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SUMMARY

Changes in the microbiota are associated with alterations in nervous system structure-function and behavior
and have been implicated in the etiology of neuropsychiatric and neurodegenerative disorders. Most of these
studies have centered on mammalian models due to their phylogenetic proximity to humans. Indeed, the
germ-free mouse has been a particularly useful model organism for investigating microbiota-brain interactions. However, microbiota-brain axis research on simpler genetic model organisms with a vast and diverse
scientific toolkit (zebrafish, Drosophila melanogaster, and Caenorhabditis elegans) is now also coming of
age. In this review, we summarize the current state of microbiota-brain axis research in rodents and humans,
and then we elaborate and discuss recent research on the neurobiological and behavioral effects of the
microbiota in the model systems of fish, flies, and worms. We propose that a cross-species, holistic and
mechanistic approach to unravel the microbiota-brain communication is an essential step toward rational
microbiota-based therapeutics to combat brain disorders.
INTRODUCTION
.
O chestnut tree, great rooted blossomer,
Are you the leaf, the blossom or the bole?
O body swayed to music, O brightening glance,
How can we know the dancer from the dance?
—William Butler Yeats (‘‘Among School Children,’’ 1926)
The concept of organismic boundaries and identities have
enamored scientists and poets, alike. The Irish poet W.B. Yeats,
who received the Nobel Prize in 1923, while exploring the notions
of wholeness and distinctions of self and non-self, asked what
defined a chestnut tree, the leaf, or the blossom, or the trunk,
and ‘‘if and how can we know the dancer from the dance?’’ In
a similar vein, what constitutes an organismal entity and drives
its physiological and behavioral output, in the light of the fact
that our physical body is cohabited by trillions of microorganisms
(bacteria, archaea, viruses, and fungi)? We are a ‘‘holobiont’’ of
microbial and human cells and genes (Theis et al., 2016). Staggeringly, we have as many or more microbial cells than human
cells in our bodies (Sender et al., 2016), and 99% of the genes
in our bodies are microbial, with the microbiome comprising
over 10 million genes (Gill et al., 2006; Qin et al., 2010).
All metazoans in the past and present have coexisted and coevolved with microbes; indeed, we live in a microbial world, and
microbes were here long before human cells (McFall-Ngai et al.,
2013). With such a strong and long association, the fact that the
host physiology can be and is strongly modulated by the micro€ckhed, 2013),
biota should not be a surprise (Sommer and Ba
with gut microbiota heavily regulating host immunity (Ansaldo

et al., 2021; Fung et al., 2017) and metabolism (Fan and Pedersen, 2021). Perhaps most surprising is the enormous extent to
which the microbiota shapes the nervous system structure and
function (Cryan et al., 2019). Indeed, the fact that ‘‘simple’’ gut
bacteria could influence the ‘‘complex’’ and distant organ such
as the brain has been a complete paradigm shift in neuroscience
and biomedicine in general (Mayer et al., 2014). The last two decades have witnessed an explosion of research in this exact
domain of microbiota-host interactions, where the commensal
bacteria have been shown to alter the host’s neurophysiology,
leading to changes in mood and behavior, including disorders
of depression, anxiety, and of social behavior (Collins et al.,
2012; Cryan and Dinan, 2012; Fang et al., 2020; Morais et al.,
2021; Sharon et al., 2016; Vuong et al., 2017). The majority of
this research has been carried out in rodent models, with recent
trials in human subjects, fueled by substantial advances in
sequencing, bioinformatics, and gnotobiotic technologies. Still,
many of the mechanisms involved remain poorly deconvoluted.
The development of rational microbiota-based therapeutics to
meet the challenges of the neurological diseases requires a
comprehensive understanding of mechanisms by which microbes influence the host nervous system and of processes governing the microbiota assembly in the host. While studies in rodents provide proximity to human-relevant biology, traditional
genetic model systems (zebrafish, Drosophila melanogaster,
and Caenorhabditis elegans), which enjoy exceptional neurogenetics research tools and possess simple microbiota and rich
behavioral repertoire, provide ideal complement to the rodents
to realize the true potential of mechanistic microbiome-brain science (Burne et al., 2011; Douglas, 2019). The synergy between
these simple models and rodent and human research can provide
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Figure 1. Microbiota-gut-brain signaling in
humans and in model systems of
Caenorhabditis elegans, Drosophila
melanogaster, zebrafish, and mouse

the much-needed tractability and translation to promote this
exciting field forward (Figure 1). In this review, we will first discuss
pathways of microbiota-gut-brain axis communication and general principles distilled from recent rodent and human literature
before moving on to elaborating the research on microbial modulation of nervous system in zebrafish, flies, and worms.
MICROBIOTA-GUT-BRAIN AXIS: PATHWAYS OF
COMMUNICATION
Although the gut-brain interactions in the context of digestive
function and satiety have been known for a long time (Berthoud,
2008), research in the last two decades has increasingly incorporated the various aspects of microbiota into the gut-brain axis
and focused on cognitive and psychological effects of this
communication. The gut microbiota employs multiple channels
of communication to influence the brain and behavior. The most
prominent of these pathways include vagus nerve activation,
generation of circulating metabolites of microbial origin, stimulation of immune pathways, stimulation of enteroendocrine cells
(EECs) and enteric nervous system signaling, and the generation of neurotransmitters in the gut itself. Each of these signaling
routes have been the focus of individual recent reviews covering
many recent discoveries about the dynamic molecular crosstalk between gut microbes and the nervous system, though
€lling et al., 2019;
some are yet to be extensively validated (Fu
Fung, 2020; Liu and Forsythe, 2021; Needham et al., 2020;
Strandwitz, 2018). In the subsequent sections, we have highlighted representative studies elucidating these different path-
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ways in the context of microbiota-gutbrain communication in different model
systems. Particular emphasis in the last
few years has been on the discovery
and elucidating the role of microbially
produced and/or induced metabolites in
relaying the microbial signals to the brain
(Figure 2): short-chain fatty acids
(SCFAs), amino acid derivatives (catecholamines and other indole derivatives
and p-cresol), and secondary bile acids
(Needham et al., 2020; Swann et al.,
2020). With the current state of the field
comprising mainly of correlative studies
of gut metabolome associations with
neurological conditions, the therapeutic
translation of microbial metabolites
would require more studies focused on
investigating the effects of these molecules on brain cells, brain activity, and
behavior. An important target that is
emerging to mediate effects of bioactive
microbial metabolites on host physiology
are the G-protein-coupled receptors (GPCRs), including many
orphan GPCRs (Chen et al., 2019a; Cohen et al., 2017; Colosimo et al., 2019). Metabolites produced by the human microbiota have been shown to act as agonists for a wide range of
GPCRs. SCFAs, primarily produced by gut-microbial fermentation of host-indigestible fibers and having widespread effects on
gut-brain communication, were shown to activate the orphan
GPCRs GPR41 and GPR43 (Brown et al., 2003; Silva et al.,
2020). Commensal supernatants from Morganella morganii activated both dopamine and histamine receptors, whereas those
from two Lactobacillus reuteri strains activated histamine receptors (Chen et al., 2019a). Bacterially produced aromatic amines
such as tryptamine and tyramine were shown to agonize serotonergic and dopaminergic GPCRs, respectively (Colosimo
et al., 2019). Nicotinic acid, isolated from the cultures of gut
commensals Lactobacillus plantarum and Ruminococcus gnavus, is a ligand for hydroxycarboxylic acid receptor GPR109A,
a receptor found to be significantly upregulated in the substantia nigra of Parkinson’s disease (PD) patients (Colosimo et al.,
2019; Wakade et al., 2014). Going forward, microbial metabolome screening will serve as an important tool to both identify
gut commensal microbes with effects on host physiology as
well as deorphanize GPCRs.
MICROBIOTA-GUT-BRAIN AXIS: MAMMALS
The use of rodents as model organisms has transformed our understanding of the human nervous system in health and disease.
Specifically, the rodent models mimicking the underlying genetic
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Figure 2. The gut microbiota associated with different model species and the variety of microbial metabolites relaying the communication
between the microbiota and the brain
Microbially produced metabolites in both pathogenic and commensal contexts have been demonstrated to modulate brain function, behavior, and life-history
traits.

cause or phenotypic outcome in case of several neurobehavioral
disorders have yielded invaluable insights into the etiology of
these diseases (Nestler and Hyman, 2010). From the perspective
of microbiota-led effects on host, the germ-free (GF) mouse has
provided some of the most compelling evidence for a role of microbiota in gut-brain communication. Major results with GF mice
show that microbiota is essential for appropriate stress
response, anxiety-like behaviors, as well as social behavior (Luczynski et al., 2016). GF mice also provide a clean background
onto which defined specific bacteria can be introduced from a
variety of host backgrounds as well as at various points of host
development, allowing a thorough examination of microbiotadriven disease outcomes and critical windows of host-microbiota development. Finally, transfer of the gut microbiota associated with the disease via fecal microbiota transplant (FMT) in GF
rodents and subsequent phenotypic analysis is also widely used
to imply causality (Gheorghe et al., 2021; Walter et al., 2020).
Furthermore, the rodent microbiota, though distinct, bears the
closest resemblance to the human microbiome among the traditional model systems, making them ideal for translation studies
(Hugenholtz and de Vos, 2018).
Perturbations in the gut microbiota have been shown to
impact varied aspects of neurophysiology and behavior.
Processes impacted by the state of gut microbiota include
neurogenesis, synaptic plasticity, neurotransmitter signaling,

neuronal morphology, neuroinflammation, neurodevelopment,
and neurochemistry across regions of hippocampus, amygdala,
prefrontal cortex, and hypothalamus (Cryan et al., 2019). Moreover, there is mounting evidence linking microbiota alteration to
neurobehavioral diseases spanning neurodevelopmental disorders (autism spectrum disorder [ASD] and schizophrenia),
neurodegenerative diseases (Alzheimer’s disease [AD], Parkinson’s disease [PD], and multiple sclerosis [MS]), and mood disorders (depression and anxiety). A multitude of reviews have
been written in this fast-paced field over the past few years
(Cryan and Dinan, 2012; Sampson and Mazmanian, 2015;
Sharon et al., 2016; Vuong et al., 2017), and we guide the
readers to very recent ones (Cryan et al., 2019, 2020; Morais
et al., 2021) for the most-up-to-date and elaborate overview
of the rodent and human literature. Most of the evidence illustrating microbial effects on brain physiology has emerged
from mouse models lacking microbiota, GF and antibiotictreated mice, in addition to a growing number of studies using
probiotics and prebiotics to influence microbiota structurefunction. In the following subsections, we highlight studies
that aim at mechanistically linking gut microbiota to neurobehavioral disorders in preclinical rodent models (also see Table 1 for
selected examples with a special focus on disease outcomes
and emerging mechanisms).
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Model/intervention

Microbiota-led effects on host brain and behavior

References

Maternal immune activation
(MIA) with poly(I:C)

B. fragilis reversed hyperactivity and anxiety-like behavior, but not social deficits. MIA-related abnormal behaviors
were associated with the presence of SFB that induce intestinal T-helper 17 (Th17) cells.

Hsiao et al., 2013; Kim
et al., 2017

BTBR T+Itpr3tf/J

Administration of L. reuteri improved social deficits. A microbial metabolite, 5-aminovaleric acid (5AV), reduced
neuronal excitability in the prefrontal cortex. Specific reduction in bile-metabolizing Bifidobacterium and Blautia
species and L. reuteri levels.

Coretti et al., 2017;
Golubeva et al., 2017;
Newell et al., 2016;
Sgritta et al., 2019;
Sharon et al., 2019

In utero valproic acid (VPA)

Reduced levels of serotonin in the prefrontal cortex and amygdala of VPA in-utero-exposed males. L. reuteri
ameliorated the social deficits in VPA mice.

Sgritta et al., 2019; de
Theije et al., 2014

Maternal high-fat diet
(MHFD)

L. reuteri restored oxytocin levels, social-reward-mediated synaptic potentiation in ventral tegmental area (VTA),
and social deficits in MHFD offspring.

Buffington et al., 2016

Shank3b/

L. reuteri rescued social deficits and VTA synaptic plasticity, but not in mice lacking the oxytocin receptor in
dopaminergic neurons. The rescue of social deficits was dependent on the vagus nerve, specific to male mice,
while a decrease in repetitive behaviors was found in both male and female mice.

Sgritta et al., 2019;
Tabouy et al., 2018

Cntnap2/

L. reuteri and microbe-induced metabolite (BH4) rescue social deficits, but not hyperactivity. Also improve oxytocin
levels and VTA synaptic transmission.

Buffington et al., 2021

FMT from ASD individuals
into GF mice

Mice colonized with ASD microbiota showed repetitive behavior and social deficits, and their brains showed
alternative splicing of ASD-relevant genes. Microbial metabolites (5AV and taurine) improved ASD deficits.

Sharon et al., 2019

Subchronic phencyclidine
(sub-PCP) treatment

Impaired novel object recognition. Correlation between microbiome composition profiles and memory performance.
Administration of ampicillin removed memory deficit induced by sub-PCP treatment.

Pyndt Jørgensen
et al., 2015

FMT from schizophrenia
(SCZ) patients in GF mice

Lower glutamate and increased glutamine and GABA in the hippocampus and SCZ-relevant behaviors.
Aerococcaceae and Rikenellaceae enabled complete distinction of SCZ microbiota recipient mice from controls.

Zheng et al., 2019

Autism spectrum disorder (ASD)

Schizophrenia

Attention deficit hyperactivity disorder (ADHD)
FMT from ADHD
individuals into GF
male mice

Recipient mice showed reduced structural integrity of both gray and white matter areas (i.e., hippocampus and
internal capsule) and increased anxiety. White matter integrity was positively correlated with the relative abundance
of Eubacterium and Holdemania.

Tengeler et al., 2020

6-Hz-induced seizure model
of refractory epilepsy and
Kcna1/ model

Ketogenic diet, with notable increases in Parabacteroides and Akkermansia, provided protection from seizures.
Changes in metabolome from hippocampus correlated with seizure protection. Decreased levels of systemic
gamma-glutamylated amino acids and increased hippocampal GABA/glutamate observed.

Olson et al., 2018

Chronic restraint
stress model

Chronic stress and cecal microbiota transplanted from stressed to control rats hastened the progression and
increased the duration of kindled seizures. Microbiota from control animals transplanted to chronically stressed
rats acted against proepileptic effects of restraint stress.

Medel-Matus
et al., 2018

WAG/Rij rat model

FMT, from both Wistar and ethosuximide-treated WAG/Rij donor rats to WAG/Rij rats, reduced the number and
duration of seizures.

Citraro et al., 2021

Epilepsy

Review
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Table 1. Selected examples of microbiota-gut-brain axis interactions in neurobehavioral disorders in preclinical rodent models

Model/intervention

Microbiota-led effects on host brain and behavior

References

Amyloid-b precursor protein
(APP), presenilin 1 (PS1DE9)
APP/PS1 model

Antibiotic treatment resulted in decreased amyloid-b (Ab) plaque deposition, elevated soluble Ab, changes in
the levels of circulating cytokines and microglial morphology, and attenuation of plaque-localized glial reactivity.
Expansion of Akkermansia and Lachnospiraceae observed.

Minter et al., 2016

Ab precursor protein (APP),
presenilin 1 (PS1L166P)
APP/PS1 model

Reduction of Ab levels in brain and blood, as well as cortical neuroinflammation in GF-APP/PS1 mice as compared
to conventionally raised ones. Colonization of GF APP/PS1 mice with microbiota from conventionally raised
enhanced cerebral Ab pathology.

Harach et al., 2017

5xFAD model

Bifidobacterium longum (NK46) attenuated cognitive impairments, suppressed amyloid-b accumulation and nuclear
factor kB (NF-kB) activation in the hippocampus, and suppressed the infiltration of activated microglia and
apoptotic neurons into the hippocampus.

Lee et al., 2019

FMT into APP/PS1DE9
model

FMT improved cognitive deficits, decreased deposition of amyloid-b in brain, reduced phosphorylation of tau
protein, and increased postsynaptic density protein 95 (PSD-95) and synapsin I expression. FMT decreased the
abundance of Proteobacteria and Verrucomicrobia and increased Bacteroidetes.

Sun et al., 2019

APP/PS1 L166P model

Antibiotic administration reduced amyloid-b pathology and altered microglial morphology in male but not in female
APP/PS mice. FMT from age-matched APP/PS male mice into antibiotic-treated male partially restored amyloid-b
pathology and microglial morphology.

Dodiya et al., 2019

ADLPAPT transgenic
mouse model of AD

FMT from wild-type (WT) mice alleviated Ab deposition, memory deficits, tau pathology, and reactive gliosis in
ADLPAPT mice.

Kim et al., 2020

FMT from PD patients to GF
WT and alpha-synuclein
(AS) mice.

Microbiota from PD patients enhanced motor deficits in AS animals in comparison to microbiota from healthy
individuals. Increased abundance of Proteus, Bilophila, and Roseburia species in mice colonized with microbiota
from PD donors.

Sampson et al., 2016

Thy-1-human AS mice

Reduced motor and gastrointestinal dysfunction, microglia activation, and AS aggregation in GF AS mice. SCFA
(acetate, propionate, and butyrate) administration to GF AS mice promoted neuroinflammation and motor
symptoms.

Sampson et al., 2016

1-Methyl-4-phenyl-1,2,3,6tetrahydropyridine (MPTP)
model and FMT treatment

FMT from WT mice to MPTP mice alleviated motor impairment, increased striatal dopamine (DA) and 5-HT content,
decreased the microglia and astrocyte activation in substantia nigra, decreased TLR4/ tumor necrosis factor alpha
(TNF-a) signaling in gut and brain, and reduced fecal SCFAs. FMT from MPTP to normal mice induced impaired
motor function and striatal neurotransmission.

Sun et al., 2018

Thy-1-human AS mice

Colonization with curli-producing E. coli exacerbated AS-induced deficits in behavior, including motor and
intestinal impairments. Further observations include increased microglial activation, elevated levels of
proinflammatory cytokines interleukin-6 (IL-6) and TNF-a in brain-derived CD11b+ cells, and rise in cytokine levels
in striatum as well as midbrain.

Sampson et al., 2020

Exposure to E. coli
producing the extracellular
bacterial amyloid protein
curli in aged Fischer
344 rats

Increased neuronal AS deposition in brain and gut; increased brain expression of IL-6, TLR2, and TNF; and
elevated microgliosis and astrogliosis in comparison to rats administered vehicle or mutant bacteria unable to
synthesize curli.

Chen et al., 2016

6-Hydroxydopamine
(6-OHDA) rat model

Antibiotic administration attenuated motor dysfunction, tyrosine hydroxylase (TH)-positive neuron loss, and
expression of proinflammatory markers in striatum.

Koutzoumis et al., 2020

Alzheimer’s disease (AD)

Parkinson’s disease (PD)

ll
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Continued

Disorder

Model/intervention

Microbiota-led effects on host brain and behavior

References

Experimental autoimmune
encephalomyelitis (EAE)
model of MS

Mixture of L. paracasei DSM13434 and L. plantarum DSM15312 and DSM15313 inhibited the progression and
improved the histological and clinical deficits of EAE. The suppression correlated with reduction of
proinflammatory Th1 and Th17 cytokines followed by IL-10 induction in mesenteric lymph nodes.

Lavasani et al., 2010

Relapsing-remitting (RR)
mouse model of
spontaneously
developing EAE

Using GF mice, microbiota was shown to be required for the development of spontaneous EAE in a process driven
by myelin-specific CD4+ T cells.

Berer et al., 2011

FMT from MS patients
to GF RR model of EAE

Increased incidence of spontaneous EAE and decreased IL-10 generation in RR mice colonized with microbiota
from MS-affected twins.

Berer et al., 2017

FMT from MS patients to
GF EAE model

More severe symptoms of EAE and decreased proportions of IL-10+ Treg cells in mice receiving FMT from MS
patients as compared to those from healthy controls.

Cekanaviciute et al.,
2017

EAE in HLA-DR3.DQ8
transgenic model

Prevotella histicola decreased CNS inflammation and demyelination through an increase in CD4+ FoxP3+ Treg
cells and a reduction in proinflammatory Th1 and Th17 cells. P. histicola exposure replenished the abundance of
Prevotella, Sutterella, and Lactobacillus.

Mangalam et al., 2017

Colonization of
MS-associated
Akkermansia strains to
MOG/C57 model of EAE

TNF-a isolated from MS patients improved EAE deficits, which was associated with a decrease in RORgt+ and
IL-17-producing gd T cells.

Cox et al., 2021

SOD1G93A

Administration of butyrate recovered gut integrity, gut microbiota diversity and prolonged lifespan in comparison
to control mice.

Zhang et al., 2017b

SOD1G93A

Akkermansia muciniphila colonization increased spinal cord cellular number, improved motor function, and
prolonged the lifespan. The associated metabolite nicotinamide significantly improved motor performance.

Blacher et al., 2019

SOD1G93A

Microbiota alteration prior to the onset of motor dysfunction and muscle atrophy. Leukocyte infiltration into CNS
tissue, elevated CNS myeloid activation, and maturation accompanied by altered global brain 5hmC levels.
Specific correlations observed among microbiome, epigenome, and immune changes.

Figueroa-Romero
et al., 2019

C9orf72 loss-of-function
mice

Antibiotic treatment and FMT in ALS mice modulated spinal cord neuroinflammation, including microglial activation
and neutrophil infiltration.

Burberry et al., 2020

Multiple sclerosis (MS)

Amyotrophic lateral sclerosis (ALS)

(Continued on next page)
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Table 1.

Continued

Disorder

Model/intervention

Microbiota-led effects on host brain and behavior

References

Prenatal stress and
maternal separation

Prenatal stress led to alterations in microbiota community structure, with reduction in Lactobacillus. Associated
with increased IL-1b in utero, exaggerated HPA axis response, reduction in brain-derived neurotrophic factor
(BDNF), and long-term alterations in both behavior and microbiome in offspring. Partial mediation of
prenatal-stress-induced
effects on hypothalamic gene expression in adult male mice by maternal vaginal microbiota transfer. Plasma
corticosterone and visceral sensation were increased in the maternally separated rats showing altered
microbiota.

Golubeva et al., 2015;
Gur et al., 2017;
 et al., 2018;
Ja
sarevic
O’Mahony et al., 2009

FMT from patients
suffering from
depression/irritable bowel
syndrome (IBS) and
anxiety into microbiotadeficient rats and GF mice

Mice transplanted with microbiota from depressed and IBS/anxiety patients showed depression and anxiety-like
behavior, respectively. Low-grade inflammation and immune activation in the gut also observed. FMT in rats
promoted anhedonia and anxiety-like behaviors, and changes in tryptophan metabolism.

De Palma et al., 2017;
Kelly et al., 2016;
Zheng et al., 2016

Microbiota disruption with
an antibiotic cocktail

Depressive-like behavior along with changes in BDNF/TrkB signaling, TRPV1 phosphorylation, neuronal activity in
the hippocampus, microglia activation states, and endocannabinoid levels in the gut. Subsequent Lactobacillus
casei DG administration reversed most of these gut inflammatory, behavioral, and neurochemical changes.
Lachnospiraceae correlated with the behavioral alterations observed in antibiotic-treated mice.

Guida et al., 2018

Social defeat

Increased microglial density and IL-1b levels in the ventral hippocampus, and depressive-like behaviors in naive
rats receiving FMT from vulnerable rats compared to FMT from resilient rats, non-stressed control rats, or
vehicle-treated rats. Significant correlations between corticosterone levels, aspects of immune and behavior
response, and degree of microbiome compositional change over time.

Bailey et al., 2011;
Bastiaanssen et al.,
2021; Pearson-Leary
et al., 2020

Chronic unpredictable mild
stress

Bifidobacterium breve CCFM1025 administration decreased depression- and anxiety-like behaviors, elevated
BDNF expression, attenuated hyperactive HPA response and inflammation, and downregulated the pCREB-c-Fos
pathway.

Tian et al., 2020

Depression and anxiety disorders

ll
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Microbiota and brain: Rodent models relevant to
psychiatry
While it is increasingly clear that microbiota plays a strong associative role in the etiology of a range of mood and neurodevelopmental disorders in animals, for some disorders, such as depression and ASD, the link is more evident and deterministic.
Depression and anxiety
The dysregulated immune response, associated with anxiety
and depression, intersects strongly with the state of gut microbiota, together contributing to these disorders (Cruz-Pereira
et al., 2020). Gut microbiota regulates the proportion of proinflammatory T helper 17 (Th17) cells and anti-inflammatory regulatory T (Treg) cells in the gastrointestinal tract, which is essential
to maintain immune homeostasis and prevent inflammation
(Fung, 2020). A recent study described a novel signaling mechanism by which depressive-like behaviors in mice are
regulated by the microbiome in a Th17-cell-mediated manner
(Medina-Rodriguez et al., 2020). The authors observed that
mice deficient in segmented filamentous bacteria (SFB) were
resilient to the induction of learned helplessness, a depressivelike behavior following exposure to a foot shock stress protocol.
Importantly, gavaging of mice with SFB monocolonized feces resulted in sensitization to learned helplessness. To mechanistically understand how SFB could modulate depressive-like
behavior, the authors explored quorum sensing, a bacterial regulatory process that involves the secretion of autoinducer molecules that shape bacterial population numbers and gene expression. SFB produce a quorum-sensing molecule, autoinducer-2
(AI-2), and promote the host generation of serum amyloid proteins, which raises Th17 cell count. Th17 cells were necessary
to induce depressive-like behaviors by AI-2, as AI-2 administration did not cause depressive-like behaviors or generation of
serum amyloid proteins in Th17-deficient mice after stress. Interestingly, oleic acid, a fatty acid occurring naturally in various
plant and animal fats and an AI-2 inhibitor, exhibited antidepressant properties. Oleic acid administration decreased depressive-like behavior, intestinal serum amyloid protein production,
and hippocampal Th17 cell numbers.
There is also increasing evidence for altered microbiota leading to depression from FMT studies where the colonization of
normal animals with microbiota from depressed patients
induced depressive-like behaviors (Yang et al., 2020). FMT
from patients with depression into microbiota-deficient rats
caused anxiety-like behavior and anhedonia in the sucrose consumption test, as well as changes in tryptophan metabolism
(Kelly et al., 2016). Similarly, microbiota transplanted from
depressed patients into GF mice resulted in increased immobility
time in the tail suspension and forced swim tests, and alterations
in the carbohydrate and amino acid metabolism (Zheng et al.,
2016). In another study, naive rats receiving FMT from vulnerable
rats, as opposed to resilient ones, following chronic social defeat
stress showed higher depression-like behavior and elevated microglial density and interleukin-1b (IL-1b) expression in the
ventral hippocampus, further substantiating the contribution of
gut microbiota to depressive-like behavior and neuroinflammatory processes (Pearson-Leary et al., 2020). In a recent study,
FMT from patients of alcohol use disorder to antibiotic-treated
mice resulted in increased depressive-like behavior measured
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in a forced swim test and corticosterone levels as well as
reduced sociability (Leclercq et al., 2020). This was accompanied by downregulation of myelin-related gene expression in
striatum and frontal cortex as well as a significant rise in proinflammatory cytokines (Tnf-a and IL-1b) in the frontal cortex.
Notably, levels of b-hydroxybutyrate (BHB), a liver-generated ketone body utilized as energy substrate by neurons, were significantly decreased in mice receiving the FMT. Ketogenic diet,
known to enhance the levels of BHB, was found to improve sociability and increase myelin-related gene expression.
Another mechanism by which gut microbiota may be commu€lling et al.,
nicating with the brain is through the vagus nerve (Fu
2019). An intact vagus nerve has been shown to be critical to
relay the anxiolytic effects of probiotic strains, including Lactobacillus rhamnosus (JB-1) and Bifidobacterium longum (Bercik
et al., 2011a; Bharwani et al., 2020; Bravo et al., 2011), as well
as for cognitive and electrophysiological effects of a prebiotic
20 -fucosyllactose, an abundant human milk oligosaccharide
(Vazquez et al., 2016). Vagotomy has been shown to decrease
brain-derived neurotrophic factor (BDNF) expression and neurogenesis in hippocampus (O’Leary et al., 2018), which are also
known to be altered in GF and antibiotic-treated mice, further
supporting the key role of vagus nerve as the conduit between
gut microbiota and brain (Bercik et al., 2011b; Clarke et al.,
2013; Diaz Heijtz et al., 2011; Neufeld et al., 2011; Sudo et al.,
2004). Concentrations of microbial metabolites like tryptophan
indole-metabolites (indolelactate and indolepropionate) and
bile acids have also been identified to inversely correlate with
pro-depression microbiota component in a model of high-fatdiet-induced depressive-like behavior in rats (Abildgaard et al.,
2021). A gut commensal species, Morganella morganii, has
been demonstrated to convert the essential amino acid L-Phe
into phenethylamine (PEA), a potent psychoactive agent, that
in monocolonized mice traverses across the blood-brain barrier
and causes PEA poisoning upon administration of monoamine
oxidase inhibitor (MAOI) (Chen et al., 2019a). Since MAOIs
constitute a major treatment alternative for depressed patients,
interindividual variability in PEA produced by gut microbes could
potentially explain the variable efficacy of MAOIs on depression.
ASD
Interdependent communication among the microbiota, gut function, immune system, and behavior has been observed in the
context of ASD (Cryan et al., 2019). The microbiota-immune
axis has also been implicated in ASD models. In a maternal immune activation model of ASD, SFB and Th17-inducing gut microbes were found to induce aberrant cortical neurodevelopment in the fetal brain and behavioral dysfunction in the
progeny via release of cytokine IL-17a (Choi et al., 2016a; Kim
et al., 2017). A number of studies have found significant differences in the composition of gut microbiota of ASD mouse
models, ranging from genetic (Shank3B–/– and Cntnap2/ ) to
environmental (maternal immune activation, valproic acid
administration, and chronic high-fat diet during pregnancy) to
idiopathic (BTBR) (Buffington et al., 2016, 2021; Golubeva
et al., 2017; Hsiao et al., 2013; Sgritta et al., 2019) (see Table 1).
Supplementation of specific bacterial strains L. reuteri and
B. fragilis have been shown to reverse social deficits and anxiety-like and stereotyped behavior. The rescue of social deficits
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by L. reuteri were not mediated by restoring the gut microbiome
composition in the Shank3B–/– mice. Instead, L. reuteri was
shown to rescue social-interaction-induced synaptic plasticity
in the dopaminergic ventral tegmental area (VTA) of Shank3B–/–
ASD mice. This rescue was dependent on the vagus nerve and
was not observed in mice that lacked the oxytocin receptor
in dopaminergic neurons (Sgritta et al., 2019). Moreover,
L. reuteri administration restored the number of oxytocin-positive neurons in the paraventricular nucleus (PVN) of the hypothalamus of Shank3B–/– mice, and oxytocin administration was
found to rescue social deficits in vagotomized mice. In the
Cntnap2/ mouse model of ASD, interestingly, the hyperactivity
phenotype was found to be caused by host genetics, while the
social behavior phenotype was exclusively mediated by the
gut microbiome (Buffington et al., 2021). L. reuteri reversed
the deficits in oxytocin-producing neuron count, social deficits,
and the social-interaction-induced synaptic plasticity in the
VTA dopaminergic neurons, but not the hyperactivity phenotype.
The reversal of deficits was, in part, found to be modulated by the
endogenous levels of a tetrahydrobiopterin, a microbially
induced metabolite in the gut of Cntnap2/ mice. This study
widens the brain-centric understanding of genetic neurological
disorders, where a genetic mutation and gut microbiome can
interdependently lead to behavioral abnormalities. More microbially produced or induced metabolites such as p-cresol are
also now under investigation in the etiology of ASD (BermudezMartin et al., 2021). SCFAs, a prominent class of microbial metabolites, are also critical for neurodevelopmental processes,
including maturation of microglia (Erny et al., 2015; Liu et al.,
2021), and have been shown to restore maternal-obesityinduced cognitive and social behavioral deficits in offspring via
promoting microglia-neuron communication and synaptic function in hippocampus and prefrontal cortex of offspring (Liu
et al., 2021).
Early-life neurodevelopment
The microbiota is dynamic and plastic, acquired at birth, but
strongly influenced by our environment and our lifestyles, and
it has even been seen as a reflection of our ‘‘personal historical
ecosystems’’ (Gordon and Klaenhammer, 2011). The very fact
that the microbiome, unlike our inherited human genome, is
readily malleable provides an extremely attractive vantage point
to alter our neurophysiology from a therapeutic point of view.
Some of the common factors known to impact the microbiotagut-brain activity are diet, exercise, medications, and mode of
delivery at birth (Ratsika et al., 2021). It has recently been reported that cesarean section (CS) has enduring neurobehavioral
effects in mice, including social deficits, which can be partly
reversed using supplementation from birth with a Bifidobacterium breve bacterial strain that is selectively depleted in early
life upon CS or with a dietary prebiotic mixture (Morais et al.,
2020). The role of early-life microbiota in neurobehavioral development has further been looked at using GF models and antibiotic administration in the critical periods of development,
with studies converging on strikingly similar deficits in social
behavior in adulthood hinting at commonality in mechanisms
(Desbonnet et al., 2014; Leclercq et al., 2017; O’Connor et al.,
2021). A recent mechanistic report shows depletion of maternal
gut microbiota has strong influence on fetal neurodevelopment

in mice, including causing deficits in thalamocortical axonogensis and somatosensory behavior, which could partly be restored
using select microbiota-dependent metabolites (trimethylamineN-oxide, 5-aminovalerate, imidazole propionate, and hippurate)
(Vuong et al., 2020). Other recent studies, demonstrating
remarkable translation of results obtained from preclinical gnotobiotic animal models to humans, utilized mice and pig models to
design microbiota-directed foods aimed at alleviating neurodevelopmental and growth deficits in undernourished children
(Chen et al., 2021; Gehrig et al., 2019)
A factor that has been understudied in the context of microbiota-gut-brain studies is sex, given it is an important variable
in the development of many of the neuropsychiatric disorders,
with anxiety and depression more prevalent in females and
ASD and schizophrenia more common in males, likely due to differences in sex steroid hormones and genetics (McCarthy et al.,
2017). Since sex can influence gut microbiota composition and
diversity, and reciprocally, microbiota can regulate sex steroid
hormone conjugation processes, many neurobehavioral processes linked with the neuropsychiatric disorders should be
viewed from the lens of complex microbiota-sex-brain interactions (Jaggar et al., 2020).
Microbiota and brain: Rodent models relevant to
neurology
There is an increasing attention on the role of gut microbiota in
the onset of neurological disorders such as AD, PD, and MS.
Transgenic AD mouse models (GF or treated with antibiotics)
did not develop plaques (Harach et al., 2017; Minter et al.,
2016), and FMT from wild-type mice improved cognitive deficits.
Similarly for PD and MS, the key neurobehavioral symptoms
were partly recapitulated upon FMT from patients in rodents (Berer et al., 2017; Sampson et al., 2016), and the microbiome of the
animal models, phenocopying the characteristic symptoms of
these diseases, has been well characterized (see Table 1). Microbiota members from Akkermansia and Lachnospiraceae
have been implicated in multiple studies to play a key role. In a
recent study, contrary to the view that elevated Akkermansia in
MS has a detrimental role, the authors showed amelioration of
symptoms in a mouse model of MS upon colonization with
MS-patient-derived Akkermansia, which was associated with a
reduction in IL-17-producing T cells (Cox et al., 2021). This
further demonstrates that in this fast-evolving field, many mechanisms by which the microbiome affects the etiology of neurological disorders are not well defined, and several confounding
factors exist that need further elucidation. This would be beneficial for future microbiome studies with AD, PD, and MS, as well
as with amyotrophic lateral sclerosis (ALS) and Huntington’s disease, where the association with the state of gut microbiota is
also emerging. Another interesting avenue where gut microbiota
can have a role to play is in the bioavailability of therapeutic
drugs targeted to neurological disorders, as has been shown
for levodopa (L-dopa) and PD (Maini Rekdal et al., 2019).
It was demonstrated that a tyrosine decarboxylase from
Enterococcus faecalis first converted L-dopa to dopamine,
which was subsequently transformed to m-tyramine by a dehydroxylase from Eggerthella lenta. Moreover, a compound, a-fluoromethyltyrosine, was identified to inhibit microbial L-dopa
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decarboxylation in PD patients’ microbiota and increase
bioavailability of L-dopa in mice. Another neurological disorder
where gut microbiota is coming up as a key player is epilepsy.
For over a century, a ketogenic diet has been known to reduce
seizures in patients and is a particularly effective treatment strategy for individuals who do not respond to existing anti-epileptic
drugs. In animal models of epilepsy, it was demonstrated that
depletion of the gut microbiota abrogated the protective effects
of the ketogenic diet and promoting the ketogenic-diet-associated microbiota in mice conferred significant seizure protection
(Olson et al., 2018).
Microbiota and brain: Human studies
Building on the preclinical studies, there is increasing evidence
from cross-sectional clinical studies in humans substantiating
the notion of altered microbial composition contributing to the
pathophysiology of neurological and mental health disorders,
including AD, PD, MS, ASD, and stroke (Cryan et al., 2020).
Analyzing the microbiome composition in a large human
cohort, a recent study reported reduction in the butyrate-producing bacteria Faecalibacterium and Coprococcus in patients
with depression and devised an analytical framework wherein
the neuroactive potential of sequenced microbiome was
described (Valles-Colomer et al., 2019). Using such approaches, key microbiota members are being identified as
important susceptibility factors for these disorders, and FMT
from patients to GF rodents is pushing the translatability forward. However, most studies to date are underpowered, often
with participant-selection bias, and provide a snapshot assessment, requiring that caution is exercised to avoid overinterpreting such data. Moving forward, longitudinal cohort studies and
randomized controlled trials in humans are essential to bolster
the concept. Moreover, variables that directly impact gut microbiota composition, such as diet, medication, and exercise,
need to be accounted for while interpreting the data emanating
from these clinical studies.
ZEBRAFISH (DANIO RERIO): UTILITY AS A MODEL
ORGANISM FOR MICROBIOTA-BRAIN
COMMUNICATION
The same advantages that propelled the zebrafish to the ranks of
premier model organisms are now being leveraged to explore
host-microbiota interactions, including its fast external development, high reproductive output, and optical transparency that
enables in vivo imaging of physiological processes. Particularly,
the ex utero development that allows for easy manipulation of microbial exposure and to study the microbial influence throughout
development, as well as the neuroanatomical similarities with
mammals, make zebrafish an ideal system to investigate the
role of the microbiota in nervous system development and function. The zebrafish possess an impressive range of behavioral
repertoire, including social, cognitive, sleep, stress, and anxiety
behavior (Fontana et al., 2021; Lyons and Rihel, 2020; Stewart
et al., 2015). There is a suite of tools and resources available to
carry out precise genetic manipulations (Li et al., 2016) and record and manipulate neuronal activity at a cellular resolution
throughout the larval whole brain (Vanwalleghem et al., 2018).
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Furthermore, relatively simple, inexpensive, and scalable
gnotobiotic methods have been developed to obtain and raise
GF zebrafish, leveraging high fecundity of zebrafish (Melancon
et al., 2017; Pham et al., 2008). Most GF zebrafish studies
have focused on early larval stages up to 7 to 9 days post-fertilization (dpf), after which it becomes costly and labor intensive to
raise them to adulthood in an axenic environment, owing to strict
requirements for sterilized food and housing conditions (Pham
et al., 2008). 16S-rRNA-based sequencing studies of bacterial
communities in the zebrafish gut have revealed a core microbiota composed of Gammaproteobacteria and Fusobacteria
classes (Roeselers et al., 2011). Despite the disparities in taxonomic composition, there is a substantial homology in the functional categories encoded in the zebrafish gut microbiome to
those encoded in the human and mouse gut microbiomes, suggesting that these microbiomes may operate similarly (Gaulke
et al., 2020). Interestingly, in a reciprocal gut microbiota transplant experiments between GF zebrafish and mice, the host
gut and associated factors were found to play a more predominant role in sculpting the bacterial communities, and the microbiota from zebrafish and mouse could elicit similar responses
in zebrafish (Rawls et al., 2006). This suggests, despite distinct
microbial communities, that microbial stimuli may be shared.
Furthermore, a simplified human microbiota has also been
shown to successfully colonize GF zebrafish larvae, substantiating the case for the use of zebrafish as a model to study human
gut microbiota members in mono-association or consortia
(Arias-Jayo et al., 2018).
Effects of microbiota manipulations on zebrafish brain
and behavior
The majority of the studies linking the microbiota to brain and
behavior in zebrafish have utilized specific bacterial strains (probiotics) and antibiotics to alter the microbiota and reported
changes in stress-related and social behavior (Borrelli et al.,
2016; Davis et al., 2016b, 2016a; Schneider et al., 2016; Valcarce
et al., 2020; Wang et al., 2016).
Adult zebrafish, after being administered the probiotic Lactobacillus rhamnosus IMC 501 for 28 days in the diet, showed differences in shoaling and exploratory behavior (Borrelli et al.,
2016). Also, the probiotic-fed fish had elevated expression and
altered promoter DNA methylation profiles of BDNF as well as
of key genes involved in serotonergic neurotransmission in the
brain (Cuomo et al., 2021), supporting existing literature connecting microbiota and these systems in mice (Clarke et al.,
2013; Neufeld et al., 2011). Administration of L. plantarum to
adult zebrafish significantly reduced anxiety-related behavior
as assayed in the novel tank test and altered GABAergic and
serotonergic signaling in the brain (Davis et al., 2016b). Also,
L. plantarum attenuated the stress-induced shifts in the gut microbiota composition in adult zebrafish. Notably, the major
core phylum (Fusobacteria), which was significantly reduced in
zebrafish under chronic stress, remained intact in L.plantarumtreated fish. However, the physiological responses such as
cortisol levels and blood cell counts remained unaffected in
L.plantarum-treated chronically stressed fish (Davis et al.,
2016b). Another study showed that 4-month-long supplementation of L. rhamnosus CECT8361 and Bifidobacterium longum
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CECT7347 significantly reduced bottom-dwelling behavior of
adult zebrafish in the novel tank test, which could be correlated
with a lower state of anxiety (Valcarce et al., 2020). However,
administration of another bacterial strain, L. rhamnosus GG
(LGG), did not alter the swimming behavior of adult zebrafish in
the novel tank test (Schneider et al., 2016), and the anxiolytic effects of ethanol exposure were also not significantly altered by
LGG intake.
Complementing the studies with probiotic strains, antibiotics
have also been used to explore the role of microbiota in regulating behavior. Adult zebrafish exposed to a mixture of b-diketone antibiotics at lower concentrations showed an increase in
the exploratory behavior (Wang et al., 2016). This may be interpreted as an indicator of anxiolytic behavior, which is in contrast
with the exposure to higher concentrations, where it led to anxiety-like behavior. This trend was mirrored in social behavior
assay, where the antibiotics at low dosage increased the shoaling behavior in the zebrafish, although high concentration
decreased the social cohesion (Wang et al., 2016).
The adult zebrafish, though developmentally mature, is not
readily amenable for gnotobiotic studies. GF zebrafish larvae,
alternatively, are easier to obtain and maintain and have been
used to study the role of microbiota in neurobehavioral development and stress responses (Davis et al., 2016a; Phelps et al.,
2017). The absence of microbiota increased the locomotor activity in 6 dpf (Davis et al., 2016a) and 10 dpf GF zebrafish larvae
(Phelps et al., 2017). This is congruent to the previous findings
in mice, where GF mice exhibit increased locomotion in an
open-field test as compared to specific-pathogen-free controls
(Diaz Heijtz et al., 2011). The hyperactivity in GF larvae was phenocopied in antibiotic-treated conventionally colonized larvae at
10 dpf (Phelps et al., 2017), demonstrating the role of microbiota
in regulating locomotion activity. Furthermore, there appears to
be a timing requirement to alter the locomotion responses, as
larvae conventionalized on 1, 3, or 6 dpf did not exhibit hyperactivity, while conventionalization on 9 dpf failed to block hyperactivity (Phelps et al., 2017). This suggests that the early-life microbiota disruption during specific temporal windows may result in
aberrant neurobehavioral development. In addition, monocolonization of GF larvae on day 1 with Aeromonas veronii or Vibrio
cholerae (representative members of zebrafish microbiota) was
able to block the behavioral hyperactivity. However, treatment
with heat-killed bacteria and purified microbe-associated molecular patterns were insufficient to prevent the hyperactivity,
suggesting the Toll-like receptor (TLR)-dependent signaling
may not be directly linked to the microbiota-mediated behavioral
modulation in zebrafish (Phelps et al., 2017). In another study,
microbiota colonization status was also shown to influence
metabolism of 17-b estradiol (E2), a key sex steroid involved in
endocrine signaling in zebrafish and modify the effects of E2
on swimming behavior (Catron et al., 2019). This supports the
concept of microbiota as a key component in the biotransformation of xenobiotics and other chemicals (Guthrie et al., 2019).
In zebrafish larvae, anxiety-like behavior is often estimated by
measuring thigmotaxis or preference for the outer edge of a
chamber during periods of light (Schnörr et al., 2012). While 6
dpf GF larvae displayed reduced thigmotactic behavior (Davis
et al., 2016a), the phenotype was not recapitulated in 6 or 10

dpf GF larvae in another study (Phelps et al., 2017). The inconsistency in the results could be attributed to different strains as well
as variations in housing and experimental lighting conditions
used in the two studies. The reduced anxiety in GF larvae is
similar to previous rodent work, where GF mice showed reduced
anxiety-related behavior as compared to conventionally raised
mice (Clarke et al., 2013; Diaz Heijtz et al., 2011; Huo et al.,
2017; Neufeld et al., 2011). However, opposing data also exists
where GF mice of particular inbred strains showed elevated anxiety-like behavior (Bercik et al., 2011b). Additionally, GF zebrafish larvae showed a significantly lower cortisol response to an
acute osmotic stressor as compared to conventionally raised
larvae. This is inconsistent with previous work in mice, which
demonstrates that GF mice have elevated corticosterone levels
upon restraint stress (Sudo et al., 2004). The discrepancies
may be attributed to the genetic confounds, since behavioral
phenotypes can be dictated whether the experiments were conducted in outbred or inbred strains of mice or due to the nature of
the type of stressors utilized in each study. Another important
source of dissimilarity is the primary output of the hypothalamus-pituitary-adrenal (HPA) axis in fish and rodents; while rodents produce corticosterone as the primary glucocorticoid during a stress response, the zebrafish produce cortisol, much like
humans (Wendelaar Bonga, 1997).
Another interesting behavior displayed by zebrafish is the
remarkable alarm response upon exposure to conspecifics
that are injured. This alteration in affective behavior, which is
comprised of darting and freezing behaviors in locomotion, is elicited by the release of alarm substance (Schreckstoff) from the
injured fish. A recent study has found that the alarm substance,
which is produced by the club cells in the skin of the fish, also
contains a bacterial component. Lysates from a zebrafish Staphylococcus isolate were sufficient to evoke the alarm response,
acting along with the host substances in the mucus (Chia
et al., 2019). This suggests that the commensal bacteria from
one individual could influence the emotional state of the others
through social olfactory signaling.
There also has been a body of work highlighting the role of
resident microbiota in modulating social behaviors of the host
across the animal kingdom (Sherwin et al., 2019). However, the
mechanisms linking microbiota to social neurodevelopment are
not well understood. A recent study utilized the zebrafish gnotobiotic techniques and external development to show that the microbiota during early life (0–7 dpf) was critical for the emergence
of social behavior in 14 dpf larvae (Bruckner et al., 2020). Harnessing the optical transparency of larval zebrafish, the authors
found that the microbiota is essential for appropriate arborization
of neuronal morphology in the specific forebrain areas necessary
for normal social behavior. This remodeling of the neurite
complexity and targeting was mediated via the microglia, the
brain’s resident immune cells that regulate the neurite growth
and pruning (Bruckner et al., 2020). Moreover, the authors
observed that the microbiota promoted the infiltration and hence
abundance of the microglia in the forebrain, though there was no
effect on the microglial activity. The study further underscores
the concept of critical windows of early neurodevelopment as
being readily amenable to microbiota modulation, which can
strongly affect behaviors that manifest at a later developmental
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stage, which has been widely studied in rodents and humans
(Cowan et al., 2020).
The use of larval zebrafish is also pushing the envelope in
terms of mechanistic dissection of microbe-brain signaling.
Rawls and colleagues have recently provided compelling evidence for the sensing of bacterial tryptophan metabolites by
EECs that leads to the activation of the vagal and enteric
neuronal pathways (Ye et al., 2021). The neurons of the enteric
nervous system as well as from autonomic nervous system,
including sensory neurons from the vagal ganglia innervate the
vertebrate intestine. The vagal sensory nerve fibers relay signals
from peripheral cues to the central nervous system (CNS) and
€ lling et al., 2019). The aumodulate a variety of brain functions (Fu
thors used in vivo calcium imaging of EECs and nervous activity
to demonstrate that bacteria Edwardsiella tarda and its derived
tryptophan catabolites trigger vagal sensory ganglia activation
via EEC transient receptor potential ankyrin A1 (Trpa1) signaling.
Since the EEC-vagal signaling constitutes an important route of
communication between gut microbiota and CNS, it may be
envisaged that specific tryptophan metabolites could have the
potential to affect CNS processes and behavior. Another recent
paper shed light on the role of SCFAs as anti-inflammatory
agents in zebrafish, alike in rodents (Cholan et al., 2020). Considering all the myriad advantages, the zebrafish with a diverse
microbiota, but still among the simplest vertebrate models, is
poised to be an important model to understand the mechanistic
basis of host-microbiota communication moving forward.
THE FRUIT FLY (D. MELANOGASTER): UTILITY AS A
MODEL ORGANISM FOR MICROBIOTA-BRAIN
COMMUNICATION
D. melanogaster has been the flag-bearer model organism for
research in behavioral genetics, which spans the last several decades (Sokolowski, 2001). There is a plethora of complex behaviors exhibited by the fly that are amenable to dissection at a
genetic and a neural circuit level, owing to a terrific genetic and
recent connectomic toolkit available to Drosophila researchers
(Hales et al., 2015; Xu et al., 2020a). It is not a surprise that
Drosophila neuroscience has and continues to yield important
insights in diverse fields such as biological rhythms, learning
and memory, sleep, aggressiveness, sexual behavior, and
more (Brembs, 2019). Drosophila has also been used extensively
to understand host-pathogen interactions (Buchon et al., 2014).
The last few years has seen this simple and genetically tractable
organism, providing insights in the domain of microbiota-brain
interactions as well. From the microbiota point of view, the fly
model provides a definite advantage of possessing a relatively
simple microbiota consisting of 20 strains, primarily from the
families Acetobacteraceae and Lactobacillaceae (Chandler
et al., 2011). These microbes, being aerotolerant or obligate aerobes, are distinct from the mainly anaerobic commensal gut
bacteria found in humans. However, they do offer the advantage
that majority of them are amenable to culturing and in vitro genetic manipulation, greatly facilitating the identification of microbial metabolites that are directly influencing the host physiology,
such as insulin-mediated larval growth (Shin et al., 2011) and
glucose oxidation (Chaston et al., 2014). Furthermore, GF or
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axenic Drosophila can be produced in large numbers and maintained on nutritive media for many generations. Complementing
the Drosophila, honeybee, a social insect, is also emerging as a
promising model to investigate extended behavioral phenotypes
of gut microbes (Liberti and Engel, 2020; Vernier et al., 2020).
Effects of microbiota manipulation on brain and
behavior
Drosophila thrive on rotten fruits, which are teaming with microbes and their metabolites. The interaction of these bacterial
organic molecules with the gustatory and olfactory neurons of
the fly guide it to nutrient-rich food to lay eggs and to avoid pathogenic niches (Itskov and Ribeiro, 2013; Joseph and Carlson,
2015). Fly larvae detect bacterial SCFAs (propionate and butyrate) using odorant receptor 30a (Or30a) and Or94b located on
the olfactory sensory neurons, triggering feeding behaviors (Depetris-Chauvin et al., 2017).
In one of the early studies linking host social behavior and microbiota, the authors showed that commensal bacteria influenced mating preference in D. melanogaster (Sharon et al.,
2010). Depending on the diet on which the fly was raised, they
exhibited a mating preference that was maintained for multiple
generations. The fly microbiota was identified as a major contributing factor, as antibiotic treatment abolished mating preference, which was further validated by colonization experiments
with L. plantarum, a mixed culture of Lactobacillus species,
and microbiota prior to antibiotic exposure. Although the
detailed mechanism by which commensal bacteria can influence
mating preference remains to be elucidated, microbiota-led
modulation of levels of cuticular hydrocarbon sex pheromones
is a potential avenue. In another study, the interplay among an
epigenetic modifier, microbiota, and fly social behaviors (that
mimic ASD symptoms) was explored (Chen et al., 2019b). Flies
with reduced levels of histone demethylase KDM5 (whose
loss-of-function mutations are linked with ASD in mice and humans) exhibited intestinal barrier impairment and alterations in
gut microbiota composition and social behavior, all of which
could be partially rescued by feeding a probiotic Lactobacillus
strain (L. plantarum L168). In a mechanistic work that shows
the microbiota can have a causal role in behavior, the authors
found that the walking activity of the Drosophila melanogaster
can be affected by a specific gut bacterium (Schretter et al.,
2018). As compared to conventionally colonized flies, the
Drosophila raised in axenic conditions displayed hyperactive
behavior. This increase in walking speed and daily activity in
GF conditions was reversed by colonization with Lactobacillus
brevis, a gut commensal of fruit flies, but not Lactobacillus
plantarum. Delving deeper into the mechanism, the study
showed that effects on locomotion were caused by changes in
the sugar (trehalose) metabolism, which was modulated by the
enzyme xylose isomerase from L. brevis. Octopamine, the equivalent of noradrenaline in invertebrates, was identified to be the
host effector mediating the effect of xylose isomerase on locomotion as exogenous supplementation of octopamine or activation of octopaminergic neurons removed the effects of xylose
isomerase treatment. In other recent studies, effects of gut microbiota on aggression in flies were studied. While GF male flies
displayed reduction in aggressive behavior (Jia et al., 2021),
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antibiotic-treated flies exhibited significantly more aggressive
behaviors (Grinberg et al., 2020). Aggression in GF flies was
restored by microbiota recolonization, with diet and octopamine
signaling playing a key role (Jia et al., 2021). Antibiotic-treated
flies had elevated levels of cis-vaccenyl acetate (cVA) and (Z)-9
tricosene, pheromones related with aggression in flies, as well
as increased expression of the pheromone receptors and transporters (Grinberg et al., 2020). There are also studies that show
the fly model may be relevant for studying the development of
neurodegenerative diseases (AD and PD) and the potential for
their probiotic treatment (Kong et al., 2018; Westfall et al.,
2019). In a Drosophila AD disease model, enterobacteria infection aggravated the progression of AD by increasing the infiltration of immune hemocyte to the brain and thus exacerbating tumor necrosis factor (TNF)-JNK-mediated neurodegeneration
(Wu et al., 2017). Administration of the polyphenol eigallocatechin-3-gallate in a PD Drosophila model rescued dopaminergic,
survival, and behavioral deficits, with profound changes in gut
microbiota composition and restoring the abundance of a set
of bacteria (Xu et al., 2020b). Notably, the protection was blunted
when gut microbiota was disrupted by antibiotics.
Despite these microbiota-mediated behavioral effects
observed in flies, there have been inconsistencies reported.
For example, no significant increase in the activity of axenic flies
relative to those with normal microbiome has been shown (Selkrig et al., 2018), as opposed to the hyperactivity in axenic flies
previously reported (Schretter et al., 2018). Furthermore, microbiota-led changes in courtship were not observed in some (Leftwich et al., 2017; Selkrig et al., 2018), while they were reported in
other studies (Qiao et al., 2019; Sharon et al., 2010). These variable results may stem from changes in experimental design
and environmental parameters. Some of the factors that can
contribute to the varied results in microbiome studies in
Drosophila are host age, nutrient variability, species and strains
of microbiota, and female mating status (Delbare et al., 2020;
Staubach et al., 2013; Wong et al., 2013, 2015).
The complex interplay between the microbiota and dietary
nutrition has also been studied in flies (Grenier and Leulier,
2020; Keebaugh et al., 2018; Wong et al., 2014). Important insights that have emerged from this body of literature focus on
how microbiota can shape behavioral decisions and life-history
traits. Using a chemically defined diet, the commensal bacteria
Acetobacter pomorum and Lactobacilli together, but not alone,
were shown to rescue the behavioral and reproductive effects
caused by the lack of dietary essential amino acids (Leitão-Gonçalves et al., 2017). These commensals engage in metabolic
cross-feeding to become resilient to detrimental host diets. Using isotope-resolved metabolomics, a syntrophic interplay between A. pomorum and L. plantarum could be demonstrated,
wherein lactate generated by the lactobacillus is used up by
the acetobacter to generate amino acids that are essential for
lactobacillus to grow in imbalance diets (Henriques et al.,
2020). Remarkably, lactate was found to be necessary and sufficient for acetobacter to alter the fly’s protein appetite and
feeding decision-making behavior. In a recent study, gut enterocytes were shown to sense the levels of diet- and microbiomederived essential amino acids and relay signal to brain through
the neuropeptide CNMamide to trigger compensatory appetite

for essential amino acids (Kim et al., 2021). In another example
of microbe-microbe interaction and its influence on fly behavior,
Saccharomyces-Acetobacter co-culture was shown to regulate
Drosophila olfactory and egg-laying behaviors distinctly than individual components (Fischer et al., 2017). Saccharomycesderived ethanol was metabolized by the Acetobacter to acetate,
which along with its metabolic derivatives were essential for coculture preference and altering the egg-laying behavior. In other
reports on life-history traits, the gut microbiota has been presented as a key player in development and olfactory-guided
foraging behaviors (Qiao et al., 2019; Wong et al., 2017). In a
foraging assay, conventional flies preferred the associated bacterial strains L. plantarum and A. pomorum, suggesting the role
of microbiota in the microbial preference of flies. In case of
axenic flies, the preference for Lactobacillus was retained while
for Acetobacter was abolished. These microbial preferences
were shown to be olfactory guided and have a large influence
on host foraging, which is also regulated by dietary nutrients
(Wong et al., 2017). Taken together, these studies provide a solid
framework wherein questions such as how hosts become populated with specific community of microbes in their natural environment can be thoroughly investigated.
THE NEMATODE WORM (C. ELEGANS): UTILITY AS A
MODEL ORGANISM FOR MICROBIOTA-BRAIN
COMMUNICATION
With a complete neural connectome and developmental cell lineage mapped as well as plethora of genetic resources and rich
behavioral repertoire, C. elegans has been influential in outlining
conserved genetic pathways and dissection of behavior at the
level of genes, individual neurons, and neural circuits (Corsi
et al., 2015). The breadth of behaviors include swimming and
crawling, responses to a wide variety of sensory cues that are
modulated by internal states, egg-laying, mating, and social
feeding, along with habituation and associative learning.
Coupled to inherent strengths such as a short life cycle and lifespan, transparent body, a large isogenic brood size, and an
exceptional ease to be made GF, C. elegans is emerging as a
strong high-throughput system for understanding host-microbiome interactions (Zhang et al., 2017a). Although, typically
C. elegans are cultivated in the laboratory on Escherichia coli
OP50 seeded on agar plates, their natural habitat of rotting plant
matter is a microbe-rich environment where the bacteria can be
source of nutrition or can be pathogenic and a source of infection
(Schulenburg and Félix, 2017). Since bacteria are both diet and
microbiota, not all bacterial strains can colonize the animal.
The microbiota analysis of the natural environment of wild
C. elegans has identified a community comprising Proteobacteria, Bacteroidetes, Firmicutes, and Actinobacteria (Samuel et al.,
2016), specifically enriched in Alphaproteobacteria genera such
as Ochrobactrum and Pseudomonas, which colonize the intestine (Dirksen et al., 2016). Recently, a specific model microbiome
for use in C. elegans (CeMbio) has been reported, which comprises 12 strains of bacteria from 9 distinct families that are
routinely present in natural C. elegans, irrespective of origin
and isolating laboratory (Dirksen et al., 2020). The development
of this simplified core microbiome, along with other available
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bacterial mutant libraries from targeted deletion or transposon
insertion collections (Govindan et al., 2015; Watson et al.,
2014), is a valuable resource that complements the highly tractable C. elegans host, which is amenable to genome-wide
reverse genetic screens using RNAi libraries (Xiao et al., 2015).
This will further advance a mechanistic understanding of the microbiome impact on host health and disease. Next, we focus our
attention on some of the recent studies reporting effects of microbiota on the nervous system and behavior in C. elegans,
particularly the role of commensal and probiotic bacteria.
Effects of microbiota manipulation on brain and
behavior
C. elegans innately recognize nutritive as well as pathogenic
bacteria in its environment using chemical and mechanical
cues and generate rapid behavioral responses (Meisel and
Kim, 2014). Worms exhibit robust chemotactic responses toward organic volatile molecules of bacterial origin such as diacetyl and isoamylalcohol, which have been found to be released by
bacterial food in the natural habitat of C. elegans (Choi et al.,
2016b; Worthy et al., 2018). Among these attractive bacterial isolates, Providencia sp. JUb39 and its role in modulating host sensory behavior have been the subjects of a recent impressive
study aimed at understanding the mechanistic basis of this microbiota-brain signaling (O’Donnell et al., 2020). Here, the authors showed that the neuromodulator tyramine (a biogenic
amine) produced by the commensal Providencia bacteria, which
colonize the gut, is converted to octopamine (norepinephrine
equivalent in worms) by the C. elegans host and manipulates
aversive sensory responses of the host. Using a C. elegans
mutant of the cat-1 gene, a vesicular monoamine transporter,
the authors further demonstrated that the neuronal transport of
octopamine was essential for the change in behavior driven by
the bacteria. Interestingly, such an intervention in worms has
been considered to be the functional equivalent to the vagotomy
(surgical disruption of the vagus nerve) in mice (Matty and Chalasani, 2020), which has been shown to disrupt microbiotainduced behavioral alterations (Bravo et al., 2011). Furthermore,
C. elegans colonized by Providencia exhibit a selective bias for
these bacteria in food choice assays, which is dependent on
tyramine produced by bacteria and host octopamine signaling
(O’Donnell et al., 2020). These results demonstrate that the
biogenic amine neurotransmitter produced by the gut bacteria
can override the host control of a sensory decision by mimicking
the function of the cognate host molecule and thereby promote
both host and microbe fitness. Recent studies indicate that human gut microbiota also harbors many member species closely
related to Providencia that can modulate biogenic amines (Pugin
et al., 2017), thereby hinting at the commonality of the microbial
factors altering host physiology across the animal phyla. In
another impressive study on gut-brain interaction in modulating
behavior in worms, an enteric serotonergic neuron was found to
acutely detect food ingestion via DEL-3 and DEL-7, ion channels
from the evolutionarily conserved acid-sensing ion channels
(ASIC) family (Rhoades et al., 2019). These channels localize to
the sensory endings of the enteric neuron in the gut and are
required for the feeding-dependent neuronal activation, which
leads to slowing of the locomotion while the animal feeds.
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Furthermore, the neuronal activation appears to be mediated
by a bacterial component that is heat stable, linking microbial
recognition in the gut to the alteration of the feeding behavior.
Apart from the chemotaxis toward volatile cues, C. elegans
also exhibit robust detection and response to gaseous cues of
oxygen and carbon dioxide that are a result of bacterial metabolism. The gas-sensing signaling molecules, neural circuits,
and natural genetic variations have been extensively studied in
C. elegans over the past two decades (Carrillo and Hallem,
2015). In the absence of bacterial food, worms exhibit a preference for 8% oxygen levels in their environment (ambient laboratory oxygen levels are 21%) (Gray et al., 2004). This hyperoxia avoidance shown by the wild-type strain, N2, is greatly
reduced in the presence of bacteria. This altered aerotaxis
behavior in the presence of bacteria is regulated by allelic variation in the npr-1 gene, encoding a GPCR homologous to the
mammalian neuropeptide Y receptor (de Bono and Bargmann,
1998). NPR-1-dependent signaling circuitry, induced by the
presence of bacteria, also has a profound influence on various
other behavioral phenotypes, including ‘‘social feeding’’ or aggregation in feeding behavior, as well as roaming versus dwelling
locomotion decisions (Cheung et al., 2005; Gray et al., 2004; Macosko et al., 2009). Interestingly, NPR-1-dependent behaviors in
N2 worms were found to be abolished in the presence of exopolysaccharide-matrix-producing mucoid strains of bacteria, suggesting a potential mechanism through which biofilm synthesis
by a bacterial population may impede specific host responses
to microbes (Reddy et al., 2011).
In the domain of studies linking microbiome and neurodegenerative diseases, the mechanisms as to how bacterial metabolites directly modulate the neuronal degeneration are largely
underexplored. In a recent study, the authors used a model
of progressive degeneration of touch receptor neurons in
C. elegans as a surrogate of neurodegeneration and evaluated
the neurodegeneration as a function of administration of various
dietary bacteria (Urrutia et al., 2020). The bacteria E. coli HT115,
E. coli K-12, C. aquatica, P. aeruginosa, S. humi, and B. pumilus
promoted neuroprotection, with E.coli HT115 significantly protecting mechanoreceptors and interneurons of the touch receptor circuit on a long-term basis. This was mediated through the
bacterial GABA and host insulin/IGF-1-like signaling pathway.
The involvement of bacterial GABA in neuroprotection in worms
is interesting, in light of the observations that the bacterial GABA
is one of the main effectors of microbiota on the human CNS and
that the relative abundance of GABA-producing gut bacteria
negatively correlates with depression-associated symptoms in
patients (Strandwitz et al., 2019; Valles-Colomer et al., 2019).
Moving forward, the answers to the questions of how GABA
and other microbiota-produced neuroactive molecules influence
the processes in brain and other distal tissues will be keenly
sought. In another recent study highlighting the microbial modulation of neurodegeneration in worms, the authors used a
C. elegans model of synucleinopathy with ectopic expression
of human alpha-synuclein (AS) and observed that administration
of the probiotic bacterium Bacillus subtilis PXN21 to C. elegans
inhibited, delayed, and reversed AS aggregation (Goya et al.,
2020). The neuroprotection conferred by B. subtilis during aging
late in life is mediated by the formation of biofilm in the gut and its
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metabolites, nitric oxide (NO) and the quorum-sensing pentapeptide competence sporulation stimulating factor (CSF). However, in young adults, the bacteria was found to confer neuroprotection partly through metabolites distinct than NO and
independent of gut colonization. Furthermore, the authors
demonstrated that the probiotic inhibited AS aggregation by promoting the activation of host protective pathways, including
DAF-16/FOXO and sphingolipid metabolism. These findings
prompt further investigations into the protective role of the probiotic B. subtilis and its potential use as a diet-based intervention
for PD. We are also witnessing a meteoric rise in the number of
studies highlighting the communication between the microbiota
and nervous and immune systems in health and disease (Fung
et al., 2017), and C. elegans as a model is contributing immensely
to a greater understanding of microbiota’s role at the neuro-immune interface (Singh and Aballay, 2020).
MOVING FORWARD WITH MODEL ORGANISMS: FOCUS
ON SOCIAL AND STRESS-RELATED BEHAVIORS
French poet and novelist Victor Hugo once remarked, ‘‘Nothing
else in the world is so powerful as an idea whose time has
come.’’ Today, the role of microbiota in health and disease,
particularly in the context of brain and behavior, appears to be
one such idea. To tilt the balance of hope versus hype toward
hope, particularly in the context of microbiome and mental
health, we need rigorous studies to go beyond disease associations and to translate this knowledge into therapeutics (Taylor,
2019). The two major behavioral domains in which the microbiota
is shown to have the most robust and remarkable effects, are in
the modulation of social behavior and organismal stress
response. We envisage a tangible translational progress in the
model-system led understanding of microbiota-brain interactions in the fields of social and stress behavior, which are summarized below.
Stress and social behaviors are intricately intertwined; exposure to traumatic stress profoundly impacts social interactions,
and conversely, social environment is a strong predictor of our
ability to cope with stress (Hostinar et al., 2014; Sandi and Haller,
2015). Moreover, both response systems exhibit a great degree
of cross-talk in the neuromodulatory and neuroanatomical substrates, which could be amenable to microbial modulation during
development and acutely. A recent study described how the microbiome can modulate social behaviors through neural circuits
underlying stress responses in the rodent brain (Wu et al., 2021).
Using GF and antibiotic-treated mice, the authors showed that
gut microbiota affects neural activity in the PVN of hypothalamus
of male mice to regulate typical stress responses such as corticosterone levels as well as social behaviors (Wu et al., 2021).
A bacterial species, Enterococcus faecalis, was identified to promote social behavior and reduce corticosterone levels in mice
upon social stress.
Social behavior and microbiome
Enormous advances in organismal biology over many decades
have firmly established genetics, development, and environment
as the key determinants shaping social behavior across the animal kingdom. A new appreciation of host-microbe interactions

has led to the emergence of the study of sociability from a microbiota point of view (Sherwin et al., 2019). GF rodents display
remarkably different social behavior as compared to ones colonized with bacteria, and probiotic supplementation can reverse
social deficits in early life as well as adulthood. This suggests
that microbial signals play an important role in normal social neurodevelopment and programming in the brain. Understanding
causal mechanisms underlying this intriguing association could
potentially lead to new therapies for social disorders in humans,
such as ASD, social anxiety disorder, and the social deficits
associated with schizophrenia.
Simple model organisms such as C. elegans, Drosophila, and
zebrafish exhibit a variety of social behaviors, including aggregation, courtship and mating, aggression, and shoaling (Geng and
Peterson, 2019; Sokolowski, 2010), similar to those in more complex animals. The unsurpassable access to the genes-neuronscircuits, and the precise control over the environment of the
social context (Robinson et al., 2019), along with the low-dimensional microbiota in these organisms, provide a tremendous
opportunity to seek causal mechanisms linking social behavior
and microbiome (Figure 3). Oxytocinergic signaling, which is
conserved from worms to humans (Grinevich and Neumann,
2021; Odekunle and Elphick, 2020), and the corresponding
neural circuits may be the key convergent node between the microbial cues and higher-order brain functioning and emergent
social behavior (Erdman, 2021). There is further supported by
the observation that probiotic L. reuteri, as mentioned previously, was able to rescue social-interaction-induced synaptic
plasticity of ASD mice, but not in mice lacking the oxytocin receptor in dopaminergic neurons (Sgritta et al., 2019).
Stress and microbiome
Allostatic load of stress remains one of the most potent risk factors for psychiatric illness (Juster et al., 2010). There is a robust
bidirectional communication between the stress response system and state of the microbiota; a number of studies have
demonstrated that stress alters the gut microbiota composition
across a variety of species, and conversely, the gut microbiota
also shapes the stress responsivity, primarily via the modulation
of the HPA axis (Foster et al., 2017; de Weerth, 2017). Moreover,
specific bacterial strains have been shown to reverse various
stress effects in several animal models (Long-Smith et al.,
2020). With a plethora of association and correlation studies
laying the groundwork, the field of stress-microbiota communication is ripe for causative analysis (Figure 4). The simpler model
organisms and their neurogenetic accessibility could be leveraged to obtain this mechanistic analysis. While the invertebrates
(C. elegans and Drosophila) have comparable neuropeptidergic
modulatory systems and simpler microbiome (Jékely et al.,
2018; Liu et al., 2018; Masuzzo et al., 2020), the use of zebrafish,
with robust behavioral paradigms and strong similarities in
stress-related neuroanatomy and hormones (Biran et al., 2018;
Stewart et al., 2015), may be a game-changer for the field.
Notably, zebrafish and humans share structural and functional
homology in the HPA axis (Nagpal et al., 2019), of which the
PVN of the hypothalamus is of particular relevance for stress
regulation and microbiome modulation (Farzi et al., 2018). Moreover, hypothalamo-neurohypophyseal system, lacking a tight
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Figure 3. Microbiome and social behavior
The state of microbiota and its association with
sociability should be tested for causality using
direct administration of putative microbial ‘‘sociobiotics’’ and ethologically relevant behaviors.

blood-brain barrier (Anbalagan et al., 2018), is a likely target to be
impacted by the microbial metabolites during development,
which in zebrafish being external, can be harnessed for easy
manipulation of microbiota environment and microscopic visualization of developing circuits. The mechanisms and lessons
learned from such studies would greatly complement and guide
the research in mammalian systems. This cross-species synergy
is crucial and paramount for the development of next-generation
microbiota-based therapeutic options (psychobiotics) for stressrelated conditions, including anxiety, depression, and post-traumatic stress disorder (Dinan et al., 2013).
Promises and caveats
C. elegans, Drosophila, and zebrafish, all display robust stress
and social responses employing molecules and circuits similar
to those in mice and humans, which are amenable to microbial
modulation. A cross-species approach presents a golden opportunity to realize mechanistic dissection of microbiota-brain
interactions in the context of these behaviors, which have farreaching implications for human therapeutics for neuropsychiatric and neurodevelopmental disorders. Furthermore, as has
been demonstrated before for life-history traits, these models
are tailor-made to conduct high-throughput screens to define
the underlying host-microbe-drug-nutrient interactions (Pryor
et al., 2019; Scott et al., 2017; Wang et al., 2015). Thus, it can
be foreseen that, in light of the scalability offered by these simple
models, it will be possible to screen microbes and microbial me-
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tabolites relevant for the diseases of the
nervous system. One, of course, needs
to consider and understand the limitations associated with these systems and
an overall simplification may compromise, in some cases, the physiological
relevance. For instance, the gut microbiota composition of these simpler organisms differs dramatically from that of
mammals, and more so, the bacteria are
mostly aerobic, unlike the obligate anaerobic bacteria dominating the human gut
landscape. There are some species-specific limitations as well. Zebrafish pose
logistical issues in terms of time, cost,
and means to raise GF larvae to adulthood, thereby restricting the mechanistic
studies to early life stages. The methods
to genetically transform some microbial
partners, in the case of Drosophila, are
not well developed, and microbiome experiments with flies and worms need to
be carefully designed and interpreted,
because they are microbivores. C. elegans do not possess a well-defined blood-brain barrier, an
important anatomical feature in vertebrate brains that regulates
the access of microbially derived metabolites. Thus, signals
generated in the gut of the worms are more likely to have systemic effects in C. elegans than in mammals. Despite the limitations, the experimental systems of worms, flies, and fish, by virtue of yielding fine-grained mechanistic results faster and more
economically, are a perfect complement to the mouse and human studies (Douglas, 2018).
OUTLOOK
To realize the true potential of microbiota-brain research, the two
major issues that need to be addressed, going forward, are
mechanistic causal rigor and human translatability. Though, ‘‘human-microbiota-associated animals’’ (Arrieta et al., 2016), where
FMT from human subjects into microbiota-depleted animals is
followed by a phenotypic analysis in the recipient animals, has
been the benchmark for causality, the majority of positive studies
suffer from unsuitable statistical analyses, improper experimental designs, and bias (Walter et al., 2020), generating an unrealistic expectation. For the long-term reliability of microbiomebrain research and to facilitate its translation, causal candidate
elements of the gut microbiota (e.g., specific bacterial taxa
and metabolites) should be identified following an unbiased
hypothesis-generating integrative multi-omic analysis with host
nervous system phenotypes, which subsequently be confirmed
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Figure 4. Bidirectional communication
between stress and microbiome
Multiple species-specific stressors will be key to
understand this dynamic interplay between the
stress response pathways and circuits and the
alterations in the state of microbiota.

with functional experiments in gnotobiotic animals or disease
models performed without pooling donor samples and statistical
pseudo-replication (Nyholm et al., 2020; Walter et al., 2020).
Moreover, novel statistical and machine learning approaches
could be adopted to microbiome data and be used to infer causality and mechanistic interactions directly in humans, where
longitudinal studies and randomized controlled trials are the
need of the hour.
As Yeats alluded to almost a century ago, the essence of the
chestnut tree is neither to be found in the leaf, nor the blossom,
nor the trunk; the essence of the ‘‘great rooted blossomer’’ lies in
the tree as a whole. Understanding of the host physiology and, in
particular, nervous system structure-function and the emergent
behavior should increasingly take into account the whole holobiont (Nagpal and Cryan, 2021; Theis et al., 2016). Although majority of efforts over the past two decades have investigated the
microbiota-gut-brain axis in rodents, it is time we dig into mechanisms leveraging a cross-species approach and make robust
and large human translational studies a central focus.
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Lavasani, S., Dzhambazov, B., Nouri, M., Fåk, F., Buske, S., Molin, G., Thorlacius, H., Alenfall, J., Jeppsson, B., and Weström, B. (2010). A novel probiotic
mixture exerts a therapeutic effect on experimental autoimmune encephalomyelitis mediated by IL-10 producing regulatory T cells. PLoS ONE 5, e9009.
Leclercq, S., Mian, F.M., Stanisz, A.M., Bindels, L.B., Cambier, E., Ben-Amram, H., Koren, O., Forsythe, P., and Bienenstock, J. (2017). Low-dose penicillin in early life induces long-term changes in murine gut microbiota, brain cytokines and behavior. Nat. Commun. 8, 15062.
Leclercq, S., Le Roy, T., Furgiuele, S., Coste, V., Bindels, L.B., Leyrolle, Q.,
Neyrinck, A.M., Quoilin, C., Amadieu, C., Petit, G., et al. (2020). Gut Microbiota-Induced Changes in b-Hydroxybutyrate Metabolism Are Linked to
Altered Sociability and Depression in Alcohol Use Disorder. Cell Rep. 33,
108238.
Lee, H.-J., Lee, K.-E., Kim, J.-K., and Kim, D.-H. (2019). Suppression of gut
dysbiosis by Bifidobacterium longum alleviates cognitive decline in 5XFAD
transgenic and aged mice. Sci. Rep. 9, 11814.
Leftwich, P.T., Clarke, N.V.E., Hutchings, M.I., and Chapman, T. (2017). Gut
microbiomes and reproductive isolation in Drosophila. Proc. Natl. Acad. Sci.
USA 114, 12767–12772.
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