouse gut microbiota assembly is governed by similar
processes (Pantoja-Feliciano et al., 2013; Carmody et al., 2015;
Martínez, 2018; Morais et al., 2020). In addition to these temporal
dynamics, the human and mouse gut microbiota also exhibit spatial
dynamics along the anterior-posterior axis, with the highest densities
occurring in the colon (Donaldson et al., 2016). Microbiota density
also varies along the crypt-villus axis, with anaerobic Bacteroidetes
and Firmicutes predominating in the luminal contents and crypt-
associated communities that contain aerobic Proteobacteria taxa,
similar to those found in the intestines of zebrafish and Drosophila
(Pédron et al., 2012).

In oviparous animals such as zebrafish and Drosophila, the
developing animal encounters environmental microbes immediately
after hatching from the chorion. In zebrafish, larvae hatch from their
protective chorion at a time point when the major steps of
organogenesis of the digestive tract have finished. Interestingly,
the zebrafish intestinal lumen becomes patent around the same time
as the larva hatches, which permits the immediate colonization of
the intestinal lumen with environmental microbes (Rawls et al.,
2007). Zebrafish gut microbial community composition varies
during development, dominated initially by aerobic Proteobacteria
during larval stages, with anaerobic Fusobacteria and Firmicutes
accumulating during adult stages (Rawls et al., 2004; Stephens et al.,
2016). Functional genomic comparisons of intestinal epithelial gene
expression between zebrafish and mice indicate conserved
organization along the anterior-posterior axis, which in zebrafish
consists of a small intestine, an ileum and a colon-like region (Wang
et al., 2010; Lickwar et al., 2017). Although the mouse gut
microbiota displays significant compositional differences along
these different regions (van den Bogert et al., 2011), this has not
been yet assessed in zebrafish.

The digestive tract in Drosophila has three distinct segments: the
foregut, midgut and hindgut. The foregut and hindgut originate from
ectoderm, whereas the midgut, which is where most food digestion
occurs, is derived from the endoderm. During metamorphosis, the
endodermal progenitors that are dispersed along the larvae midgut
proliferate and differentiate to form a new adult midgut epithelium
that eventually replaces the degenerated larval midgut. Unlike

Box 1. The experimental manipulation of microbiota
Most animals used in developmental biology and physiology research
are reared and maintained under laboratory conditions, in which they are
colonized with microbial communities from their local environment. The
study of host-microbe interactions requires control over microbial
exposure and this can be achieved by multiple means. For example,
broad spectrum antibiotics can be administered to reduce and modify
microbiota and test their impact on a given host phenotype. However, this
approach does not typically distinguish between the effects of reduced
antibiotic-sensitive microbiota and residual antibiotic-resistant
microbiota, or direct toxicological effects of the antibiotics on the host
(Morgun et al., 2015). Other approaches include the use of animals
reared under gnotobiotic conditions, for example those reared in the
absence of microbiota (i.e. germ-free or axenic animals) or ex-germ-free
animals colonized with defined microbial strains or communities. Germ-
free animals display numerous developmental, physiological and
immunological differences from conventionally-reared and otherwise
colonized animals, which creates caveats for certain types of
experiments (Kennedy et al., 2018). However, each of these
differences underscore the large extent to which our concepts of
‘normal’ animal biology are implicitly determined by microbial inputs
normally encountered throughout the life cycle. With all of these general
approaches, a given microbial community, strain or product can be
introduced to test its sufficiency to influence a given phenotype.
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vertebrates, transovarial and parental microbial transmission
(i.e. transmission inside the eggs) is common in Drosophila
(Perlmutter and Bordenstein, 2020). Therefore, it is likely that some
microbial colonization happens before hatching. Subsequently, gut
microbial composition and density change with developmental
stages and as flies age. Unlike mammals and zebrafish, Drosophila
raised in the lab are associated with relatively simple bacterial
communities, predominated by four core species from Firmicutes
and Proteobacteria (Ludington and Ja, 2020).

The effects of gut microbiota on intestinal epithelial
cell lineages
The intestine’s apical surface is lined with a single layer of epithelial
cells, collectively called the intestinal epithelium. The intestinal
epithelium has a remarkable capacity for adaptation and self-renewal
throughout life. Among the animal tissues that exhibit renewal
capabilities, rates of renewal are fastest in the intestinal epithelium,
made possible by intestinal stem cells (ISCs) located at the base of the
epithelial crypts. Asymmetric division of ISCs yield cells that
differentiate into secretory and absorptive cellular lineages. The latter
primarily consists of enterocytes that function to absorb dietary
nutrients. In mammals, the secretory cellular lineages include Paneth
cells that specialize in production of antimicrobial proteins, goblet
cells that specialize in regulated secretion of mucus, and

enteroendocrine cells (EECs) that specialize in regulated secretion
of hormones and neurotransmitters. In addition to these main
lineages, the mammalian intestine contains additional rare epithelial
lineages involved in immune responses, including tuft cells and
M-cells (Fig. 2A).

ISCs, enterocytes and EECs are ancient cellular programs
present in all triploblastic animals, including Echinoderms and
insects (García-Arrarás et al., 2019; Zeng and Hou, 2015).
In vertebrates, the intestinal epithelium also evolved to produce
goblet cells (Wallace et al., 2005; Ye et al., 2019). Paneth cells are
found in mammals, and Paneth-like cells are found in some fish
species such as salmon (Paulsen et al., 2001; Sveinbjornsson et al.,
1996), but not in zebrafish. Neither tuft cells nor M-cells have
been described in non-mammalian species, although recent single-
cell RNA-seq studies of the zebrafish intestine have revealed
cell clusters expressing markers of mammalian tuft cells and
M-cells, suggesting similar cell lineages may exist in zebrafish
(Willms et al., 2021 preprint; Wen et al., 2020 preprint). In
Drosophila, the midgut intestinal epithelium is derived from
endoderm and is composed of four different cell types: ISCs,
enteroblast cells (EBs), EECs and enterocytes. The EBs are
undifferentiated ISC daughters that can differentiate into EECs or
enterocytes (Capo et al., 2019). The similarities and differences
between intestinal epithelial composition and physiology in
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•�Formation of small intestinal crypts
•�Increase in ISC proliferation and differentiation 
•�Increase in villi length 
•�Increase in brush border enzyme expression 
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Fig. 1. Gut microbiota regulate intestinal development. (A,B) Microbiota colonize the intestine immediately following birth and engage in co-evolved
relationships with the host developmental program. Listed are the key steps and processes involved in pre- (A) and postnatal (B) development of the intestine.
Orange stars indicate the developmental events that are known to be regulated by gut microbiota. Created using BioRender.com. DRG, dorsal root ganglion;
eEAN, extrinsic enteric-associated neurons; ENS, enteric nervous system; ISC, intestinal stem cells.
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Drosophila, zebrafish and mice have been reviewed elsewhere
(Ferguson and Foley, 2021).
Studies using GF mice, zebrafish andDrosophila have established

that, although microbial colonization is not required for animal
survival as long as nutritional requirements are met, it does exert
diverse effects on GI tract development and physiology (Douglas,
2019; Kostic et al., 2013). Below, we describe the impacts of gut
microbiota on each major intestinal epithelial cell type (Fig. 2B). The
effects of microbiota on the emergent physiological function of the
GI tract have been reviewed elsewhere (Sommer and Bäckhed, 2013;
Zheng et al., 2020; Dabke et al., 2019).

Intestinal epithelial stem cells
The self-renewing and proliferative activity of ISCs, which maintain
intestinal homeostasis under physiological and pathological
conditions, is regulated by diverse developmental and
environmental stimuli (Hou et al., 2017). ISCs in the mouse
intestine reside at the crypt base and are interspersed by Paneth cells

(Clevers, 2013). ISC proliferation requires Wnt signals that are
produced by Paneth cells (Farin et al., 2016). Mice raised in GF
conditions exhibit reduced crypt depth, and colonizing GF mice with
commensal gut microbiota increases ISC proliferation and deepens
crypt depth in the small and large intestine (Lesher et al., 1964; Peck
et al., 2017). Supplementation of a Lactobacillus plantarum strain in
conventionally-raised wild-type mice increases ISC proliferation in
both the small and large intestine through the generation of lactate.
Lactate stimulates the G-protein coupled receptor Gpr81 (also known
as Hcar1) in Paneth and stromal cells causing them to secrete Wnt
signals that act on ISCs to increase proliferation (Lee et al., 2018).
Similarly, gnotobiotic studies in zebrafish suggest that gut microbiota
increase ISC proliferation to maintain the healthy intestinal
epithelium (Chen et al., 2010; Hooper et al., 2001; Cheesman
et al., 2011). Studies in Drosophila also show that GF flies exhibit
reduced numbers of mitotic stem cells and epithelial renewal rates
compared with conventionally-raised flies (Buchon et al., 2009a,b;
Amcheslavsky et al., 2009; Cronin et al., 2009).

Microbiota-induced signals from enterocytes and EECs also
regulate ISC proliferation. For example, intestinal infection of adult
fruit flies with Pseudomonas aeruginosa causes apoptosis of
enterocytes; signaling from the damaged enterocytes in turn
promotes dramatic ISC proliferation and oncogene expression in the
intestinal epithelium (Apidianakis et al., 2009;Bonfini et al., 2016). In
Drosophila, commensal Lactobacilli bacteria also increase ISC
proliferation by stimulating enterocytes to produce reactive oxygen
species (Wang et al., 2013; Jones et al., 2013; Buchon et al., 2009a,b).
In addition to enterocytes, EECs regulate ISC proliferation, as EEC
deletion in Drosophila significantly impairs diet-stimulated ISC
proliferation in the gut (Amcheslavsky et al., 2014). Transcriptomic
analysis of midguts from Drosophila infected with the pathogen
Pseudomonas entomophila suggests that EECs may sense and
respond to pathogenic bacteria (Dutta et al., 2015). However,
whether and how EECs integrate commensal and pathogenic
microbial signals to regulate ISC proliferation remains unknown.

Enterocytes
Enterocytes compose more than 80% of the intestinal epithelial cell
population. They carry out essential GI tract functions by expressing
digestive enzymes to facilitate nutrient digestion, absorbing and
transporting nutrients and electrolytes, secreting fluids and
antimicrobial peptides, and creating a physical barrier. Absorptive
functions of enterocytes are mediated by the formation of brush
border microvilli on their apical luminal surface. Studies suggest that
gut microbiota strongly affect the development of this enterocyte
brush border. For example, mice raised GF display reduced brush
border differentiation and have reduced villus thickness (Sommer and
Bäckhed, 2013). The intestinal brush border expresses numerous
hydrolase enzymes, including glucosidases, alkaline phosphatase and
γ-glutamyltransferase. The activities of some enzymes (i.e. sucrase,
maltase, isomaltase, alkaline phosphatase) are not detected or are low
at birth and begin or increase at weaning. Comparison of GF and
conventionalized neonatal pigs suggests that enterocytes respond to
microbial colonization by increasing their expression of the brush
border enzymes lactase phlorizin hydrolase and aminopeptidase N
(Willing and Van Kessel, 2009). Another study in gnotobiotic rats
suggests that activity of sucrase displays a circadian pattern, with GF
rats exhibiting much lower activity than conventionally-raised rats
(Olsen and Korsmo, 1982). Similarly, colonization of GF zebrafish
with normal microbiota increases intestinal proliferation and
promotes the expression of intestinal alkaline phosphatase, which
detoxifies bacterial lipopolysaccharide (LPS) (Bates et al., 2007).
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B Microbial metabolites
(e.g. SCFAs, lactate, bile
salts tryptophan derivatives)

Microbe-associated
molecular patterns
(e.g. LPS, flagellin)

ISC

Enterocyte EEC Paneth
cell
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↑ Mucus secretion
↑ Muc2 gene
 expression
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↑ 5-HT expression
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Fig. 2. The gut microbiota regulates intestinal lineages. (A) In mammals,
intestinal stem cells (ISCs) differentiate into absorptive cells (enterocytes),
enteroendocrine cells (EECs), goblet cells, Paneth cells, tuft cells and M-cells.
(B) Gut microbiota regulate the development and function of these intestinal cell
types in various ways via microbial metabolites or microbial-associated
molecular patterns. Created using BioRender.com. LPS, lipopolysaccharide;
ROS, reactive oxygen species; SCFA, short chain fatty acid.
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Nutrient absorption and metabolism by small intestinal
enterocytes are also regulated by microbiota. Studies in
gnotobiotic zebrafish have revealed that microbiota colonization
promotes intestinal absorption and extra-intestinal metabolism of
dietary lipids (Semova et al., 2012; Sheng et al., 2018). This
microbial influence is strain-specific (Semova et al., 2012) and
genetic tools have been developed for one of the bioactive
strains (Bae et al., 2016). In accord, a study has demonstrated that
GF mice exhibit impaired lipid digestion and absorption compared
with colonized controls, which likely contributes to their resistance
to diet-induced obesity (Martinez-Guryn et al., 2018). In addition,
the transplantation of small intestinal microbiota from mice fed a
high-fat diet promotes lipid absorption in GF recipient mice,
suggesting the small intestinal microbiota plays crucial roles in
host adaptability to dietary lipids (Martinez-Guryn et al., 2018).
The microbiota also induces the rhythmic expression of histone
deacetylase 3 (HDAC3) in small intestinal epithelial cells, which
drives oscillations in intestinal metabolic gene expression,
especially for genes implicated in nutrient transport and lipid
metabolism (Kuang et al., 2019). These results in zebrafish
and mice suggest that the gut microbiota is a target for regulating
dietary fat absorption. However, the microbial signals regulating
intestinal lipid absorption remain poorly understood. A recent
study using cultured intestinal epithelial cells indicates that
fermentation products from gut commensals can affect enterocyte
lipid metabolism (Araújo et al., 2020), although it remains unclear
whether and how these microbial products contribute to the ability
of the microbiota to promote dietary fat absorption in vivo (Semova
et al., 2012; Martinez-Guryn et al., 2018). Recent studies have
revealed that the ability of intestinal epithelial cells to adapt to
dietary nutrients and microbes is heavily influenced by immune
cells (Wang et al., 2017; Sullivan et al., 2021). A comprehensive
understanding of the microbiota’s influence on intestinal lipid
metabolism will therefore need to consider microbes and nutrients
in the physiochemical environment of the intestinal lumen along
with epithelial and other non-epithelial cell types.
Gut microbiota also regulate enterocyte development in the small

intestine. The major absorptive cell in the ileum of suckling-stage
mammals is specialized for the uptake and digestion of milk
macromolecules from the intestinal lumen to assist in immune
system maturation (Gonnella and Neutra, 1984; Henning, 1985;
Robberecht et al., 1971; Wilson et al., 1991; Weström et al., 2020).
These specialized enterocytes exhibit an apical endocytic complex,
are highly vacuolated and are enriched in large lysosomes (Gonnella
and Neutra, 1984). In mammals, as the intestinal epithelium
undergoes significant structural and biochemical changes during the
suckling-to-weaning transition, these lysosome-rich enterocytes
(LREs) are replaced with regular enterocytes (Muncan et al., 2011;
Park et al., 2019). LREs are conserved in zebrafish (Park et al.,
2019) and other fish (Rombout et al., 1985), persisting into
adulthood (Lickwar et al., 2017; Wallace et al., 2005). Several
studies in zebrafish have indicated that LRE function may be
enhanced by microbiota colonization (Rawls et al., 2004; Bates
et al., 2006). Whether gut microbiota affects the ileal transition from
LRE to mature enterocyte in mammals, and whether LREs regulate
the gut microbial ecology or immunology in the vertebrate gut,
remain unknown.

Paneth cells
Paneth cells are specialized small intestinal epithelial cells that reside
at the base of crypts and contribute to innate intestinal immunity
by secreting a diverse repertoire of antimicrobial proteins

(Ayabe et al., 2000). They also play a crucial role in maintaining
gut microbial homeostasis and protect the intestine from the invasion
of microbial pathogens (Bevins and Salzman, 2011). Paneth cell
granule release can be directly triggered by gut microbial products,
such as LPS and lipoteichoic acid from bacteria, but not fungal or
protozoal products (Ayabe et al., 2000). LPS and other microbial-
associated molecular patterns (MAMPs) stimulate Toll-like receptors
(TLR) in Paneth cells, which trigger downstream antimicrobial
signaling cascades through the TLR adaptor protein Myd88 (Ayabe
et al., 2000). In response, Paneth cells increase their expression
of multiple antimicrobial factors that constitute a chemical barrier,
which reduces microbial penetration of the intestinal mucosa
(Vaishnava et al., 2008; Kobayashi et al., 2005). Paneth cell
numbers are also higher in the jejunum of conventional mice
compared with GF controls (Schoenborn et al., 2019). In this context,
commensal bacteria induce Paneth cells to secrete antimicrobial
peptides that act to contain commensals within the intestinal lumen
and to protect from potentially invasive pathogens.

Goblet cells
The mucus secreted by intestinal epithelial goblet cells covers the
epithelial cell lining and functions as a lubricant that facilitates the
transit of intestinal luminal contents and serves as a protective
barrier against microbial invasion (Johansson et al., 2011). Studies
using gnotobiotic rodents have revealed that microorganisms
significantly affect mucus thickness and composition (Schroeder,
2019). Compared with conventionally raised rats, GF rats have
fewer goblet cells and a thinner mucus layer (Sharma et al., 1995). A
similar phenotype has been observed in gnotobiotic zebrafish (Troll
et al., 2018). Bacterial products such as LPS and peptidoglycan are
sufficient to establish conventional colon mucus properties in GF
mice (Petersson et al., 2011). In addition to modulating goblet cell
development and formation, gut microbiota directly stimulate goblet
cell mucus secretion to modulate mucus layer properties. A recent
study suggests that specialized goblet cells localized to the colonic
crypt entrance directly respond to MAMP molecules to secrete
Muc2 mucins (Birchenough et al., 2016). Goblet cells can also
directly engage in transport of luminal antigens to underlying
immune cells, thereby contributing to oral tolerance (Kulkarni et al.,
2020). These dynamic properties coupled with our emerging
understanding of goblet cell heterogeneity place goblet cells as key
mediators of host-microbe homeostasis (Nyström et al., 2021).

Tuft cells and M-cells
Compared with other cell lineages in the intestinal epithelium,
tuft cells and M-cells are relatively rare. Tuft cells are crucial for
the gut to orchestrate parasite-targeted immune responses. In
response to parasite infection, the tuft cell population greatly
expands and secretes cytokines to facilitate parasite clearance
(Howitt et al., 2016). It remains unclear how commensal gut
microbiota regulate tuft cell formation and function. Succinate, a
common by-product of microbiota, stimulates the succinate receptor
(SUCNR1) expressed in the tuft cells to activate a type 2 immune
response in the mouse small intestine, suggesting gut commensal
may play a role in regulating tuft cells (Nadjsombati et al., 2018).
M-cells reside in the epithelium adjacent to mucosa-associated
lymphoid tissues, such as the Peyer’s patches (PPs) of the small
intestine. M-cells actively transport luminal antigens to underlying
lymphoid follicles to initiate an immune response. Differentiation
of the M-cell lineage is directly controlled by signaling through
the NF-κB pathway; blocking receptor activator of NF-κB ligand
(RANKL) depletes M-cells, which diminishes the maturation of
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PPs (Ramakrishnan et al., 2019). Gut microbiota directly modulate
M-cell functions by providing antigens that elicit M-cell function. In
addition, the presence of gut microbiota may increase M-cell
differentiation and M-cell numbers by activating the NF-kB
pathway, as suggested by previous studies in mice (Peng et al.,
2020).

Enteroendocrine cells
EECs are hormone-secreting cells that are distributed along the
entire GI tract. In mammals, EECs composed less than 1% of the
intestinal epithelium population. However, collectively these cells
form the largest endocrine organ. Traditionally, EECs have been
classified by the hormones they secrete. However, recent single-cell
RNA-seq studies suggest that EECs exhibit tremendous
heterogeneity, with EECs located in different GI tract regions
expressing diverse hormones. For example, ghrelin is primarily
expressed by gastric EECs in mammals and is secreted during the
fasting stage to promote hunger (Gribble and Reimann, 2019,
2016). EECs in the ileum and large intestine express high levels of
peptide YY (PYY) and glucagon-like peptide 1 (GLP-1, derived
from the glucagon gene), which potently regulate intestinal motility,
satiation and insulin secretion (Gribble and Reimann, 2019).
There is considerable interest in understanding how microbiota

affect EEC biology. GF or antibiotic-treated mice increase basal
GLP-1 secretion and the expression of glucagon transcripts in the
colon relative to colonized controls, which can be suppressed by
administration of short chain fatty acids (SCFAs) or colonization of
polysaccharide-fermenting bacteria (Wichmann et al., 2013). GF
mice also exhibit reduced total EEC numbers in the ileum but
increased EEC numbers in the colon (Duca et al., 2012). In addition
to GLP-1, GFmice display elevated expression of the EEC hormone
insulin-like peptide 5 (INSL5) in the colon (Lee et al., 2016). INSL5
is known to promote hepatic glucose production (Burnicka-Turek
et al., 2012), therefore increased EEC INSL5 expression may
contribute to the ‘fasting’-like metabolic phenotype of GF mice
(Lee et al., 2016). In addition to secreting hormones associated with
metabolism, there is a specific EEC cell lineage that secretes the
neurotransmitter serotonin (5-HT). These 5-HT-secreting EECs are
termed enterochromaffin cells (ECs). ECs have important roles in
regulating intestinal motility and communicating irritant signals
from the intestinal lumen to the enteric and central nervous systems
(Bellono et al., 2017). GF mice have lower 5-HT levels (Wikoff
et al., 2009) and display lower EC density in the colon, but not in the
small intestine, compared with conventional mice (Yano et al.,
2015). In addition, the colonization of GF mice with spore-forming
bacteria promotes the formation of colonic ECs (Yano et al., 2015).
In addition to regulating colonic EECs, gut microbiota regulate

ileal EEC gene expression and function. A transcriptomic analysis
of GLP-1-secreting EEC cells (L-cells) from GF and conventional
mice revealed that gut microbiota exert rapid and profound effects
on ileal L-cells but not colonic L-cells (Arora et al., 2018). Previous
studies have suggested that activation of G-protein-coupled bile acid
receptor 1 (GPBAR1; also known as TGR5 orM-BAR) increases L-
cell differentiation in the mouse ileum (Lund et al., 2020). It is well
appreciated that the gut microbiota are a major regulator of bile salt
signaling, raising the possibility that the development and function
of the L-cell lineage are modulated by interactions among gut
microbiota and bile salts.
Together, these studies indicate that gut microbiota exert specific

influences on multiple EEC lineages dependent on their position in
the intestinal region. It is well known that gastric and small intestinal
EECs secrete many hormones that are important for nutrient

processing and energy homeostasis (Gribble and Reimann, 2019).
Whether and how gut microbiota regulate the development and
function of gastric and small intestinal EECs is less clear. A recent
study using zebrafish demonstrated that a high-fat diet acutely and
temporarily impairs proximal intestinal EEC nutrient sensing
ability, a phenotype called ‘EEC silencing’. Interestingly, the
high-fat diet-induced EEC silencing was found to be strongly
dependent on gut microbiota (Ye et al., 2019). Whether such diet-
and gut microbiota-regulated EEC functional changes are conserved
in the intestines of mammals or other animals remains unknown.
Moreover, the mechanisms underlying gut microbiota-regulated
EEC development remain unclear. A previous study using
gnotobiotic zebrafish suggests that gut microbiota may inhibit
Notch signaling and promote the differentiation of secretory cell
lineages, including EECs and goblet cells (Troll et al., 2018).
Interestingly, GF Drosophila intestines display an increased EEC
cell ratio over total cells (Broderick et al., 2014). Nonetheless, how
exactly gut microbiota regulate EEC lineage development and
differentiation remains a crucial gap of knowledge in the field.

The effects of gut microbiota on the enteric nervous system
and intestinal motility
The GI tract is wired by a complex enteric nervous system (ENS; see
Glossary, Box 2). During embryonic development, neural crest cells
that are derived from the hindbrain and sacral region migrate to the
endoderm and give rise to ENS neurons and glia throughout the GI
tract. TheGI tract is also innervated bysensory andmotor neurons (see
Glossary, Box 2) from the sympathetic and parasympathetic nervous
system, both ofwhich belong to the autonomic nervous system (ANS;
seeGlossary,Box 2).Unlike those from theENS, the neuronbodies of
ANS neurons are not in the gut wall but reside in the brain stem or
spinal cord. The function and homeostasis of the GI tract are
orchestrated by the cooperative interaction of the ENS and the ANS.

The ENS in different animal models
The ENS is a network of neurons and glia within the wall of the
GI tract. In mammals, the ENS is organized into two layers
of interconnected ganglia, the outer myenteric and the inner
submucosal plexus, which control almost all aspects of GI
physiology (Spencer and Hu, 2020). Enteric neurons are classified
into distinct subtypes according to morphological characteristics,
intrinsic electrophysiological properties or the combinatorial
expression of neurotransmitters and neuropeptides (see Box 3)
(Furness, 2000; Brookes, 2001; Qu et al., 2008). Both enteric
neurons and glia are derived from neuroectodermal progenitors,
which delaminate from the neural crest and colonize the gut during
embryogenesis. Most of the adult ENS forms during
embryogenesis; however, newly born enteric neurons and glia
continue to be integrated into pre-existing functional neural circuits
for several weeks after birth (Pham et al., 1991; Laranjeira et al.,
2011; Hao and Young, 2009; Young et al., 2003). Postnatal
neurogenesis and gliogenesis coincide with and contribute to
maturation of the digestive tract intrinsic neural circuits and the
acquisition of spontaneous and induced motility patterns (Roberts
et al., 2007; Kabouridis and Pachnis, 2015).

Other vertebrates, including zebrafish, also exhibit a conserved
ENS. Because zebrafish lack the submucosa layer found in the guts
of amniotes, the zebrafish ENS lacks submucosal ganglia, and
myenteric neurons are typically arranged as single neurons or
neuronal pairs (Shepherd and Eisen, 2011). The genetic programs
and growth factors that control the differentiation, migration and
intestinal colonization of neural crest cells that form intrinsic enteric
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neurons in zebrafish are similar to those seen in mammals (Ganz,
2018). The zebrafish ENS network is developed and functional by
the larval stage (Ganz, 2018). However, in contrast to mammalian
systems, enteric glia in zebrafish apparently do not develop until
adulthood (McCallum et al., 2020). It remains unclear whether other
intestinal lineages fulfill the function of enteric glia in zebrafish
larvae. Moreover, although neuronal control of intestine function
can be observed in almost all animal phyla, ENS neurons with
bodies in the gut wall are not found outside of the vertebrates. For
example, in Drosophila, intestinal function appears to be regulated
by neurons within the central nervous system (CNS) and by
peripheral ganglia (collectively termed ‘extrinsic enteric-associated
neurons’; see discussion below).

Gut microbiota regulate the development of the ENS
Accumulating evidence suggests that gut microbiota may play
essential roles in regulating ENS development and neurotransmitter

coding. Gut microbiota colonization in 12-week-old GF mice
promotes proliferation of nestin+ enteric neuronal precursors and
induces neuronal 5-HT production in adult mouse intestines (De
Vadder et al., 2018). GF mice display altered spontaneous circular
muscle contractions and decreased nerve density in the jejunum and
ileum compared to colonized controls (Collins et al., 2014). The
microbiota’s impact on enteric circuitry is also highlighted by the
ability of probiotic microbes to affect neurotransmitter coding in
enteric neurons (Kamm et al., 2004; Joshua, 1991). Translatome
profiling of the duodenum-, ileum- and colon-associated ENS from
GF and conventionally-raised mice suggests that gut microbiota
regulate the ENS in a regionally-specific manner (Muller et al.,
2020a,b).

Besides regulating enteric neurons, gut microbiota may also
play a role in regulating the development and function of enteric
glial cells. Enteric glia provide nourishment and mechanical support
for neurons and they contribute to the regulation of synaptic
transmission and communication between the nervous and immune
systems (Grubišic ́ and Gulbransen, 2017). Studies in gnotobiotic
mice show that gut microbiota promote enteric glia migration from
the intestinal submucosa to the mucosa, thereby increasing the
abundance of enteric glia in the mucosal layer (Kabouridis et al.,
2015). Further evidence is provided by the finding that piglets
treated with the probiotic Pediococcus acidilactici display higher
enteric glial cell numbers in the inner and outer submucosal
plexuses (Di Giancamillo et al., 2010).

In addition to regulating enteric neuron development, gut
microbiota may directly regulate enteric neuron activity. Gut
microbiota are required for normal gut intrinsic primary afferent
neuronal excitability (McVey Neufeld et al., 2013). GF mice show
reduced intrinsic sensory neuron excitability, which can be
corrected following conventionalization with normal microbiota
(McVey Neufeld et al., 2013). A recent study using transcriptomic
analysis suggests that gut microbiota upregulate the transcription
factor aryl hydrocarbon receptor (AhR) in enteric neurons in the
distal GI tract, enabling them to respond to the luminal environment,
including microbially-derived tryptophan metabolites (Obata et al.,
2020).

Gut microbiota regulate intestinal motility
The ENS regulates many intestinal functions and plays a central role
in controlling intestinal motility. Human patients harboring genetic
mutations that result in loss of enteric neurons develop life-
threatening constipation (Amiel et al., 2008; Lake and Heuckeroth,
2013). Studies in gnotobiotic mice suggest that gut microbiota may
play an essential role in regulating intestinal motility. GF mice
exhibit significantly slower intestinal transit (Wichmann et al.,
2013; Kleene et al., 1985), and GF or antibiotic-treated mice display
abnormal colonic migrating motor complexes (MMC) (Vincent
et al., 2018). Interestingly, in contrast with mice, GF zebrafish
larvae display increased intestinal motility and transit time
compared with conventionalized controls (Bates et al., 2006).
Gut microbiota likely regulate intestinal motility in a microbial
species-dependent manner. For example, monoassociation of GF
mice with anaerobic bacteria, including Clostridium tabificum,
Lactobacillus acidophilus and Bifidobacterium bifidum, stimulates
small intestinal transit time. By contrast, aerobic strains such as
Micrococcus luteus and Escherichia coli suppress or have no
significant effects on small intestinal transit time (Husebye et al.,
2001). Gut microbiota may regulate intestinal motility by modifying
ENS neuropeptide expression and secretion. For example,
colonizing GF mice with conventional gut microbiota reduces

Box 2. Glossary of terms associated with the ENS
and eEANs
Autonomic nervous system (ANS): The division of the peripheral
nervous system that innervates visceral organs and is responsible for
regulating involuntary body functions such as heartbeat and food
digestion. It is divided into the parasympathetic nervous system and
the sympathetic nervous system, which exhibit counteractive functions.
The sympathetic nervous system governs the ‘fight or flight’ response,
whereas the parasympathetic nervous system governs the ‘digest and
rest’ response. Both systems innervate the digestive tract. The
parasympathetic nervous system promotes digestion and intestinal
motility, whereas the sympathetic nervous system predominantly exerts
inhibitory effects on intestinal motility and mucosal secretion.
Enteric nervous system (ENS): The intrinsic nervous system in the
gastrointestinal (GI) tract that governs that GI tract function. It is
completely separate from the central nervous system (CNS) and can
function independently of brain or spinal cord input.
Extrinsic enteric-associated neurons (eEANs): Neurons that have
neurites innervating the digestive tract, but their neuronal bodies do not
reside within the gut wall. In vertebrates, eEANs are composed of vagal
sensory neurons, parasympathetic neurons, spinal sensory neurons and
sympathetic neurons. In Drosophila, eEANs are primarily neurons in the
ventral ganglion and the proventricular ganglion.
Motor/efferent neurons: Neurons that carry neural impulses away from
the CNS to the target tissue to control its function.
Sensory/afferent neurons: Neurons that carry nerve impulses from
sensory stimuli to the CNS.
Spinal sensory neurons: Neurons that carry peripheral sensory
information to the spinal cord. Their neuron bodies reside in the dorsal
root ganglia (DRG).
Sympathetic neurons:The sympathetic nerves run parallel to the spinal
cord. The preganglion neurons are located within the spinal cord. Their
axons project to the sympathetic neurons in the prevertebral ganglion,
axons fromwhich then innervate the target organs. Similar to vagal motor
neurons, these neurons may directly regulate intestinal function or form
synapses with the ENS to indirectly regulate intestinal function.
Vagal motor neurons: Neurons in the vagus system that carry neural
impulses from the brain to peripheral target organs. Their neuronal
bodies reside in the dorsal motor nucleus of the vagus in the hindbrain.
They are the main components of the parasympathetic nervous system
and may directly innervate the intestinal epithelium, blood vessels or
intestinal smooth muscle. They also synapse with the ENS to indirectly
regulate intestinal function.
Vagal sensory neurons: Neurons in the vagus system that carry
peripheral sensory information to the brain. Their neuronal bodies reside
in the nodose ganglia that are at the base of the skull and behind the
carotid canal.
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neuropeptide Y, which may result in reduced inhibitor control and
therefore promote intestinal motility (Husebye et al., 2001).
The mechanisms by which microbiota impact ENS function and

intestinal motility are less clear. Past research has focused on
microbial fermentation products, especially the SCFAs produced by
colonic bacteria from polysaccharide catabolism. The effects of
SCFAs differ based on chain length. In vitro and in vivo rat studies
have shown that butyrate, but not propionate or acetate, increases the
proportion of ascending excitatory cholinergic neurons and increases
colonic contractile activity (Soret et al., 2010). In a study performed
on guinea pigs, butyrate was shown to increase propulsive motility in
the proximal colon and increase the velocity of pellet propulsion
through the distal colon. In contrast, both propionate and acetate
decrease colonic propagations (Hurst et al., 2014). In addition to
SCFAs, gasses including methane (CH4) and hydrogen sulfide (H2S)
produced during anaerobic bacterial metabolism slow intestinal
transit and inhibit spontaneous and agonist-induced intestinal
rhythmic contractile activity, suggesting gaseous products of
bacterial metabolism can play important roles in regulating
intestinal motility (Pimentel et al., 2006; Medani et al., 2011). In
addition to bacterial metabolites, the bacterium Vibrio cholerae was
shown to accelerate intestinal transit time in zebrafish hosts through
its type VI secretion system, suggesting the presence of specific
microbial secreted effectors that regulate intestinal motility (Logan
et al., 2018). Characterizing the microbial and host mechanisms
underlying the microbial regulation of ENS development and
intestinal function remains a major goal in the field.

The effects of gut microbiota on extrinsic
enteric-associated neurons
Extrinsic enteric-associated neurons (eEANs; see Glossary, Box 2) –
comprising sensory afferents and autonomic efferents – are equipped
to sense multiple areas of the intestine simultaneously, to transmit
information to other tissues, and to complement the intrinsic ENS in
the control of gut function (Muller et al., 2020a,b) (Fig. 3). In
vertebrates, extrinsic enteric-associated sensory neurons are clustered
in ganglia outside of the brain or spinal cord. In contrast, the bodies of
efferent neurons are located within the brainstem or spinal cord
(Uesaka et al., 2016). The efferent branch of eEANs is also defined as
the ANS. Based on physiological effects, the ANS can be divided
into the sympathetic and parasympathetic nervous systems. The ANS
is essential for maintaining physiological functions involving the
cardiovascular, respiratory and GI systems, and it is intricately

connected to higher brain systems involved in emotion and behavior
(Mulkey and Plessis, 2018).

Development of the vagal sensory and efferent systems in mammals
Vagal sensory and motor fibers (see Glossary, Box 2) are
distributed throughout the GI tract, although colon vagal
innervation is relatively sparse (Berthoud et al., 1991). The vagus
nerve innervates the bowel from proximal to distal during
embryogenesis (Ratcliffe et al., 2011). In mice, vagal nerve fibers
first enter the esophagus at embryonic day (E)10 (Natarajan et al.,
2002), the stomach at E11 (Baetge and Gershon, 1989), the
duodenum at E14 (Murphy and Fox, 2007) and the distal small
intestine by E16 (Ratcliffe et al., 2011). In rats, vagal sensory axons
project to the gut before vagal motor axons arising from the nucleus
ambiguous and the dorsal motor nucleus of the vagus (Rinaman and
Levitt, 1993). These observations raise the possibility that vagal
sensory neurons might provide signaling cues for efferent neurons
to navigate the gut.

During embryonic and postnatal development, the synaptic
connection between vagal sensory neurons and their target organs is
established. A study in chicks suggests that more than half the
precursor cells in vagal sensory ganglia (nodose ganglia) are lost
during embryonic development, and the cell diameter of the
surviving neurons increases (Harrison et al., 1994). The number of
nodose ganglion neurons increases after hatching, and nodose
ganglion neurons continue to develop, reaching their adult size by
2 weeks after hatching (Harrison et al., 1994). However, in the
rat, from birth to 14 days postnatal development, the number of
neurons in the nodose ganglion continues to decline while cell size
continues to grow (Bakal and Wright, 1993). Distinct from brain
neurons, vagal sensory neurons exhibit remarkable plasticity and
regenerative capacity into adulthood. In adult rats, massive scale
neurogenesis occurs in nodose ganglia following capsaicin-induced
neuronal destruction (Gallaher et al., 2011; Czaja et al., 2008).

The mechanisms underlying vagal sensory neuron innervation,
development and regeneration remain incompletely understood.
In vitro culture studies suggest that the growth factor netrin 1 may
play a role in attracting vagal sensory nerves into the GI tract. In
culture, the neurites of nodose ganglion cells are attracted to foregut
explants, but this can be blocked by netrin 1 antibodies (Ratcliffe
et al., 2006). Other factors that are expressed in the developing gut
and promote vagal innervation include brain-derived neurotrophic
factor (BDNF) and neurotrophin 3 (Ernfors et al., 1994; Erickson
et al., 1996). Besides attractive cues, vagal innervation is likely
guided by repellent cues such as Slit. Indeed, neurites extending
from nodose neurons are repelled by Slit2 in vitro, suggesting that
Slit signaling may play a role in determining which cell types in the
gut wall are innervated by vagal fibers (Goldberg et al., 2013).

The development of dorsal root ganglion sensory neurons and
sympathetic efferent neurons in mammals
In developingmice, neural crest cells are located dorsally to the neural
tube andmigrate ventrally to the dorsal root ganglion (DRG) between
E8.5 and E10 (Nascimento et al., 2018; Kasemeier-Kulesa et al.,
2005). The peripheral projections of DRG sensory neurons can be
detected at E12.5 (Taniguchi et al., 1997). In mammals, axons from
DRG sensory neurons innervate both the proximal and distal intestine
but are more prominent in the colon (Riera and Dillin, 2016).
However, the exact timing of DRG neuron innervation of the GI
tract is unclear. Sympathetic neurons (see Glossary, Box 2) that
innervate the digestive tract arise from abdominal prevertebral ganglia
comprising the coeliac, superior mesenteric and inferior mesenteric

Box 3. Functional and chemical coding within the ENS
The ENS is chemically coded using more than 30 different neuron
transmitters, which are usually co-localized with their function. Sensory
neurons usually express choline acetyltransferase (Chat; the enzyme
that synthesizes acetylcholine), calbindin (Calb), calcitonin gene-related
peptide (Cgrp) and substance P (SP). Interneurons may express 5-HT,
dynorphin (Dyn) and somatostatin (Sst). The excitatory muscle motor
neurons that innervate and activate the longitudinal and circular muscles
and the muscularis mucosae throughout the GI tract usually express
Chat and SP. On the other hand, the inhibitor muscle motor neurons
usually express inhibitory neurotransmitters such as Dyn, enkephalins
and nitric oxide synthetase (NOS). In addition to the muscle motor
neurons, the ENS contains secretory motor neurons that regulate the
mucosal epithelium secretion and blood flow. These neurons control
epithelial secretion through acetylcholine release, and vasoactive
intestinal polypeptide (VIP) appears to be essential for them to control
blood flow.
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ganglia. Axons from sympathetic neurons grow towards their targets
along arteries (Glebova and Ginty, 2005). In mice, sympathetic axons
enter the gut wall around E15 (Hatch and Mukouyama, 2015). Many
factors subsequently promote sympathetic axon innervation of the
intestine. For example, the developing arteries express artemin
(ARTN), endothelin (ET) and neurotrophin 3, which promote axon
extension along arteries (Honma et al., 2002; Kuruvilla et al., 2004;
Makita et al., 2008).

The development of eEANs in other model systems
The development of eEANs in other vertebrates has not been
extensively studied. Like mammals, zebrafish larvae display the
conserved structure of vagal sensory ganglia and a vagal motor

nucleus in the brainstem (Olsson et al., 2008; Isabella et al., 2020;
Barsh et al., 2017). The vagus nerve in zebrafish innervates the heart
and, similar to mammals, the zebrafish vagal reflex is crucial in
controlling heart rate and vasodilation (Stoyek et al., 2016). The
vagus nerve also innervates pancreatic islets in zebrafish larvae,
with sympathetic neuronal innervation of the pancreas being evident
by juvenile stages (Yang et al., 2018). In addition, a recent study
demonstrated that the vagus nerve in zebrafish larvae innervates the
digestive tract and responds to enteric chemical and microbial
stimuli (Olsson et al., 2008; Ye et al., 2021). These studies suggest
that the afferent and efferent pathways in the parasympathetic
nervous system are likely present and functional at the zebrafish
larval stage. DRG neuronal differentiation in zebrafish begins
in early larval stages but is not fully matured until the juvenile
stage (An et al., 2002; McGraw et al., 2008). The formation and
differentiation of the sympathetic ganglion is not initiated until the
early juvenile stage (An et al., 2002). It remains unknown when
during development the zebrafish sympathetic neuronal circuitry
starts to be functional.

Unlike vertebrates, insects including Drosophila do not contain
intrinsic enteric neurons with cell bodies in the intestinal wall. The
neuronal bodies that elaborate axons to innervate the Drosophila
intestine reside in the peripheral ganglia and brain (Lemaitre and
Miguel-Aliaga, 2013; Schoofs et al., 2014; Cognigni et al., 2011).
The neurites that extend from these neurons exhibit extensive
sensory and efferent innervation of both intestinal muscles and
epithelial cells, which are confined to discrete portions of the
digestive tract (Cognigni et al., 2011). The eEANs inDrosophila are
collectively referred to as the stomatogastric nervous system (SNS).
In Drosophila, the neurites that innervate the proventriculus
(a valve-like organ that gates the passage of food from the
esophagus to the midgut), the anterior and posterior midgut, and the
hindgut are derived from the ventral ganglion and the proventricular
ganglion (Kuraishi et al., 2015). The neurons from these ganglia are
derived from a small neurectodermal placode located in the foregut,
that is, separate from the main neurectodermal domain of the
segmented head and trunk that gives rise to the CNS (Hartenstein,
1997). The formation of the Drosophila SNS presents many
parallels to the development of the vertebrate peripheral nervous
system (PNS) (Hartenstein, 1997). Moreover, the neurons that
innervate theDrosophila intestine appear to play a conserved role in
relation to mammalian autonomic and intrinsic enteric neurons, in
that they regulate appetite, intestinal secretion and intestinal transit
(Cognigni et al., 2011).

Gut microbiota regulate eEAN function and development
The impact of gut microbiota on the development and function
of eEANs is not well understood. A recent study that combined
gnotobiotic mouse models with transcriptomics, circuit-tracing
methods and functional manipulations demonstrated that the
gut microbiota is crucial in modulating gut-extrinsic sympathetic
neurons. Specifically, the absence of microbiota in GF mice
led to increased expression of the neuronal transcription factor Fos.
Colonization of GF mice with bacteria that produce SCFAs
suppresses Fos expression in the gut sympathetic ganglia. This
study further demonstrated that gut microbiota modulate sympathetic
neuronal activity through a subset of distal intestine-projecting vagal
sensory neurons. These results suggest that specific circuits exist to
detect gut microbes and relay this information to areas of the CNS
that, in turn, regulate gut physiology (Muller et al., 2020a,b).

Many other studies support the role of sensory eEANs in
transducing enteric microbial information to the CNS. Cecal
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Fig. 3. The gutmicrobiota regulates extrinsic enteric-associated neurons.
(A) Vagal and spinal sensory and motor neurons innervate the mammalian
digestive tract. Vagal and spinal sensory neuronal cell bodies reside in the
ganglia adjacent to the brainstem or spine. A representative pseudounipolar
vagal sensory neuron is shown above the nodose vagal ganglion. (B) Gut
microbial signals may translocate across the intestinal epithelium and act on
receptors on the nerve ends of extrinsic enteric-associated neurons (eEANs)
to regulate eEAN function. Gut microbial stimulants also act on intestinal
epithelial cells such as enteroendocrine cells (light and dark purple cells),
which in turn may indirectly affect the development and function of eEANs.
Created using BioRender.com. The nodose vagal ganglion drawing is based
on Waise et al., 2018. DMV, dorsal motor nucleus of the vagus; DRG, dorsal
root ganglion; MAMPs, microbe-associated molecular patterns; NTS, nucleus
tractus solitarius.
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infection with the bacterial pathogen Campylobacter jejuni in mice
leads to neuronal activation in the nucleus tractus solitarius, the first
entrance of vagal afferents into the brain (Gaykema et al., 2004).
Surgical disconnection of the vagal sensory nerve from the brain via
vagotomy prevents the anxiety-reducing effect of beneficial
Bifidobacterium longum in mice (Bercik et al., 2011). Similarly,
the beneficial effects of Lactobacillus reuteri in a mouse autism
model can be blocked following vagotomy (Sgritta et al., 2019). A
recent study using zebrafish also suggests that specific enteric
bacteria stimulate EECs to activate vagal sensory neurons through
the production of tryptophan catabolites (Ye et al., 2021). Gut
microbiota are also likely to modulate CNS function through spinal
sensory nerve function. The branched-chain fatty acid isovalerate
produced by gut bacteria directly activates EECs to stimulate the
pelvic spinal sensory neurons (see Glossary, Box 2; Bellono et al.,
2017). These studies highlight the crucial roles of eEANs in sensing
and responding to diverse microbial stimuli.
Whether and how gut microbiota regulate development of the

afferent and efferent autonomic nervous system remains almost
entirely unknown, representing a major gap in our knowledge. In
mammals, the differentiation, migration and innervation of vagal
and sympathetic neurons occur during embryonic stages. However,
neurogenesis, apoptosis and synaptic connections with target
tissues and cells continue throughout postnatal development. As
the gut microbiota typically colonizes the intestine during the
postnatal stage, the development and function of the ANS might be
altered. Gut microbiota also likely play crucial roles in controlling
eEAN neurogenesis, apoptosis and synaptic connections with target
intestinal cells. Gut microbiota can directly regulate eEANs through
circulating metabolites (Yang and Chiu, 2017), and eEANs
also receive signals from the intestinal epithelium, intestinal
blood vessels and ENS (Critchley and Harrison, 2013). Therefore,
it is possible that gut microbiota indirectly modulate eEAN
development and function by initially acting on other intestinal
cell types. In particular, several recent studies suggest that EECs
form direct synaptic connections with eEANs to regulate eEAN
activity (Kaelberer et al., 2018). Whether EECs regulate the
development and innervation of eEANs is unknown. It also remains
unclear when and how the synaptic connections between EECs and
eEANs are formed and whether gut microbiota modulate EEC-EAN
communication.
Specific metabolites produced by gut microbiota have been

shown to directly or indirectly interact with eEANs (Fig. 3). For
example, vagal sensory neurons express SCFA receptors (GPR41/
43; also known as FFAR3/2) (Nøhr et al., 2015) and intraperitoneal
SCFA injection activates vagal sensory neurons and inhibits food
intake (Goswami et al., 2018). SCFAs are also shown to stimulate
enteroendocrine cells in the intestinal epithelium, which in turn
directly activate vagal sensory neurons through hormone or peptide
secretion (Dalile et al., 2019) (Fig. 3). In addition to SCFAs, a
recent study demonstrates that the microbial branched-chain
fatty acid isovalerate can activate the olfactory receptor Olfr558 in
ECs (Bellono et al., 2017). Serotonin released from ECs can then
stimulate the mechanosensitive pelvic nerve (Bellono et al., 2017).
In addition to SCFAs and branched-chain fatty acids, which are
derived from bacterial carbohydrate metabolism, recent studies
demonstrate that many other microbial amino acid metabolites
might be crucial in mediating gut-eEAN communication (Liu et al.,
2020). For example, gut microbiota can metabolize the essential
aromatic amino acids phenylalanine, tyrosine and tryptophan into
many bioactivate metabolites that can enter the circulation and
interact with the PNS (Dodd et al., 2017). In addition, a recent study

showed that the gut bacterial tryptophan metabolites indole and
indole-3-aldehyde can stimulate the Trpa1 receptor in EECs to
activate vagal sensory neurons as well as the ENS (Ye et al., 2021).
Despite a wealth of data pointing to an association between gut
microbial metabolites and CNS/PNS development and function, our
understanding of the microbial sensory mechanisms used by animal
hosts to recognize diverse microbial metabolites remains limited
(Liu et al., 2020). Future studies using bioinformatics, synthetic
biology and chemical screening to identify new receptors targeted
by specific gut microbial metabolites should provide valuable
insights that could further our understanding of how the gut
microbiota interacts with the intestinal epithelium and how it
communicates with and regulates eEAN development and function.

Conclusions and perspectives
The impact of gut microbiota on intestinal development directly
affects many aspects of digestive tract physiology, including food
digestion, nutrient absorption, intestinal motility, energy balance
and immune function. In addition, gut microbiota significantly
impact the development of the intestinal endocrine and neuronal
systems, which directly impact how the intestine communicates
chemical and physical stimuli from the gut to the rest of the body.
With these abundant roles for gut microbiota under homeostatic
conditions, it is perhaps not surprising that gut microbiota have also
been implicated in diverse diseases and disorders. For example,
causal roles for gut microbiota in the development of obesity and
type 2 diabetes have been strongly supported by work in animal
models as well as by human studies (Fan and Pedersen, 2021;
Musso et al., 2010). Gut microbiota may directly impact metabolism
by regulating intestinal cell development and nutrient absorption. In
addition, gut microbiota may affect energy homeostasis by
modulating eating behaviors and food choice. Gut EEC hormones
and vagal signaling also play a crucial role in regulating appetite,
satiation and feeding behavior. As such, abnormal gut hormonal and
neuronal system development resulting from gut microbiome
dysbiosis may directly contribute to the development of multiple
metabolic and eating disorders (Tehrani et al., 2012; Fetissov and
Hökfelt, 2019; Kim and de La Serre, 2018). Microbiota have
also been implicated in other GI disorders including inflammatory
bowel diseases (IBD) (Sartor and Wu, 2017) and colorectal cancer
(Avril and DePaolo, 2021), as well as in bariatric surgery outcomes
(Gutiérrez-Repiso et al., 2021) and the metabolism of diverse
xenobiotics (Spanogiannopoulos et al., 2016).

Functional gastrointestinal disorders (FGIDs) are a group of
prevalent GI diseases characterized by chronic or recurrent digestive
symptoms, including abdominal pain or GI tract motility dysfunction
(Drossman, 2006). Most FGID patients do not display identifiable
structural or biochemical abnormalities in the GI tract (Drossman,
2006). Increasing evidence suggests that FGIDs may be attributed to
abnormalities in the gut microbiome and dysfunctional gut-brain
neuronal circuitry and communication (Collins, 2014; Mayer et al.,
2014). FGIDs are common in both childhood and adults. Many
studies suggest that early life events predispose individuals to
childhood FGIDs and contribute to the development of FGIDs later in
adulthood (Rasquin et al., 2006; Bonilla and Saps, 2013; Chitkara
et al., 2008; Mendall and Kumar, 1998). These early life risk factors
include enteric infection or antibiotic usage, both of which are
associated with the disruption of normal gut microbiota (Bonilla and
Saps, 2013; Mendall and Kumar, 1998). Perturbation of the gut
microbiome during childhood development thus likely leads to the
inappropriate formation and function of the ENS and eEANs, which
would increase the risk of FGIDs.

10

REVIEW Development (2021) 148, dev194936. doi:10.1242/dev.194936

D
E
V
E
LO

P
M

E
N
T



In addition to metabolic and GI disorders, increasing studies have
revealed that the gut microbiota is linked to many pediatric
neurological diseases, including autism spectrum disorder (ASD)
(Cryan et al., 2020). In addition to CNS-linked symptoms,
many patients with ASD display complicated GI symptoms,
including alteration of GI motility and increased visceral
sensitivity. Furthermore, many ASD patients display dysregulated
autonomic nervous system function and reduced vagal tone. Diverse
genetic and environmental factors are associated with ASD
symptoms including gut microbial dysbiosis (Li et al., 2017;
Garcia-Gutierrez et al., 2020). However, it has been demonstrated
that supplementation of probiotic microbes or fecal microbiota
transplants may be beneficial for reversing ASD-associated social
behavior deficits (Kang et al., 2019; Doenyas, 2018). Such gut
microbiota may directly regulate central and peripheral neuronal
programs through circulating metabolites, or perhaps by
indirectly modulating CNS development and function through the
enteroendocrine system and intrinsic or eEANs. Understanding the
mechanisms by which gut microbiota regulate the development and
function of intestine-associated hormonal and neuronal systems
could thus provide new insights into the design of treatment
strategies for disorders such as ASD and FGIDs.
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