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Simple Summary: The body is home to a complex, finely balanced ecological community containing
commensal, symbiotic, and pathogenic microorganisms that are collectively termed the microbiota.
This system of living organisms plays a crucial role in integrating the neural, endocrine, and immune
systems via a bidirectional communication pathway known as the gut-brain-immune axis. In concert
with these pathways, the microbiota can influence their hosts’ neurological system to have a profound
influence on mental health, mood, and behaviour. Despite the abundance of research in human
medicine, there is limited literature exploring the connection between abnormal behavioural pheno-
types and disturbances in the gut microbiota of animals. This review provides the first compilation of
the current progress of gut microbiota analysis in production, performance, and companion animal
studies. We assessed the similarities of gut microbiota between animal categories and compared them
to the gut microbiota population shifts already associated with human mental health disorders.

Abstract: The literature has identified poor nutrition as the leading factor in the manifestation of many
behavioural issues in animals, including aggression, hyperalertness, and stereotypies. Literature
focused on all species of interest consistently reported that although there were no significant
differences in the richness of specific bacterial taxa in the microbiota of individual subjects with
abnormal behaviour (termed alpha diversity), there was variability in species diversity between these
subjects compared to controls (termed beta diversity). As seen in humans with mental disorders,
animals exhibiting abnormal behaviour often have an enrichment of pro-inflammatory and lactic acid-
producing bacteria and a reduction in butyrate-producing bacteria. It is evident from the literature that
an association exists between gut microbiota diversity (and by extension, the concurrent production
of microbial metabolites) and abnormal behavioural phenotypes across various species, including
pigs, dogs, and horses. Similar microbiota population changes are also evident in human mental
health patients. However, there are insufficient data to identify this association as a cause or effect.
This review provides testable hypotheses for future research to establish causal relationships between
gut microbiota and behavioural issues in animals, offering promising potential for the development of
novel therapeutic and/or preventative interventions aimed at restoring a healthy gut-brain-immune
axis to mitigate behavioural issues and, in turn, improve health, performance, and production
in animals.

Keywords: animals; behaviour; microbiome

1. Introduction

Gut microbiota research and its relationship to mental health is an emerging research
field [1-3]. While aspects have been studied relatively extensively in the human field,
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including laboratory rodent models, other animal-based gut microbiota research and its
putative links to adverse behaviour are very much in their infancy [4]. In healthy humans,
the gut microbiota is established towards the end of the gestation period and through the
process of parturition. A large variety of microbes is acquired from the maternal intestinal
microbiota and influenced by the dam’s diet and method of delivery [5-8]. Maternal micro-
biota contributes to microbiome diversity throughout the growth stages of the animal, but
parturition remains a crucial time for development of the gut microbiota. Autochthonous
bacteria present in the gut act in a symbiotic relationship with the host. Both will pro-
vide each other with nutrients to sustain life, enhancing protective systems for the host,
while the host will provide the bacteria with an ideal environment supporting continued
reproduction. Gut bacteria also play an important role in the development of specific
aspects of the brain, affecting the growth and maturation of precise regions of neurological
white matter [9]. Whilst current and recent multidisciplinary research breakthroughs have
significantly improved our understanding of the gut-brain-immune axis in humans, this
issue has yet to be adequately addressed in animals other than laboratory rodent models.

Many lines of evidence support the need for a holistic approach to medicine, with
detrimental effects in the gut microbiome now recognised as having a much larger role
in immunological tolerance, cognitive function, and physiological development of the
individual than previously thought. In addition to bacterial abundance, microbiome di-
versity is an important feature [10]. Human-based research has identified correlations
between the abundance of specific bacteria taxa and mental disorders such as bipolar disor-
der, anxiety, depression, and schizophrenia [11]. While these disorders are not currently
recognised or indeed investigated in animals because of the difficulty in establishing and
distinguishing specific pathognomonic features relevant to production companion and
performance animal health, the findings from human research may play a large role in
how veterinarians diagnose and treat behavioural disorders in the future. Although some
aspects of the complex relationship between healthy gut microbiota, immune response, and
mental health and welfare have been recognised in animals, the current scope of literature
is limited; for example, the effects of the large differences in digestive system physiology
between fore and hindgut fermenters compared to monogastrics on microbiome profile are
largely unknown, limiting established collations of intra- and inter-species similarities and
distinctions [11-13].

In pigs, many gut bacteria are involved in the breakdown of dietary carbohydrates
(which are not processable by the host) into short-chain fatty acids (SCFAs), including
acetate, butyrate, and propionate [13]. Additionally, adverse events resulting from sudden
shifts in diet followed by microbial community shifts in lactic acidosis are well docu-
mented [14]. In humans, many gut bacteria have been shown to influence the proliferation
of oligodendrocyte progenitor cells (OPCs), which play a crucial role in the myelination of
axons and the development of axon pathways [9]. They are also involved in the physio-
logical development of white matter in the brain, specifically in areas related to cognition
and emotional capacity [9]. When gut health is maintained, the host can utilise SCFAs for
nutritional purposes and undergo healthy brain development, with each SCFA playing
an important role in immune system development, regulation, and neurological func-
tion [9,13]. Some bacteria can also produce tryptophan metabolites, enabling the host to
utilise gut-derived neurotransmitter precursors such as indole. Some species of bacteria
can even directly produce neurotransmitters such as serotonin and melatonin, which are
crucial for normal brain function and sleep regulation [13,15-17]. These metabolites play
an important role in mental health and behavioural changes.

This review will provide a comprehensive analysis of the current state of animal-
based gut-immune-brain axis research. It will compare three categories of animals with
one example from each: production animals (pigs), performance animals (horses), and
companion animals (dogs).
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2. Methods

This systematic review adheres to the Preferred Reporting Items for Systematic Review
and Meta-Analyses (PRISMA) framework [18]. Eligible articles had to meet the following
inclusion criteria: (1) the study must be relevant to the research topic; (2) it must be
published in English and peer-reviewed with the full text available; and (3) it must have
been published within the last 10 years, unless no recent study was available.

A systematic search was conducted in PubMed for eligible articles from 1 August to
30 September 2022 using the search strategy (microbiota OR microbiome) AND (gut OR
gastrointestinal OR “gut-brain”) AND (behaviour OR behavioural OR stereotypies) for
each animal species of interest: porcine (pigs OR swine OR porcine), equine (horse OR
equine), and canine (dog OR canine). Further studies were identified by reviewing the
bibliographies of inclusion articles. Additionally, a separate search was conducted to review
the most recent human literature with the specific aim of identifying which bacterial taxa
are associated with human mental health and behavioural disorders and their putative role
in disease pathogenesis. Eligible articles met the same inclusion criteria, with the exception
that the search was refined to only include meta-analysis and systematic review articles
published since 2020. The search strategy included (microbiome OR microbiota OR bacteria)
AND (gut OR gastrointestinal) AND (“mental disorder”), with the additional key search
terms “short chain fatty acids”, “neurotransmitters”, “HPA axis”, and “immune pathway”.

A total of 372 articles were identified from primary database searches using the
above-mentioned search terms. Following an initial screening of the abstracts of the
372 articles, 81 were deemed relevant and were selected for a full-text analysis (291 were
excluded). Of these articles, 61 did not meet the outlined inclusion criteria (investigating the
gut microbiota’s association with behaviour/brain function and development/gut-brain-
immune axis) and consequently were excluded. The remaining 20 articles were included in
our systematic review, as were an additional 19 that were identified from the bibliographies
of relevant articles. In total, 39 studies met the outlined inclusion criteria and were selected
for this systematic review, of which 5 investigated gut microbiota composition in pigs, 11 in
horses, 9 in dogs, and 14 in human patients with mental disorders.

3. Results

Gut microbiota describes the collection of bacteria, archaea, and eukarya that have
colonised the gastrointestinal tract [19,20]. The gut microbiota has a vital role in inte-
grating the neural, endocrine, and immune systems via a bidirectional communication
pathway termed the gut-brain-immune axis. The brain can influence gut motility, secretion,
and permeability, which in turn affects the gut microbiota. Conversely, the microbiota
can produce various metabolites, which act via the vagus nerve, the blood-brain barrier
(BBB), and through modulation of the hypothalamic-pituitary-adrenal (HPA) axis and
the immune system [11,21-24]. Some of the important microbial products include SCFAs,
neurotransmitters, and their precursors. These products have neuroactive properties that
can influence their hosts’ central nervous systems (CNS) and impact emotion, mood, and
behaviour [11,23,25,26].

Some commensal anaerobic microbes, including genera within the Bacteroidetes and
Firmicutes phyla, ferment indigestible polysaccharides to produce SCFAs—butyrate, pro-
pionate, and acetate [23]. These compounds can act locally as the major energy source
for intestinal cells. They are also involved in maintaining the intestinal barrier, as they
preserve tight cellular junctions and enhance the production of mucus and antimicrobial
peptides [23,27]. Alternatively, SCFAs can have systemic effects, which can be achieved
indirectly via the stimulation of the enteroendocrine cells (EECs) to produce hormones
that either enter systemic circulation or modulate the vagus nerve. SCFAs can also directly
enter the circulation and cross the blood-brain barrier (BBB), influencing the CNS. In the
CNS, SCFAs influence BBB permeability by upregulating the expression of tight-junction
proteins, limit neuroinflammation by decreasing the activity of microglia, stimulate neu-
rogenesis, and modulate neural homeostasis and function [22,23,28-30]. Additionally,
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SCFAs can limit both the immune and endocrine responses as they have anti-inflammatory
properties, activate T-regulatory cells, and decrease the expression of proteins involved in
the HPA axis [23]. Collectively, these interactions can influence cognition, emotion, and
behaviour [31-33].

Neurotransmitters are widely known to influence emotions and behaviour [22,34,35].
Dopamine is associated with feelings of pleasure, motivation, and reward. Serotonin is
colloquially known as the “happiness hormone” and is involved in the regulation of mood
along with sleep and digestion. Acetylcholine and glutamate are involved in learning
and memory. Norepinephrine is linked to alertness, fear, anger, and stress, while gamma-
aminobutyric acid (GABA) is known to have a calming effect, among others [22,34,35].

These neurochemicals (and their precursors) are synthesized by neurons as well as
specific gut microbes [23,25]. The bacterial genera currently known to be responsible for
producing neurotransmitters and/or their precursors include the following [26,36]:

GABA produced by Lactobacillus and Bifidobacterium;

Norepinephrine produced by Escherichia, Bacillus, and Saccharomyces;

Dopamine produced by Bacillus;

Acetylcholine produced by Lactobacillus;

Serotonin produced by Escherichia, Enterococcus, Candida, and Streptococcus;
Tryptophan produced by Clostridium, Bacteroides, Escherichia, Burkholderia, Streptomyces,
Pseudomonas, and Bacillus.

These compounds can act locally on EECs to affect gastrointestinal function and
regulate the enteric immune response [37—42]. Alternatively, they can influence the
CNS [40,43,44]. Although gut-derived neurotransmitters themselves are unable to cross the
BBB, they act as signalling molecules on specialised EECs—neuropod cells—that synapse
with the vagus nerve to transmit signals to the brain [11]. Conversely, microbes can also pro-
duce neurotransmitter precursors such as phenylalanine, tyrosine, and tryptophan, which
can cross the BBB and become synthesised into functional neurotransmitters [22]. Further-
more, many common gut microbiota inhabitants, such as Bacteroides and Enterobacteriales,
have been shown to metabolise tryptophan into indole derivatives and SCFAs. Tryptophan
metabolites can pass through the BBB, with indole decreasing pro-inflammatory responses
from astrocytes and SCFAs playing a role in the regulation of microglial homeostasis. This
has been demonstrated in a mouse model in which 11C- and 13C-labelled acetate entered
systemic circulation before crossing the BBB into the hypothalamus, where it was integrated
into pathways including the glutamate—glutamine and GABA cycles [45]. Within the CNS,
these neurotransmitters impact cognition and behaviour by influencing learning, emotions,
and impulse control [46].

These metabolites remain at equilibrium in a healthy individual as the gut-brain-
immune axis maintains a homeostatic balance of gastrointestinal bacteria. Diet changes,
antibiotic use, stress, or a pathogenic infection can disrupt homeostasis, and dysbiosis
results. This can involve a reduction in bacterial diversity, a loss of commensal bacteria,
and/or an overgrowth of pathogenic bacteria [47]. As the gut microbiota are responsible for
producing significant amounts of neurotransmitters (and precursors) as well as SCFAs in the
body, changes in bacterial composition can impact the concentrations of these neuroactive
chemical messengers and, in turn, the emotions and behaviours they influence.

As a consequence of altered SCFA concentrations, dysbiosis can lead to ‘leaky gut':
a syndrome involving intestinal inflammation, impaired permeability, and subsequent
translocation of microbial metabolites, antigens, and enteric corticosterone into systemic
circulation [21,22,24,26]. These molecules can cross the BBB or modulate the vagus nerve
to activate the HPA axis, or they can stimulate systemic inflammation, with the subsequent
release of cytokines and prostaglandins causing inflammatory activation [21]. This results in
a stress response, in which physiological changes can affect behaviour, including cognitive
behaviour, fear, hyperresponsiveness, and aggression [48]. Additionally, the activated
HPA axis can influence gut motility, secretions, and permeability—thus changing the
gastrointestinal environment and exacerbating dysbiosis. The release of catecholamines
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from the HPA axis can also directly stimulate the growth of pathogenic bacteria [21,49].
Luo et al. (2018) demonstrated the importance of gut microbiota on HPA axis response
regulation in germ-free mice [50]. These models displayed a hyperresponsive HPA axis
reaction to stressors, with alterations evident in blood markers as well as an upregulation of
the genes in the hippocampus encoding proteins involved in the HPA axis response. Proper
functioning of such a hyperactive HPA axis can be restored following administration of
probiotics containing Lactobacillus and Bifidobacterium [21].

Recent research has also explored the effects of dysbiosis during early life develop-
ment. As establishment of the microbiome coincides with the development of the immune
and nervous systems, dysbiosis caused by some antibiotic treatments during this critical
developmental period has been shown to affect both systems and, in turn, influence the
development of cognitive and behavioural disorders [25]. A rodent-based study involving
dysbiosis during microbiota colonisation (initiated by antibiotic treatment during preg-
nancy) demonstrated reduced exploratory behaviour effects on offspring for the entire
duration of the study [24]. Dysbiosis, initiated by maternal immune activation, poor diet,
infection, or antibiotic use, can cause systemic inflammation and initiate a dysregulated
HPA axis and a hyper-reactive immune response [21,25]. Additionally, dysbiosis may result
in the underdevelopment of the immune system with fewer and smaller lymph nodes [24].

Abnormal neuronal development and associated cognitive and neurobehavioural
disorders may also occur because of dysbiosis and microbial-derived neuroactive metabo-
lites [51]. The prefrontal cortex is particularly at risk of developmental problems associated
with dysbiosis as it undergoes myelination at a later, more vulnerable period [25]. Dis-
turbances in the myelination of the prefrontal cortex have recently been linked to the
development of poor social behaviour in humans [25]. Additionally, increased BBB perme-
ability associated with early life dysbiosis can further contribute to the development of a
hyperresponsive immune system as more inflammatory mediators, such as cytokines, can
cross the BBB [24]. An increased level of cytokine expression in the brain, particularly in the
hippocampus, has been observed in mice exposed to prenatal stress and dysbiosis [52]. In
humans, dysbiosis has also been linked to increased activation of microglia and astrocytes,
which influence synaptic development and neuroplasticity [24,26]. Furthermore, neurologi-
cal disturbances associated with the disruption of gut microbiota during initial bacterial
colonisation cannot be reversed [24,26]. It may result in the development of permanent
changes in behavioural phenotype if it occurs during the time window crucial for micro-
biota colonisation and neural and immune development [24,26]. Altogether, dysbiosis can
be involved in temporal behavioural changes if it occurs in more mature, developed ani-
mals, or it may result in the development of permanent changes to behavioural phenotypes
if it occurs during the window of crucial colonisation and neural and immune development.

3.1. Humans

Because of the microbiota’s profound influence on emotion, mood, and behaviour,
human medicine has begun to intricately examine the gut microbiota to identify specific
bacterial taxa that are commonly associated with mental disorders, such as depression
(D), anxiety (A), bipolar disorder (BD), and schizophrenia (SZ) [26,27,53-57]. The selected
search terms identified 14 research papers specifically exploring the association between
mental health disorders and alterations in microbiota populations. Amongst these studies
were numerous recent systematic literature reviews and meta-analyses (2020-2022) that
amalgamated the correlations identified between population shifts in specific gut microbe
taxa and mental health disorders. Studies documenting mental health disorders and
their association with increased or decreased relative abundance of different microbial
populations are shown in Table 1. Studies in Table 1 are performed on both male and female
individuals, mainly by analysis of faecal samples.
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Table 1. Microbiota population shifts correlated with mental health disorders in humans.

Relative Abundance
Decrease in Microbiota

Relative Abundance
Increase in Microbiota

Behavioural Condition Study (Reference)
Composition Composition
Human
Lactobacillus
Eggerthella
Enterococcus
Coprococcus
Streptococcus Faecalibacterium
McGuinness et al., 2022 [27] Flavonifractor
L . Prevotella
Escherichia-Shigella .
.y Ruminococcus
Alistipes
Parabacteroides
Veillonella
Blautia
OSCllll.baF fer Faecalibacterium
Clostridium )
. Lactobacillus
Halversion and Streptococcus Prevotella
Alagiakrishnan, 2020 [26] Alistipes .
! Bacteroides
Bacteriodes Bifidobacterium
Bifidobacterium
Enterobacteriaceae (family)
Lactobacillus
Oscillibacter
Blautia
Streptococcus Coprococcus
Simpson et al., 2021 [53] Holdemania Faecalibacterium
Depression Erysipelotrichaceae (family) Sutterella
Eggerthella
Olsenella
Desulfovibrio
Streptococcus Coprococcus
Alli et al., 2022 [55] Eggerthella Faecalibacterium
Bifidobacteriaceae (family) Sutterellaceae (family)
Nikolova et al., 2021 [56] Eggerthella Faccalibacterium
Coprococcus
Oscillibacter
Blautia
Holdemania
Clostridium
Anaerostipes
Coprococcus
Streptococcus .
j Lactobacillus
Veillonella Clostridium
Barandouzi et al., 2020 [57] Erysipelotrichaceae (family) Dialister
Eubacterium o .
. Escherichia-Shigella
Parabacteroides
Sutterella
Paraprevotella
Eggerthella
Olsenella
Desulfovibrio

Parasutterella
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Table 1. Cont.

Relative Abundance

Relative Abundance

Behavioural Condition Study (Reference) Increase in Microbiota Decrease in Microbiota
Composition Composition
McGuinness et al., 2022 [27] Lactobacillus Coprococcus
Halversion and RCL:tlr(r);ZZf;ZZts Bacteroides
Anxiet L
nxiety Alagiakrishnan, 2020 [26] Escherischia-Shigella
. Coprococcus
Nikolova et al., 2021 [56] Eggerthella Faecalibacterium
Lactobacillus
Enterococcus
Streptococcus Coprococcus
. Bifidobacterium Roseburia
McGuinness etal., 2022 [27] Oscillibacter Faecalibacterium
Megasphaera Ruminococcus
Bipolar disorder Eggerthella
Flavonifractor
. Coprococcus
Nikolova et al., 2021 [56] Eggerthella Faecalibacterium
Halverson and Faecalibacterium
Alagiakrishnan, 2020 [26]
Lactobacillus Conrococcus
Escherischia-Shigella P .
Veillonella Roseburia
McGuinness et al., 2022 [27] Bacteroides
Eggerthella .
Haemophilus
Megasphaera
. . Prevotella Streptococcus
Schizophrenia
. Coprococcus
Nikolova et al., 2021 [56] Eggerthella Faecalibacterium
Coprococcus,
Halverson and Escherischia-Shigella Roseburia
Alagiakrishnan, 2020 [26] Succinivibrio Faecalibacterium

Ruminococcaceae (family)

Figure 1, designed based on the data in Table 1, displays a shift in microbiota compo-
sition in humans across four major phyla of gut microbes (Actinobacteria, Bacteriodetes,
Protobacteria, and Firmicutes) for depression, anxiety, bipolar disorder, and schizophrenia.

Some of the reviewed articles also analysed microbiota diversity using alpha and beta
diversity indexes. Alpha diversity measures the richness of microbial taxa in individual
microbiome samples, whereas beta diversity assesses the variability in species diversity
between multiple samples [58]. The articles consistently identified that although there
are no significant differences in alpha diversity between the investigated patients and
controls, there are differences in beta diversity [26,27]. The gut microbiomes of patients
with mental health disorders consistently display an enrichment of pro-inflammatory
and lactic acid-producing bacteria, a reduction in butyrate-producing bacteria, and an
abundance of bacteria associated with glutamate and GABA metabolism [25-27,53-57].
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Figure 1. Number of references reporting increase or decrease in the levels of Firmicutes, Protobacte-
ria, Bacteriodetes, and Actinobacteria with depression, anxiety, bipolar disorder, schizophrenia, tail
bitten, tail bitter, unresponsive, aggressive, alert, oral stereotypies, locomotion stereotypies, phobic,
and aggressive in four selected species: human (A), porcine (B), equine (C), and canine (D).

Lactic acid-producing bacteria can have beneficial impacts when present in the gut at
moderate levels. This includes the regulation of metabolism, protection against pathogenic
bacteria, lactate production, and immunomodulatory effects [27]. As a result, Lactobacillus
is commonly included as a probiotic in many human health foods and has even been
associated with decreases in stress and anxiety behaviours [6,25,26,59]. However, if lactic
acid-producing bacteria become overabundant, lactic acid accumulation in the gut occurs
and can have detrimental impacts. Higher levels of gut Lactobacillus are seen in A, D,
SZ, and BD; increases in Streptococcus in the gut have been identified in BP and D; and
higher relative abundances of Enterococcus are unique to D; Escherichia/Shigella in SZ; and
Bifidobacterium in BD [25-27,53-57].

Butyrate-producing bacteria are crucial in maintaining gut barrier integrity. Reduced
butyrate production can result in impaired intestinal permeability and, in turn, the translo-
cation of bacteria and their products into the systemic circulation and subsequent sys-
temic inflammation [25]. Reduced abundance levels of Coprococcus and Faecalibacterium
in the gut are seen in A, D, SZ, and BD, whereas lowered Roseburia is unique to BD and
SZ [25-27,53,55-57]. Interestingly, administration of butyrate has reversed behavioural
hyperactivity and depressive- and manic-like behaviours in experimental settings with
mice and pigs [23,60].
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Alterations in the levels of bacteria involved in glutamate metabolism are also common
in patients with mental disorders. Increases in Lactobacillus are evident in A, D, SZ, and BD,
whilst elevated levels of Alistipes, Oscillbacter, Eggerthella, and Parabacteroides are unique to D;
Bifidobacterium to BD; and Enterococcus to D and BD [25-27,53,55-57]. Some studies propose
that these microbes increase the utilisation and depletion of glutamate and subsequently
increase the synthesis of GABA, an inhibitory neurotransmitter associated with anxiety
and depression-related behaviours [6,61].

3.2. Animals

In animals, dysfunctional, repetitive behaviours are often referred to as “stereotypies”,
and they include tail and bar biting and pacing in pigs; crib-biting and pacing in horses; and
tail chasing, fly snapping, and light/shadow chasing in dogs [62]. These behaviours have
traditionally been considered to be expressed as a response to a suboptimal environment
and boredom [62]. However, research in various species has identified poor nutrition as
another leading factor in their manifestation, which likely influences the microbiome [62,63].
Depending upon the hosts” nutrition and the food source provided to the gut microbes,
different populations of gut microbes will prosper, and, in turn, their metabolites will differ
in abundance [64,65]. As discussed, some of these metabolites can impact the host’s CNS
via a myriad of pathways, which in turn may affect behaviour. Several recent studies
(2019-2022) investigated correlations between population shifts in specific gut microbe
taxa and behavioural issues in porcine, equine, and canine hosts. Studies documenting
behavioural conditions in animals and their association with increased or decreased relative
abundance of different microbial populations are shown in Table 2.

Table 2. Microbiota population shifts correlated with specific behavioural disorders in three animal
species (porcine, equine, and canine).

Behavioural Condition Study Increased Decreased
Porcine
Lactobacillus
Coprococcus Butyricicoccus
Rabhi et al., 2020 [66] prococ Pseudobutyrivibrio
Clostridium .
Roseburia
Anaeroplasma
Tail biter (Aggressor) Firmicutes (phylum)
Clostridiales (order)
Verbeek et al., 2021 [67] Lach.nosplraceae (farm.ly)
Ruminococcaceae (family)
Ruminiclostridium
Family_XIII_AD3011
Sphaerochaeta .
Rabhi et al., 2020 [66] Blautia Iifggi’j%;‘;s
Alistipes
Tail-bitt Victi
ail-bitten (Victim) Alloprevotella Prevotella
Verbeek et al., 2021 [67] Butyrivibrio Ralstonia

Lachnospiraceae (family)

Prevotella/Prevotellaceae
Fearful behaviour/ lgck of Choudhury et al., 2022 [4] Eubacterzym
exploratory behaviour Coprostanoligenes
Coprococcus
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Table 2. Cont.
Behavioural Condition Study Increased Decreased
Equine
Dehalobacterium
Mach et al., 2020 [68] Denitrobacterium
Hypervigilance and alertness Destrez et al., 2019 [69] Succinivibrionaceae (family)
Bulmer et al., 2019 [70] Streptococcus Rumt?:;?lc;;l ceae
Anaerorhabdus
Mach et al., 2020 [68] Diplorickettsia
Unresponsive and withdrawn Novosphyngobium
Lachnospiraceae (family)
Mach et al,, 2021 [49] Clostridiales (family)
. Streptococcus
Aggression Mach et al., 2020 [68] Butyrivibrio Anaeroplasma
Roseburia
Desulfurispora
Pseudobacteroides
Oral stereotypies Mach et al., 2020 [68] Acinetobacter
Helicobacter
Ruminobacter
Marinilabiliaceae (family)
Locomotlp " Mach et al., 2020 [68] Streptomyces
stereotypies
Canine
Craddock et al., 2022 [71] Lactobacillus
Phobia Lactobacillus
Mondo etal,, 2020 [72] Rikenellaceae (family)
Craddock et al., 2022 [71] Ruminococcus
Kirchoff et al., 2019 [61] Lactobacillus
Aggression Catenibacterium Oscillospira
Mondo et al., 2020 [72] Megamonas Pep g;z:gf ;?;;CCHS
Eubacterium Sutterella

The frequencies of reported population shifts across four major phyla of gut mi-
crobes (Actinobacteria, Bacteriodetes, Protobacteria, and Firmicutes) exhibiting abnormal
behavioural phenotypes are displayed in Figure 1.

3.3. Production Animals—DPigs

The selected search terms identified three papers linked with behavioural problems

in pigs [4,66,73]. Tail biting is a widespread and serious issue in intensive pig farms. A
recent study hypothesised that tail-biting in pigs reduced the net profit by up to USD 23.00
per pig, causing millions of dollars of loss annually to the pork industry [15]. Regarding
tail biting and the porcine microbiome, no change in alpha diversity was found between
animals displaying tail-biting and the control group [66,73]. However, a difference in
beta diversity between the tail-biters, the victims, and the control groups was a consistent
feature [66,73]. Defined changes were difficult to correlate between studies because of
the high level of variability in the gut microbiota throughout the life of a pig. There was
a relative increase in abundance of some families and orders of Firmicutes (specifically
Clostridiales [Ruminococcocus, Lachnospiriceae, and Clostridiales Family XII]) and a relative



Animals 2023, 13, 1458

11 of 20

decrease in the abundance of other Firmicutes (specifically Lactobacillus spp.) in pigs
displaying tail-biting behaviour, pigs that were victims of tail-biting, and pigs displaying
other anxiety behaviours [66,73].

Lactobacilli possess the ability to modulate the expression of the host’s immune path-
ways, creating greater cross-talk between host immune cells and the other autochthonous
gut bacteria [74-76]. They are recognised as antagonists to pathogenic bacteria such as
E. coli and Clostridia, as well as decreasing the production of stress-induced cortisone and
modulating GABAergic and serotonergic signalling pathways in multiple regions of the
brain [5,6]. There is evidence that the supplementation of Lactobacillus strains alters the
anxiety state in piglets, lowering anxiety levels and altering responsive behaviour when
presented with a potential threat [73].

Within the Firmicutes, an increase in the relative abundances of Family XIII AD3011
and Ruminiclostridium was observed in pigs performing tail-biting, compared to a relative
increase in Butyrivibrio and Alloprevotella in victims. Victims of tail-biting also showed a
decrease in the relative abundance of Prevotella 7 and Ralstonia genera when compared to
the control groups [4]. However, the apparent decrease in Prevotella abundance in victims
was contradicted in other porcine studies, as well as human and rodent models of anxiety
and depression, which instead show concomitant increases in the relative abundance of
Prevotella in stressed animals [4].

A relative increase in Prevotella/Prevotellaceae, Coprococcus, and Eubacterium coprostano-
ligenes is reported in pigs displaying fearful and fear-associated behaviours in response to
a novel object test as compared to pigs displaying unstressed behaviours [4]. Population
levels of bacteria such as Coprococcus are known to coincide with genes associated with
dopamine biosynthesis in the intestinal microbiota, meaning they have an inverse relation-
ship with stress and are generally associated with a higher quality of life [4]. A reduction
in their population is commonly associated with mental disorders such as Parkinson’s
disease [77]. The mentioned inverse relationship between Coprococcus and stress in humans
contradicts the apparent increase in Coprococcus in piglets showing increased signs of anxi-
ety. Abundant Prevotella populations, however, are recognised to be positively associated
with depression and anxiety in both rodents and humans, which directly correlates with
the increased levels of these microbes in pigs failing the stress test [4]. As many of these
bacterial taxa are linked both positively and negatively with dysbiosis associated with
human mental-health disorders, as well as other animal behavioural issues, further studies
are required to shed more light on these questions.

3.4. Companion Animals—Dogs

The selected search terms identified seven research papers exploring the associa-
tions between behaviour and the gut microbiome of companion animals, specifically ca-
nines [46,47,61,71,72,78,79]. All articles were in agreement that the microbiota of normally
behaving dogs includes abundant Firmicutes (including the Clostridiales: Ruminococcus,
Faecalibacterium, and Dorea) and Bacteroidetes, whereas Actinobacteria, Fusobacteria, and
Proteobacteria are minor components [47,61,71,72]. The relative abundance of bacteria
significantly differed in dogs displaying behavioural problems such as aggression, separa-
tion anxiety, and phobia [46,72,78]. Firmicutes consistently showed a relative abundance
increase across all abnormal behavioural phenotypes [61,71,72]. The microbiomes of phobic
dogs were characterised by an enrichment of Lactobacillus. This genus of bacteria is known
to produce GABA and its precursor, glutamine. It has been reported that in fearful dogs,
the increased glutamine plasma concentration is associated with a higher abundance of
Lactobacillus in the faecal microbiome [78]. Overall, the microbiota of phobic dogs displayed
changes in beta diversity and had low biodiversity compared to the microbiota of both
normal and aggressive dogs [61,72]. In all studies, aggressive dogs were characterised
by a relative elevation in Firmicutes and a reduction of Bacteroides [61,71,72]. Bacteroides
are known to be key tryptophan producers, and so, when dysbiosis results in their reduc-
tion, tryptophan is likely to decrease along with its derivative, serotonin. Interestingly,
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aggressive behaviour has been linked to low serotonin levels in humans [26,61,80] and
dogs [81]. Administration of probiotics containing Bacteroides, specifically B. fragilis, has
been shown to reduce anxiety-related behaviours, such as aggression, in laboratory animal
studies [82]. The use of probiotics, specifically Bifidobacterium longum (BL999), in dogs
to modify stereotypical behaviours has been investigated [79]. This treatment resulted
in a significant improvement in anxious behaviour with reductions in barking, jumping,
spinning, and pacing, as well as increased exploratory behaviour [79].

3.5. Performance Animals—Horses

The selected search terms generated 11 research papers specifically exploring the
equine gut microbiome and behaviour. Upon analysis, all articles identified poor nutri-
tion as the leading factor in the development of equine behavioural problems, such as
alert and hyper-reactive behaviour, aggression (e.g., kicking and biting), and repetitive
stereotypies (e.g., crib biting and weaving) [49,70,83-87]. This is likely because modern-day
domesticated horse management has deviated significantly from a horse’s natural way
of life. Traditionally, equines would slowly and continuously graze on high-fibre pasture
throughout the day, whereas nowadays they receive large, high-starch rations during set
“mealtimes” [87]. These high-starch diets induce changes in hindgut microbiota, with
decreases in Ruminococcaceae and increases in Streptococcus evident. These equines also
exhibit abnormal stereotypical behaviours and hyper-reactivity at a higher frequency than
those on high-fibre rations [49,69,70,85,87,88]. Across all abnormal behavioural phenotypes
analysed in equines, the microbiota also showed increases in Firmicutes, exclusively the or-
der Clostridiales. Some increases were also observed in Proteobacteria [49,69,70]. Mach et al.
(2021) recently provided a quantitative analysis by using microbiability (m2) to assess the cu-
mulative effects of the gut microbiota on behavioural phenotypes in 185 horses [49]. Overall,
abnormal behavioural traits had m2 >15%, indicating a strong relationship between specific
behaviours and overall microbiota composition. Specifically, oral stereotypies had the
highest association at 24.2%, followed by locomotion stereotypies at 16.2%, aggressiveness
at 13%, and hypervigilance at 9%. Thus, the initial studies provide promising indications
that unfavourable behavioural phenotypes could potentially be improved by modulat-
ing the microbiome. Interestingly, Johnson et al. (1998) discovered that the incidence of
these behaviours was reduced when horses were supplemented with virginiamycin—a
narrow-spectrum antibiotic within the streptogramin family known to inhibit the growth
of Gram-positive, lactic acid producers in the gut, including Streptococcus [85], which is
also potentially associated with gut carbohydrate overload-induced laminitis [89].

3.6. Cross-Species Comparisons

Population shifts of Firmicutes, particularly those of the families Clostridiaceae, Lachi-
nospiraceae, Oscillospiraceae, and Lactibacilaceae, displayed the strongest association with
behavioural and mental disorders across all animal species and humans. These bacteria
are responsible for producing many of the SCFAs, and therefore, a shift in the abundances
of Clostridiaceae, Lachinospiraceae, Oscillospiraceae, and Lactibacilaceae can result in
changes in SCFA concentrations, which may in turn increase gut permeability [90]. Of par-
ticular significance are Streptococcus, Lactobacillus, and species of the family Lactibacillaceae,
which showed an overwhelming increase in abundance in humans and dogs displaying
a range of abnormal behavioural phenotypes. Pigs were the exception to that rule, as
tail biters had decreased levels of Lactobacillus spp. All species showed changes in the
family Oscillospiraceae, with relative increases seen in horses displaying stereotypies,
pigs displaying tail biting, and humans with depression; a decrease was observed in ag-
gressive dogs. All species analysed in this study also showed abundance changes in the
family Lachinospiraceae.

Within the phyla of Actinobacteria and Protobacteria, humans exclusively displayed
abundance changes in Enterobacteriales, Desulfovibrionales, Pasteurellales, Bifidobacte-
riales, and Coriobacteriales, whilst horses showed unique changes across other orders.
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There was, however, some consistency in the relative decrease in abundance of the order
Burkholderiales (phylum Protobacteria) in depression across some species, including hu-
mans, tail-bitten pigs, and aggressive dogs. Meanwhile, aggressive horses and tail-biting
pigs both displayed a relative increase in the abundance of Anaeroplasma.

Horses expressing hyperresponsive and stereotypical behaviours shared similar micro-
biota changes as schizophrenic patients, with an identified abundance increase of Succinivib-
rionaceae in horses and Succinivibrio spp. in schizophrenia [51,68,85,88]. Additionally, both
displayed a reduction in Ruminococcaceae [51,68,85,88]. Similarities in microbiota changes
also exist between humans with depression and animals expressing depressive-like charac-
teristics. As an example, the gut microbiota of tail-bitten pigs in depressive-like behaviour
showed the following changes: (1) exclusive changes in the abundance of the phylum
Firmicutes; (2) a relative increase in the abundance of Blautia spp.; (3) a relative decrease
in the abundance of Prevotella; and (4) a relative increase in the abundance of Alistipes
species [66,73]. Relative increase in the family of Rikenellaceae is also reported in phobic
dogs [72].

An increase in the relative abundance of Erysipelotrichaceae has been observed in
humans with depression [91-93] and horses expressing withdrawn and unresponsive
behaviours. Phobic dogs also shared similar relative increases in Lactobacillus as seen in
humans with depression and anxiety. All these data demonstrate that an association exists
between abnormal behavioural phenotypes and microbiota population shifts, not only
within individual species but also across species. This strongly indicates the need for future
research exploring the effects of modifications to the gut microbiota as a means to mitigate
adverse behaviours in animals.

4. Discussion

Despite there now being a considerable number of published papers on associations
between gut microbiota and brain function in production, companion, and performance
animals, we are only at the beginning of our mechanistic understanding of these complex
interactions. Many factors alter the diversity and composition of gut bacteria in each host
species and can influence the observed association between gut microbiota and behaviour.
Furthermore, the majority of published microbiome studies have been carried out by
partial 16S rRNA gene sequencing. Partial 165 rRNA gene sequencing has lower power
in microbiome profiling compared to the newer technologies of full-length 16S rRNA
sequencing [94,95]. There are specific stages of life in which an animal’s gut microbiota is
likely to be strongly influenced by external factors, including diet, a variety of stressors,
nutrient deficiencies, antimicrobial treatments, or spontaneous events known to cause
dysbiosis [64,96].

In production, performance, and companion animals, methods for preventing dys-
biosis can include strict attention to nutritional requirements, including nutraceuticals;
the use of feed additives such as SCFAs, acidifiers, prebiotics, and probiotics; and the
reduction of stressful events. Feed additives, for example, have been shown to be extremely
beneficial in the maintenance of gut health in specific animals. Oral administration of
butyrate to pigs can affect glucose metabolism in some regions of the brain, including the
ventral hippocampus, which is known to be related to stress and emotions [60]. While these
types of studies are in their early stages, future multidisciplinary studies could include
careful measurement of behavioural changes using ethograms to determine the impact
of feed additives on stress responses, aggressive behaviour, and fearfulness. Inclusion
of specific spices in the diet, such as Curcuma longa L., Piper nigrum L., Capsicum anuum
L., and Zingiber officinale L., can increase serotonin 5-HT1A receptors in the hippocampus
and enhance serotoninergic system regulation and neurotrophic factor expression in the
hippocampus and prefrontal cortex [97,98]. The hippocampus and prefrontal cortex are the
main areas of the brain affected by most mood disorders such as anxiety [98,99].

Pre- and probiotic feed additives can include the use of Lactobacillus. Administering
certain Lactobacillus species to healthy mice has modulated the expression of specific



Animals 2023, 13, 1458

14 of 20

GABA receptors involved in anxiety behaviours [6]. This increase in abundance of specific
species such as L. rhamnosus has been shown to decrease the production of stress-induced
corticosterone and reduce anxiety and depressive behaviour in mice [6,100], while the
administration of L. paracasei can reduce the presence of Clostridium and Enterobacteriales
in pigs, both of which are related to depression and gut dysbiosis [101]. Administration of
commensal bacteria such as Bifidobacterium infantis can influence the HPA axis by reducing
plasma adrenocorticotropic hormone and cortisol levels under laboratory conditions [11].

Another potentially beneficial dietary supplement is spray-dried porcine plasma
(SDPP), which has been shown to alleviate neuroinflammation and improve memory, aid-
ing in preventing the cognitive decline seen in Alzheimer’s syndrome [102]. SDPP contains
many functional components, such as immunoglobulins, growth factors, transferrin, and
many other peptides, which can be beneficial to the production of anti-inflammatory gut
bacteria in mice [102]. This supplementation promotes abundance of the Lactobacillaceae
family and Acetobacterium, which has been shown to produce acetyl-CoA, improve cognitive
function during ageing, and act as a key precursor of butyrate [102]. SDPP supplementa-
tion simultaneously reduced the pro-inflammatory effects of pathogenic bacteria, such as
Johnsonella and Erysipelothrix, preventing the marked effects of ageing seen in Alzheimer’s
patients [102]. This remarkable additive may have future use in the treatment or prevention
of other mental disorders by eliciting similar effects on the brain and gut microbiota. While
there is great potential for additives such as these to play a permanent role in the health and
performance of humans and animals alike, further evidence-based studies (such as double-
blind placebo-controlled clinical trials) are required before they can be recommended in
any treatment regime. Calorie restriction in the diet is another potential beneficial strategy
to decrease anxiety and depression [98].

Research exploring the connections between animal behaviour and gut microbiota is
limited, as studies have, for the most part, used partial 16S rRNA amplicon sequencing and
involved small sample sizes. Furthermore, as this is an emerging field of medical research,
there are many unknowns regarding the composition, function, and effect of the microbiota.
These knowledge gaps are even more extensive in the understudied microbiomes of ani-
mals other than laboratory rodents. Additionally, in human and animal-focused research,
gut microbiota profiling is often generalised for the entire gastrointestinal tract using a
single faecal sample, which may not be representative of the different gastrointestinal
regions and does not account for the microbial diversity within individual sections of the
tract, which have their own unique microbiota in terms of individual species and relative
abundance [103-107]. Sex and age also can strongly influence the association between gut
microbiome and behaviour and need to be considered in future research [108].

It should be noted that the current study has only focused on the bacterial component
of the gut microbiota. However, the gut microbiota is a complex ecosystem harbouring
bacteria, fungi, and, more importantly, viruses [109-111]. The gut contains plant-derived
viruses, giant viruses, and bacteriophages that interact with bacteria [109]. In particular,
phages may have a large impact on the gut microbiota composition as they are obligate
intracellular viruses that infect bacteria, causing lysis, as well as being vehicles for hor-
izontal gene transfer within and between species. Additionally, phages may contribute
to the host immune response [112,113], which can influence behavioural issues and other
host diseases. Phages are capable of transcellular transport across the gut epithelial layer
and can enter the blood stream in enormous quantities [114-116]. In humans, it has been
estimated that each day, around 10'3 phages cross the wall of the gut and enter the blood-
stream [114,115]. Phages are detected in all main organs, including the lung, liver, kidney,
spleen, and brain [114,115]. Identification of phages in the brain highlights their capacity to
pass the highly controlled blood-brain barrier, affect brain immunity, and possibly regulate
behavioural issues and other neurological diseases. Detection of phages by pattern recogni-
tion receptors can trigger the innate immune response [117]. Phages can also stimulate the
adaptive immune response [118]. Bacteriophages can be considered novel candidates for
significant roles in gut dysbiosis and behavioural issues.
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5. Conclusions

This systematic review demonstrates that an association exists between gut microbiota
diversity and abnormal behavioural phenotypes in production (porcine), performance
(equine), and companion (canine) animals. Although no significant differences in alpha
diversity in the microbiota were found, differences in beta diversity were observed be-
tween affected animals and healthy controls. As seen in humans with mental disorders,
animals exhibiting abnormal behaviour often have microbiota population shifts within
the phylum Firmicutes, particularly in the families Clostridiaceae, Lachinospiraceae, Os-
cillospiraceae, and Lactibacillaceae. Within these families, there is often an enrichment of
pro-inflammatory and lactic acid-producing bacteria and a reduction in butyrate-producing
bacteria in abnormal behavioural phenotypes. To date, however, we are unable to distin-
guish between cause and effect with regard to microbiota population shifts and abnormal
behaviour. The findings indicate that either: (1) abnormal behaviour phenotypes result in
physiological changes that alter the gastrointestinal environment and, in turn, influence
dysbiosis; (2) specific microbiota may influence the development and severity of abnormal
behaviour phenotypes; or (3) animals with abnormal behaviour phenotypes are predis-
posed to a confounder that also impacts the microbiota. These provide testable hypotheses
for future research to establish causal relationships between gut microbiota and abnormal
behaviour and offer promising potential for the development of novel therapeutic and/or
preventative interventions aimed at restoring a healthy gut-brain-immune axis to mitigate
behavioural issues and improve health, performance, and production in animals.
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