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The gastrointestinal (GI) microbiota has co-evolved with the host in 

an intricate relationship for mutual benefit, however, inappropriate 

development of this relationship can have detrimental effects. The 

developing GI microbiota plays a vital role during the first 1,000 days of 

postnatal life, during which occurs parallel development and maturation 

of the GI tract, immune system, and brain. Several factors such as mode 

of delivery, gestational age at birth, exposure to antibiotics, host genetics, 

and nutrition affect the establishment and resultant composition of the 

GI microbiota, and therefore play a role in shaping host development. 

Nutrition during the first 1,000 days is considered to have the most potential 

in shaping microbiota structure and function, influencing its interactions 

with the immune system in the GI tract and consequent impact on brain 

development. The importance of the microbiota-GI-brain (MGB) axis is also 

increasingly recognized for its importance in these developmental changes. 

This narrative review focuses on the importance of the GI microbiota and 

the impact of nutrition on MGB axis during the immune system and brain 

developmental period in early postnatal life of infants.
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Introduction

The gastrointestinal (GI) tract represents one of the largest 
sites of interaction between environmental factors, the host, and 
the microbiota (Thursby and Juge, 2017). The GI microbiota, a 
collection of microorganisms including bacteria, archaea, and 
eukarya, resides within the GI tract (mouth to anus) and has 
co-evolved with the host to form intricate and mutually beneficial 
or detrimental relationships (Laursen, 2021). Benefits include 
immune development through strengthening and maintaining 
epithelial integrity of the small and large intestine, with protective 
effects against pathogens through physical exclusion. The GI 
microbiota may also directly influence host metabolism. For 
example, it directly breaks down foods and food remnants as they 
progress through the GI tract, altering gene expression of the 
mucosal cells to facilitate the breakdown of foods, and producing 
enzymes that are not encoded in the human genome that perform 
digestion of food remnants (Rowland et  al., 2018; Zhao 
et al., 2019).

There is a critical time window for microbial colonization in 
early postnatal life, ‘setting the scene’ for continued GI, immune, 
and brain development (Tooley, 2020). Disruption of the 
colonization process or microbiota composition (i.e., dysbiosis) 
can negatively affect the host, and has significant consequences for 
the immune system and brain development, thereby impacting 
cognitive function and behavior (Cussotto et al., 2018; Laursen, 
2021). The bidirectional communication pathways between the GI 
tract and brain are termed the microbiota-gut-brain (MGB) axis; 
these pathways have been increasingly studied as a potential target 
for therapeutic applications in preventing or treating a disease or 
reducing disease symptoms (Brett and de Weerth, 2019). However, 
the mechanisms underpinning the MGB axis and their roles in the 
critical window of microbiota colonization during the first 
1,000 days of postnatal life warrant more research.

Nutrition is among the foremost determinants of, and directly 
affects, GI microbiota colonization, composition, and function 
(Matsuyama et al., 2019). Dietary diversity is positively correlated 
with greater microbial diversity, due to the increased availability 
of metabolic substrates for the large intestinal GI microbiota 
(Heiman and Greenway, 2016). During the first 1,000 days, 
nutritional intervention is considered to have the most potential 
in shaping microbiota structure and function and their consequent 
impact on the GI, immune system, and brain development 
(Osadchiy et al., 2019; Tooley, 2020).

This narrative review summarizes current knowledge 
surrounding the importance of the microbiota for development of 
the GI tract, immune system, and brain during early postnatal life. 
The review will then discuss the impact of nutrition has on the GI 

microbiota and its potential role in developing these systems in 
early postnatal life and highlights new areas of research.

Microbiota colonization of the 
gastrointestinal tract and Its effect 
on host–microbe interactions

While for some time there has been debate over whether the 
infant is born with a sterile GI tract, recent evidence supports the 
hypothesis that bacterial DNA are not present within the placenta 
and almost all microbial DNA detected accounted for by either the 
introduction during delivery (caesarian) or laboratory reagent 
contamination (de Goffau et al., 2019).

Following birth, there are broadly four phases of microbial 
colonization of the GI tract: 1, first exposure as the infant is born; 
2, continuous stimulation of the microbiota as a result of oral 
feeding; 3, additional stimulus of the microbiota with the 
introduction of solid foods (weaning transition); and 4, 
stabilization of the composition into an adult-like microbiota 
(Walker, 2017; Laursen, 2021). These phases are summarized in 
Figure 1, which also shows the parallel development of the infant’s 
GI tract, immune system, and brain. These various phases of 
microbiota colonization are affected by different factors: mode of 
delivery, infant feeding methods, gestational age, weaning 
duration, frequency and severity of infection, and antibiotic 
exposure (Rinninella et al., 2019). The composition can therefore 
fluctuate in response to such factors but stabilizes at around 
3 years of age.

Microbial distribution and diversity also increase along the GI 
tract due to nutrient, chemical and oxygen availability from the 
proximal to the distal portions. There is a more acidic, oxygenic, 
and antimicrobial environment in the small intestine than in the 
colon, where pH is closer to neutral and the colonocytes rapidly 
consume oxygen (Donaldson et  al., 2016). Here, the obligate 
anaerobes outnumber aerobic and facultative anaerobic bacteria 
by 100-to 1,000-fold (Donaldson et al., 2016).

Successive pregnancies or maternal parity is also a known risk 
factor in infant health such as growth, mortality, and even 
premature birth making parity a significant contributor to the 
microbiome during pregnancy and infant health (Berry et al., 
2021). Because of this, parity should also be considered when 
designing microbiome studies involving pregnancy and infants.

The microbiota-gut-brain axis

The association of the microbiota with the host, known as the 
MGB axis, involves bidirectional signaling pathways, and 
encompasses several organ systems: GI microbiota, enteric 
nervous system, endocrine system, immune system, central 
nervous system, autonomic nervous system, hypothalamic–
pituitary–adrenal axis, and vagus nerve (Hyland and Cryan, 2016; 
Martin et al., 2018; Ceppa et al., 2019). Communication within the 

Abbreviations: GI, Gastrointestinal; HMO, Human Milk Oligosaccharides; MAIT 

, Mucosal-associated invariant T cell; MHC, Major Histocompatibility Complex; 

MGB, Microbiota-GI-brain; NK cell, Natural Killer cell; Ig, Immunoglobulin.
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MGB axis is regulated using neural, endocrine, immune, and 
metabolic pathways (Martin et al., 2018; Osadchiy et al., 2019). It 
involves several neurotransmitters and metabolites (e.g., essential 
vitamins, secondary bile acids, amino acids, and organic acids) 
which concentrations must be balanced to maintain homeostasis 
(Petra et al., 2015; Martin et al., 2018).

Our understanding of the role that the GI microbiota plays 
within the MGB axis has advanced through research with animal 
models. While possible, clinical studies performed in humans are 
difficult, often limited to the collection of fecal samples as a 
representative of the microbiota composition of the large intestine 
(Romijn and Rucklidge, 2015). Non-human primates are most 
comparable to humans; they share physiological, metabolic, and 

genetic similarities (Zheng et al., 2021). However, their ethical 
concerns, maintenance cost, and lifespan limit their use for 
research (Weatheall, 2006; Cowan et al., 2020; Berding et al., 2021; 
Doifode et al., 2021; Margolis et al., 2021).

Fecal microbiota transplants in humans, which involves the 
transplant of the fecal microbiota from one individual to another, 
have also been used to study the MGB axis (Codagnone et al., 
2019; Cryan et  al., 2019). When successful, the recipient’s 
microbiota compositional signature or profile is more like the 
donor than the recipient (Cryan et al., 2019). It has been observed 
in several studies that behavioral phenotypes, for example 
depression or anxiety, may be  transferred along with the 
microbiota (Bercik et al., 2011; Bruce-Keller et al., 2015; Kelly 

FIGURE 1

Timeline of major events occurring in brain, GI tract, immune system, and GI microbiota development from conception to adulthood. Created 
with BioRender.com.

https://doi.org/10.3389/fmicb.2022.960492
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://BioRender.com


Mullaney et al. 10.3389/fmicb.2022.960492

Frontiers in Microbiology 04 frontiersin.org

et al., 2016; Zheng et al., 2016). Infants may benefit as well. In a 
proof-of-concept study, the transfer of maternal fecal microbiota 
was shown to restore normal microbiota development in cesarean-
born infants (Korpela et al., 2020).

Of research involving humans, it has been reported that the 
MGB axis involved in infant development connects general 
neurocognitive development, socio-emotional behavior, and 
physical brain structure where function is assumed from 
neuroimaging (Vaher, 2022). Substantial variation exists across 
studies, however, most likely due to the methodologies, sample 
sizes, DNA sequencing methods, and even the statistical models 
applied. Standardization of sequencing methods and carrying out 
whole metagenome analyses are required to improve our 
understanding of the role of the gut microbiome in brain 
development during those early postnatal development stages 
(Vaher, 2022). Further research is needed in infants using methods 
to assess the role of the MGB axis in longitudinal brain 
development and behavior.

Researchers have applied other methods of studying the MGB 
axis in mice which includes the use of antibiotics to alter the 
microbiota composition to elicit behavioral or cognitive changes 
(Douglas-Escobar et al., 2013; Hoeman et al., 2013; Chu et al., 
2019). In another recent study, changes in the microbiota of adult 
mice brought about with antibiotics or germ-free conditions 
resulted in behavioral changes, specifically, deficits in fear 
extinction learning (Chu et al., 2019). This behavior deficit could 
be  restored through by reestablishment of the microbiota 
suggesting that the microbiota produce compounds that are able 
to directly affect brain function. It may be also that probiotics can 
prevent brain injury through blocking the ability of damaging 
molecules to reach the brain via the MGB axis (Douglas-Escobar 
et  al., 2013). Immune systems work in concert. For example, 
neonates also develop maturation of their dendritic cells, which is 
brought about through exposure to the microbiota. The dendritic 
cells produce interleukin (IL)-12 which accumulates in the 
environment and through a mechanism where IL-12 offsets the 
bias toward Th1, thereby promoting Th1 differentiation to Th2 
(Hoeman et al., 2013).

Pigs are a more suitable and preferable choice over rodents for 
research focusing on early postnatal life development of the human 
infant. Pigs and human infants share similar scaled GI and brain 
developmental timelines as compared to rodents (Mudd and Dilger, 
2017). In general, the porcine brain is one-tenth the total volume of 
the human brain throughout its lifespan with 1 month of human 
growth being approximately equivalent to 1 week of piglet total 
brain growth. This is in contrast to rodent brains, which are much 
smaller, grow and develop with a different trajectory, and would 
often require pooling tissue to analyze its components (Mudd and 
Dilger, 2017). Furthermore, the precocial nature of piglets allows for 
behavioral and cognitive assessments to be performed immediately 
after birth, which is impossible in either rodents or humans (Mudd 
and Dilger, 2017; Val-Laillet, 2019). Additionally, most knowledge 
in immune ontogeny in early postnatal life has stemmed from 
studies with germ-free rodents, which provide results that are not 

readily translatable to humans. Pigs are, again, an improved animal 
model as they share greater similarities with humans in terms of 
anatomy and function of the immune system (e.g., pigs possess 
tonsils whereas rodents do not; Pabst, 2020).

Pigs are also the animal model of choice in terms of digestive 
and associated metabolic processes, as their nutritional 
requirements when compared with other non-primate animal 
models are more closely aligned to those of human (infants; 
Kobek-Kjeldager et al., 2022). Cannulation is also possible for 
repeated, stress-free digesta sample collection to assess nutrient 
digestibility and kinetics over the lifetime (Bennell and Husband, 
1981a,b). Therefore, the use of pigs in early postnatal life 
developmental research allows for the determination of the critical 
time windows of GI, brain, and immune development that may 
be sensitive to nutrition intervention.

Development of the immune system

Newborn infants need time to develop and mature their 
innate and adaptive immune systems. There are some transfers of 
maternal immunity both in utero and through breast milk. These 
processes help to provide immunity to the infant in the first days 
through transfer of both secretory immunoglobulins and ‘milk 
leukocytes’, which produce molecules that migrate to the GI and 
respiratory tracts (Tuaillon et al., 2009; Houghteling and Walker, 
2015; Rudzki et al., 2017). Over time, the components of breast 
milk change from a primarily protective to a nutritional role 
(O’Neill et al., 2020; Laursen, 2021).

The maturation of the immune system requires the GI 
microbiota, the absence of which impacts all aspects of immune 
system development and function (Mohajeri et  al., 2018). 
Improper development brings about several immunological 
defects, including increased susceptibility to infections and altered 
immune homeostasis (Cong et  al., 2015; Nash et  al., 2017; 
Eshraghi et al., 2018). It has been observed that mice treated with 
antibiotics, or gnotobiotic mice colonized by a limited defined 
consortia of bacteria, showed impaired microglia maturation and 
immune response upon bacterial stimuli when compared with 
their conventional counterparts (Erny et al., 2015). Training of the 
infant immune system is also required for optimal GI function, 
including vascular supply, epithelial healing, nutrient absorption, 
and protection from infection.

There is an interface between innate and adaptive immunity, 
where T or B cells are recruited and work at protecting intestinal 
mucosal from the resident microbes. The immune system includes 
the Toll-like receptors (TLRs) that recognize the presence of 
microbes from their DNA to their surface molecules to the 
specialized T cells. For a review of ‘the interface between innate 
and adaptive immunity’ see Hoebe et al. (2004).

Innate immunity includes the mucosal-associated invariant T 
(MAIT) cells, abundant in humans and a key immune system 
component. MAIT cells are atypical T-cells with a limited response 
repertoire activated by riboflavin-derived molecules (rather than 
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peptides), which are presented through the major histocompatibility 
complex (MHC) class I protein MR1 (Godfrey et al., 2019). MAIT 
cells are absent in germ free mice and become more abundant in 
microbial-challenged mice, so it is highly likely that exposure to and 
association with microbes in the GI tract is responsible for their 
development and maturation (Chen Z. et al., 2017; Godfrey et al., 
2019). Similarly, invariant natural killer (NK) T cells are abundant 
in healthy infants and have a role as ‘cytotoxic effectors’ and 
regulation of the adaptive immune system (Wingender et al., 2012; 
Sagebiel et al., 2019).

Immunoglobulins are also part of the innate and adaptive 
immune response and are critical to the infant’s ability to specifically 
recognize and bind to antigens, which facilitates their destruction. 
There are five main classes of immunoglobulins (IgG, IgM, IgA, IgD, 
and IgE), characterized by the type of heavy chain within their 
structure, resulting in differences in their function and type of 
immune response elicited by each molecule. Secretory IgA (sIgA) is 
transferred through maternal breast milk to the infant where it 
protects from infection and is critical for homeostasis of the 
microbiota not only through encouraging colonization but through 
influencing the microbiota gene expression (Mirpuri et al., 2014; 
Rogier et al., 2014; Gopalakrishna et al., 2019; Zheng et al., 2020). 
Maturation of IgA and IgG requires B cell class-switching, and this 
process does not mature until around 6 months of age. IgE may also 
be produced through B cell isotype switching at mucosal sites and 
abnormally high plasma IgE levels have also been observed in germ-
free mice compared with conventionally reared mice. A study on 
this concluded that a sufficient microbial stimulation during early 
postnatal life is required to maintain baseline IgE levels (Cahenzli 
et al., 2013). Additionally, it has been demonstrated that the ‘allergy 
phenotype’ is transferrable via transplantation of the GI microbiota 
(Walker, 2017; Smeekens et al., 2020). Germ-free mice are inherently 
susceptible to anaphylactic responses to food, quantified by a drop 
in body temperature. The colonization of these mice with the 
microbiota from healthy infants protected the mice from 
anaphylactic responses, but not when colonized using the 
microbiota from infants suffering from bovine milk allergy (; 
Smeekens et al., 2020).

Research in rodents have shown that appropriate innate 
immune responses are also required for nutrient absorption and 
metabolism. Shulzhenko et  al. identified inter-connecting 
regulatory signaling networks which balance metabolism and the 
innate defensive mechanisms in epithelial cells (Shulzhenko et al., 
2011). If IgA concentrations are altered, these networks become 
unbalanced and may cause irregular upregulation of certain 
pathways (e.g., innate immunity), while downregulating others 
(e.g., lipid uptake and metabolism; Shulzhenko et  al., 2011). 
Furthermore, bacterial fermentation of indigestible dietary fibers 
produces organic acids in the colon (Silva et al., 2020). Organic 
acids promote intestinal barrier integrity, mucus production, and 
supporting a tolerogenic response over inflammation (O'Keefe, 
2016; Parada Venegas et al., 2019; Silva et al., 2020; Laursen, 2021).

Adaptive immunity involves the maturation of T and B cells 
which begin their development while still in utero (Haynes et al., 

1988; Haynes and Heinly, 1995; Schonland et al., 2003; Rechavi 
et  al., 2015). Infant responses to antigen by T and B cells are 
known to be weaker than in adults in most cases except in some 
vaccines and pathogens (Siegrist and Aspinall, 2009). It is 
important to acknowledge that much of our understanding early 
postnatal life immunity in infants has relied on murine models 
even though they differ substantially in ontogeny as reviewed by 
Semmes et al. (2020).

Role of the gastrointestinal microbiota in 
brain development

Brain development begins in utero and continues into 
adolescence (Zuckerkandl and Pauling, 1965), as shown in 
Figure 1. Major events of brain development in early postnatal life 
include synaptogenesis, myelination, and synaptic pruning. The 
GI microbiota is known to affect or be  associated with these 
events, as well as influence neural development, cognition, and 
behavior. Cognitive functions, including learning capacity and 
memory, are closely linked with the GI microbiota (Liang et al., 
2018b). Cognitive function encompasses the life-long process of 
learning, which includes both long-and short-term processes 
(Gareau, 2016). Cognitive impairment has been noted in 
individuals with GI or neurological disorders (Gareau, 2016; 
Vuong et al., 2017). Several human studies have been published 
already, correlative, linking the microbiome with brain function 
and a summary of these and the findings has been reviewed 
recently (Tooley, 2020). One recent study looked at the fecal 
microbiota profiles of 1-year-old infants and correlated these with 
regional brain volume data and Mullen Scales of Early Learning 
(indicator of cognitive performance) at 2 years of age, finding 
differences (Carlson et al., 2018). Although brain volume was not 
different between groups, the fecal microbiota alpha diversity 
differed between age groups (Carlson et al., 2018). A key finding 
in that study was that highest level of cognitive performance could 
be predicted by the Bacteroides genus while the lowest level of 
performance was predicted by the Faecalibacterium genus. While 
there was a difference in cognitive performance depending on 
microbiome diversity, there was no evidence of a ‘cognitive 
damage’ microbiota profile or nor any cognitive impairment in 
either age group (Carlson et al., 2018).

Studies using germ-free animal models or antibiotic-induced 
dysbiosis have been used to demonstrate that without a ‘normal’ 
GI microbiota, working and spatial memory are negative 
influenced (Manderino et  al., 2017; Vuong et  al., 2017). For 
instance, elevated hippocampal levels of serotonin (Jameson and 
Hsiao, 2018) and brain-derived neurotrophic factor (Borrelli et al., 
2016; Hoban et al., 2016) were linked with behavioral changes 
between germ-free and conventional rodents, such as increased 
depressive-like and decreased anxiety-related behaviors (Cryan 
and Dinan, 2012; Foster and McVey Neufeld, 2013; Guida et al., 
2018; Fulling et al., 2019). The decreased anxiety-like behavior in 
germ-free mice was observed when subjecting the mice to various 
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tests that measure the natural aversion of rodents for open and 
elevated areas and their natural, spontaneous exploratory behavior 
in novel environments. This cautious versus exploratory behavior 
must be  balanced to ensure survival of the individual for 
procreation. While decreased anxiety may be advantageous, this 
may lead to an increased chance of predation and therefore 
decrease their likelihood of survival. The exhibited aberrant 
behavior persisted following the colonization of these germ-free 
mice with a conventional microbiota. These findings show that the 
GI microbiota plays a role in developing stress pathways and a 
critical time window exists for reconstitution of the microbiota to 
normalize behavior (Cryan and Dinan, 2012; Foster and McVey 
Neufeld, 2013; Guida et al., 2018; Fulling et al., 2019). Similar 
findings have been reported where a critical time window of 
colonization exists to avoid negative behavioral changes in 
adulthood (Sudo et al., 2004; Diaz Heijtz et al., 2011). Furthermore, 
a study by Bercik et  al. showed that behavioral changes are 
transferable following transplantation of the GI microbiota 
(Bercik et al., 2011).

The GI microbiota is also linked to changes in neurogenesis 
(Gareau, 2016; Liang et al., 2017, 2018a; Wei George et al., 2021). 
In a recent review on how the microbiota composition impacts 
neurogenesis, possible strategies for using the microbiome to treat 
neurological disorders is discussed but the mechanisms for 
microbiome inhibition or promotion of neurogenesis are still not 
understood (Liu et al., 2022). The primary mode of communication 
from the GI microbiota to the host’s central nervous system is 
achieved through immune or endocrine mechanisms (Martin 
et al., 2018). These mechanisms are often mediated by microbially-
derived molecules such as organic acids and tryptophan 
metabolites (Wikoff et al., 2009; Tolhurst et al., 2012; Yano et al., 
2015). For example, some 90% of serotonin required for mood, 
behavior, sleep, and several other functions within the central 
nervous system and GI tract is produced by the intestinal 
microbiota (Gershon and Tack, 2007; Gershon, 2013). These 
metabolites signal enteroendocrine and enterochromaffin cells, 
which in turn may act directly or indirectly on the central nervous 
system (Martin et  al., 2018). Direct signaling must overcome 
obstacles such as the epithelial barrier and immune system in the 
GI tract or blood–brain barrier to exert its effects on the brain 
(Samuel et  al., 2008; Haghikia et  al., 2015; Yano et  al., 2015). 
Indirect signaling may induce responses in the central nervous 
system through long-distance neural signaling by vagal and/or 
spinal afferents (Goehler et  al., 2005; Bravo et  al., 2011). 
Alterations to these signaling pathways within the MGB axis have 
been implicated in the pathogenesis and pathophysiology of both 
functional GI and neurological disorders (Rhee et al., 2009; Mayer, 
2011). An approach may be  developed for prevention and 
treatment by targeting specific mechanisms through which the GI 
microbiota interacts and contributes to these disorders (Rhee 
et al., 2009; Mayer, 2011; Mayer et al., 2014; Cerdó et al., 2017).

Organic acids produced primarily by the colonic microbiota 
have been observed to exert effects on blood–brain barrier 
permeability (Braniste et  al., 2014). The three most abundant 

organic acids are the short-chain fatty acids acetate, propionate 
and butyrate (Rios-Covian et al., 2016). Acetate produced in the 
intestine crosses the blood brain barrier and is taken up by the 
brain where it is incorporated into the hypothalamus and 
eventually has a role in appetite regulation (Frost et al., 2014). 
Propionate has an effect on the regulation of the sympathetic 
nervous system, and both propionate and butyrate affect 
intracellular potassium levels (Oleskin and Shenderov, 2016), and 
also regulate the expression of tryptophan hydroxylase, which in 
turn is involved in the biosynthesis of serotonin (Nankova et al., 
2014). For a review on the role of the organic acids in the MGB 
axis see Silva et al. (2020).

The GI microbiota plays a role in the normal development and 
regulation of the hypothalamic–pituitary–adrenal axis. This axis 
is a major component of the homeostatic response that mediates 
the effects of stressors by regulating many physiological processes. 
Thus, the GI microbiota can influence the host’s stress reactivity 
and anxiety-like behaviors (Saulnier et al., 2013; de Weerth, 2017). 
For example, maternal separation stress models, e.g., where young 
are separated from their mothers to stimulate a stress response, 
have been used to assess how acute and/or chronic stress affects 
the mouse pups. Stress has resulted in memory dysfunction in 
germ-free rodents, attributed to altered brain-derived 
neurotrophic factor expression levels (Gareau et al., 2011). This 
factor regulates several aspects of the brain, and its altered 
expression can lead to downstream effects on cognitive functions 
and intestinal muscle repair, regeneration, and differentiation (Al-
Qudah et al., 2014). Germ-free animals also exhibited decreased 
anxiety and increased stress response with augmented levels of 
adrenocorticotropic hormone and cortisol (Diaz Heijtz et  al., 
2011; Neufeld K. A. et al., 2011; Neufeld K. M. et al., 2011; Clarke 
et al., 2013; Nishino et al., 2013). Following recolonization of the 
GI tract with a conventional microbiota, normalizing the 
hypothalamic–pituitary–adrenal axis occurs in an age-dependent 
manner (Sudo et al., 2004). Reversibility of the increased stress 
response is achievable only in germ-free mice aged less than 
3 weeks, supporting the notion of a critical period during which 
the plasticity of neural regulation is sensitive to input from the GI 
microbiota (Sudo et al., 2004).

Stress during early postnatal life has been shown to have long-
lasting effects, including altering the MGB axis. A study by 
O’Mahoney et al., using the maternal separation rat model, showed 
altered composition of the fecal microbiota following early postnatal 
life stress as well as altered behavior and systemic immune responses 
compared to a control group (O'Mahony et  al., 2009, 2011). 
Furthermore, basal adrenocorticotropic hormone levels and 
increased anxiety-like behaviors were higher in the stressed groups 
when compared with the control group (Daniels et  al., 2004). 
However, following a subsequent stressor, adrenocorticotropic 
hormone levels were lower in the stressed groups and were 
accompanied by altered neurotransmitter levels, indicating that the 
stressor had detrimental effects on regular stress responses and 
induced abnormal behaviors (Daniels et al., 2004; Saulnier et al., 
2013; Rincel and Darnaudéry, 2019). Psychological stress can 
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directly affect the integrity of the tight junction proteins responsible 
for barrier integrity for the intestine and the blood brain barrier and 
loss of this integrity is also correlated with microbiota dysbiosis 
(Geng et al., 2019). Chronic stress can also create a loop that affects 
memory through a feed-forward loop mechanism leading to 
depressive disorders as shown in Japanese quails (Kraimi et al., 
2022). In this animal model study, Japanese quails experienced 
induced stress with their microbiota transferred to unstressed 
quails. Again, the Bacteroides genus was implicated with the Alistipes 
genus showing increased abundance in the stressed group and this 
stress response was transferred through the microbiota to the 
unstressed recipient (Daniels et al., 2004; Saulnier et al., 2013; Rincel 
and Darnaudéry, 2019; Kraimi et al., 2022).

Early postnatal life nutrition and 
the microbiota-gastrointestinal-bra
in axis

The microbiota is susceptible to modulation by external 
factors prior to stabilization of its composition at approximately 
2–3 years of age. Among these, infant diet has been identified as a 
major contributor to GI microbiota development in early postnatal 
life. As such, the effects of infancy diet (namely formula vs. breast 
milk) on early postnatal life development have been well 
documented (Colen and Ramey, 2014; Kowalewska-Kantecka, 
2016). Comparably, less is known about the effects complementary 
feeding has on infant microbiota composition (Laursen et  al., 
2017; Laursen, 2021). Given the dominating influence diet and 
nutrition has on microbiota composition, and the involvement of 
the microbiota in regulating immune and brain development, 
gaining a deeper understanding of the potential microbe-mediated 
host effects of feeding mode in early infancy is needed (Conlon 
and Bird, 2014). Also, the complementary feeding period 
(6–24 months of life) coincides with a critical period in microbiota 
development, transitioning away from the influence of a milk-
based diet (Laursen et  al., 2017; Laursen, 2021). The infant 
microbiota composition stabilizes and resembles an adult-like 
microbiota at around 3 years of age and attempts at modulation 
are likely to be more successful if they are conducted before this 
or early in this period to elicit any beneficial downstream effects.

Early infancy diet

Breast milk is the recommended first nutrition for the infant, 
providing all necessary nutrients to support growth and 
development, as well as passive immunity to protect against 
infectious diseases during infancy. After lactose and lipids, human 
milk oligosaccharides (HMO) are the third most abundant 
component of breast milk. These comprise short saccharides 
composed of five monomeric building blocks (glucose, galactose, 
fucose, N-acetylglucosamine, and sialic acid), of which over 200 
different structures have been identified. These oligosaccharides 

are responsible for selectively promoting the growth and function 
of beneficial bacteria As infants lack the necessary enzymes to 
digest HMOs, the molecules pass into the large intestine and 
function as a carbon source for commensal bacteria (Yang et al., 
2016; Walker, 2017), promoting and stimulating the growth of 
specific bacterial groups such as Staphylococci (Hunt et al., 2011), 
and from genera Bifidobacterium (Zivkovic et  al., 2011), 
Streptococcus, Lactobacillus (Harmsen et al., 2000) and Bacteroides. 
Only bacteria such as Bifidobacterium longum subspecies infantis 
lineage harbor genes to express all enzymes required for degrading 
and utilizing HMOs (Milani et al., 2017; Taft et al., 2018) However, 
other bacteria may cleave and utilize specific components of 
HMOs (Milani et al., 2017). HMOs have been attributed to the 
two-fold increase of Bifidobacterium cells in breastfed infants 
compared to formula-fed infants (Rinninella et al., 2019). Some 
bacteria, including Bacteroides fragilis, Bifidobacteria infantis, and 
Lactobacillus acidophilus, stimulate endogenous production of 
sIgA, activation of regulatory T cells and anti-inflammatory 
molecules – all necessary for host homeostasis (Newburg and 
Walker, 2007; Chichlowski et  al., 2012; Jost et  al., 2012). 
Lactoferrin, another component in breast milk, also encourages 
the proliferation of beneficial bacteria such as Lactobacillus and 
Bifidobacterium genera (Mastromarino et al., 2014).

Breastmilk has also been demonstrated to provide passive 
protection and stimulate the development of the infant’s immune 
system (Schwartz et al., 2012). For example, polymeric IgA and 
defensins can interfere with pathogen attachment and uptake 
(Newburg and Walker, 2007), while n-3 fatty acids (Wijendran 
et  al., 2015) and transforming growth factor-β (Rautava and 
Walker, 2009) can activate enterocytes to produce anti-
inflammatory cytokines, and lactoferrin can interact with the GI 
tract and promote immune homeostasis (Newburg and Walker, 
2007; Walker and Iyengar, 2015).

Comparison of the intestinal microbiota in formula and 
breast-fed infants showed that at around 40 days, those fed 
exclusively with formula had greater alpha diversity while both 
breast-fed and formula-fed infants were colonized predominantly 
with Bifidobacterium species and members of Enterobacteriaceae 
family (Ma J. et al., 2020). While the diversity in the breast-fed 
infants was lower than formula-fed at day 40, it increased by 
4 months and diversity was similar between formula and 
breast-fed infants. Lower diversity in breast-fed infants was most 
likely due to the breast milk which requires specific bacteria 
capable of degrading the oligosaccharides that are in the milk. 
Although many infant formula products are supplemented with 
prebiotics such as fructo-oligosaccharides and/or galacto-
oligosaccharides, these are not as selective as HMOs since they can 
be utilized by most Bifidobacterium species (Akiyama et al., 2015) 
and stimulate the growth of various Lactobacillus, Streptococcus, 
and Bacteroides species (Schwab and Gänzle, 2011; Ma C. et al., 
2020). Comparison of metabolic profiles of infants fed either 
exclusively formula or breastmilk have also confirmed that the 
metabolic capabilities of the microbiota are primarily proteolytic 
and saccharolytic, respectively (Chow et al., 2014; He et al., 2019).
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Weaning and complementary feeding

Over the course of infancy, a point is reached where milk-
based feeding is no longer adequate to cover the nutritional 
requirements of the infant. Therefore, supplementation with 
additional foods is required. The introduction of solid foods and 
the progressive reduction of milk-feeding lead to major GI 
microbiota compositional and functional changes. Bacteria 
belonging to families Bifidobacteriaceae and Enterobacteriaceae 
are decreased after weaning (Fallani et  al., 2011a,b), and any 
compositional differences between breastfed or formula-fed 
infants slowly decrease (Yaron et al., 2013; Mastromarino et al., 
2014; Rinninella et al., 2019).

Pigs also produce milk oligosaccharides (pMOs); Twenty-nine 
were described in 2010 and were found to be abundantly sialylated 
making them more similar to bovine than human (Tao et  al., 
2010). However, some pMOS are fucosylated, are much more 
abundant in pigs than in bovine (9% versus 1%) which suggests 
that pMOs are actually more closely like human than bovine milk 
and therefore are also influencing the microbiota (Salcedo et al., 
2016). In a neonatal piglet model, the fecal microbiota composition 
stabilized 10 days post-weaning (Chen L. et al., 2017). The sudden 
change from high-fat, low-carbohydrate milk (pre-weaning) to a 
high-carbohydrate, low-fat feed (weaning and onward) resulted in 
a drastic change of available nutrients to the commensal bacteria 
(Guevarra et al., 2019). The predominant genera post-weaning are 
microbes efficient in degrading dietary fibers and producing 
organic acids (Chen L. et  al., 2017), resulting in a microbiota 
composition more adult-like (Chen L. et al., 2017; Guevarra et al., 
2018, 2019). Chen et al. observed a shift from a high prevalence of 
Lactobacillus and Bacteroides genera, to Roseburia, Paraprevotella 
and Blautia genera, post-weaning (Chen L. et  al., 2017). 
Furthermore, Firmicutes and Bacteroidetes remained the most 
abundant phyla pre-and post-weaning (Alain et al., 2014; Hu et al., 
2016; Chen L. et  al., 2017). Another study supported these 
findings, reporting Bacteroides as the most abundant genus in 
nursing pigs (pre-weaning), with Prevotella and Lactobacillus 
genera enriched in weaned pigs (Guevarra et al., 2018, 2019).

Interventions with probiotics to improve or maintain good 
health in early postnatal life have gained much popularity in 
recent decades (Kapourchali and Cresci, 2020). Some infant 
formula has been designed to include probiotics, for example 
Bifidobacterium and Lactobacillus species, to mimic the 
composition of human breastmilk. However, probiotic-
supplemented infant formula contains a much higher 
concentration of these probiotic strains when compared with 
breastmilk (Fernández et al., 2018). Furthermore, not all probiotics 
are functionally equal, as the effects obtained from one strain 
cannot be assumed to be replicable with another strain, even if 
they belong to the same species (McFarland et al., 2018). Even if 
they are not equal, probiotics have been demonstrated to be safe 
and effective across multiple studies involving infants. For 
example, supplementation with probiotics can increase the 
microbial metabolism of milk oligosaccharides in infants while 

also reducing intestinal inflammation (Larke et  al., 2022). In 
another recent study, probiotics demonstrated efficacy against the 
development of antibiotic resistance in preterm infants (Guitor 
et al., 2022) and in another, probiotics were shown to cause no 
adverse effects in vulnerable premature infants and decrease the 
risk of necrotizing enterocolitis (Underwood et al., 2020).

Cognitive impairment is sometimes alleviated through 
probiotic administration (Liang et al., 2015; Ohsawa et al., 2015; 
Wang et al., 2015). For example, administration of Lactobacillus 
helveticus improved the stress response and cognitive dysfunction 
induced by chronic stress in rats (Liang et  al., 2015), and 
Bifidobacterium longum strains were observed to be effective in 
improving memory (Ohland et al., 2013; Savignac et al., 2015). 
Early postnatal life probiotic intervention has also been observed 
to reduce sepsis and allergy, as well as having a possible role in 
reducing the risk of neuropsychiatric disorders such as autism 
spectrum disorder and attention deficit disorder (Weizman et al., 
2005; Indrio et al., 2014; Pärtty et al., 2015; Korpela et al., 2016; 
Panigrahi et al., 2017). There is also evidence that a combination 
of Streptococcus thermophiles and Bifidobacterium genus can 
be  effective in preventing the onset of diarrhea in children 
following antibiotic treatment (Corrêa et  al., 2005). Four 
Lactobacillus strains isolated from breastmilk protected against 
infection in a mouse model, with potent antimicrobial properties 
(Olivares et al., 2006). Thus, cultivating microbes from human 
breastmilk may also prove to provide good probiotic candidates 
for further research and development.

The application of prebiotics and probiotics in improving 
health in early postnatal life is promising, but the timing of 
administration, the quantity administrated, the effect of different 
strains, combination of strains, engineering, and safety must 
be  carefully considered and continually researched to fully 
understand how they modulate the GI microbiota composition 
and exert their effects.

There is a developmental aspect of the growing infant where 
multiple maturation events are proceeding in the brain; in one 
direction is synaptogenesis, microglia maturation, with targeted 
synaptic pruning and myelination. Meanwhile, in the immune 
system, T and B cells are maturing, innate immune cells are being 
trained through exposure to the environment, and the immune 
system is learning to differentiate self from non-self (i.e., foreign). 
Similarly, in parallel, the microbiota in the GI tract is also 
maturing, colonizing the intestine, metabolizing nutrients, and 
releasing microbial products that may be immune modulatory or 
in the case of butyrate, an energy source for enterocytes lining the 
intestinal epithelium. The vagus nerve sits right at that junction of 
the MGB axis and is an integral part of the communication 
between systems. It accesses the entire digestive wall yet does not 
cross the epithelial layer and it senses and responds to the signals 
that come from the microbiota transported across the epithelial 
layers by host entereroendocrine cells (Wang and Powley, 2007). 
If this communication system the vagus nerve was targeted, it may 
be able to affect and restore the homeostasis of the MGB axis 
(Bonaz et al., 2018).
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Future perspectives

The mutualistic relationship that exists between the host and 
microbes begins at birth and shapes both host health and 
microbiota composition and function. The development and 
maturation of the GI tract, immune system, brain, and microbiota 
are in turn influenced by host genetics and exposure to the 
environment (e.g., diet, delivery mode, feeding methods, weaning, 
infection, and antibiotics). There are important interactions 
between the development and maturation of the immune system 
that drive the establishment and maturation of the microbiota in 
the GI tract and potentially affect the brain development and 
function and associated cognitive behaviors in infants.

The implications of the microbiota and immunological 
findings discussed in this review for pregnant women, mothers, 
infants, infant nutrition policy makers, formula manufacturers, 
and health-conscious consumers are important aspects to 
consider. The effects of the microbiota on the mental and cognitive 
state of the infant cannot be ignored. Development and maturation 
are staged and interdependent processes, with a narrow window 
of opportunity where nutrition can modulate the microbiota for 
beneficial effects to be  conferred to the infant. Appropriate 
nutrition might encourage more beneficial bacteria within the 
microbiota to flourish however, such intervention is a balance 
between benefits and risks.

Current evidence suggests that the MGB axis is a highway of 
communication and connections between two complex systems 
found in the host and the GI tract microbiota. The communication 
and interactions are complex and manipulating one system might 
also have unintentional negative outcomes for the other system. 
For example, high alpha diversity of the microbiota is recognized 
as an indicator of health. However, in early postnatal life, when the 
diet is primarily milk based, this diversity is low. The 
Bifidobacterium genus and Enterobacteriaceae family are the 
dominant in the microbiota at that age and these bacteria are 
critical to the immune development of the infant. The brain also 
relies on the appropriate immune development to develop.

Another possibility is to encourage the prevalence of fiber-
degrading microbes in the infant microbiota by offering fiber-rich 
foods, but only after the infant transitions to solid foods and 
thereby has a sufficiently mature microbiota composition. Fiber-
rich complementary foods then lead to the increased production 
of beneficial organic acids which impact positively the colonic 
epithelium where they are absorbed with specific organic acids 
(e.g., acetate) affection brain and cognition outcomes. The reverse 
is inflammatory conditions which can allow translocation of 
bacteria and their products to the blood where the downstream 
effects are more inflammation, oxidative stress and may lead 
to disease.

Increasing the abundance of the Bacteroides genus and 
reducing the abundance of the Faecalibacterium genus are 
counterintuitive to the beneficial effects of the Faecalibacterium 
genus on health. It is known that the methods of assessing the 
microbiota composition and function lack resolution to 

characterize which species or bacterial strains are involved. 
Consequently, some important changes in the microbiota 
composition that contribute to improve cognition in infants might 
be undetected in the preweaning period. Sequencing depth and 
resolution needs to increase to discriminate between bacterial 
species to better understand these relationships.

Appropriate nutrition in early postnatal life feeds the 
microbiota in the GI tract sets the baseline for immune, 
physical and brain health in later life. The microbiota shapes 
the immune system and is in turn shaped by the immune 
system. Interactions with any one of these systems impacts on 
the others. The ability to measure and assess such a dynamic 
set of systems will involve a cross disciplinary translational 
approach. It is possible that to reverse or at least mitigate the 
effects of inadequate nutrition through dietary interventions at 
that point in time, that narrow window of opportunity before 
the immune system, the brain and the microbiota mature into 
the stable adult shape which persists.

Author contributions

CH, NR, JM, WY, EA, MK, RD, and WM have contributed to 
the work. CH conceived and wrote the initial draft of the 
manuscript. JM and NR edited and revised the manuscript and in 
structuring the paper and critically reviewing the manuscript. JM, 
NR, CH, WY, EA, MK, RD, and WM advised and critically 
reviewed versions of the paper. All authors contributed to the 
article and approved the submitted version.

Funding

CH was supported by a fellowship from the Riddet Institute, 
through funding provided by the NZ Ministry of Business, 
Innovation & Employment Smarter Lives project. The same grant 
also supports co-authors JM, WY, EA, and WM.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

https://doi.org/10.3389/fmicb.2022.960492
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Mullaney et al. 10.3389/fmicb.2022.960492

Frontiers in Microbiology 10 frontiersin.org

References
Akiyama, T., Kimura, K., and Hatano, H. (2015). Diverse galactooligosaccharides 

consumption by bifidobacteria: implications of β-galactosidase–LacS operon. Biosci. 
Biotechnol. Biochem. 79, 664–672. doi: 10.1080/09168451.2014.987204

Alain, B. P. E., Chae, J. P., Balolong, M. P., Bum Kim, H., and Kang, D. K. (2014). 
Assessment of fecal bacterial diversity among healthy piglets during the weaning 
transition. J. Gen. Appl. Microbiol. 60, 140–146. doi: 10.2323/jgam.60.140

Al-Qudah, M., Anderson, C. D., Mahavadi, S., Bradley, Z. L., Akbarali, H. I., 
Murthy, K. S., et al. (2014). Brain-derived neurotrophic factor enhances cholinergic 
contraction of longitudinal muscle of rabbit intestine via activation of phospholipase 
C. Am. J. Physiol. Gastrointest. Liver Physiol. 306, G328–G337. doi: 10.1152/
ajpgi.00203.2013

Bennell, M. A., and Husband, A. J. (1981a). Route of lymphocyte migration in 
pigs. I. Lymphocyte circulation in gut-associated lymphoid tissue. Immunology 42, 
469–474.

Bennell, M. A., and Husband, A. J. (1981b). Route of lymphocyte migration in 
pigs. II. Migration to the intestinal lamina propria of antigen-specific cells 
generated in response to intestinal immunization in the pig. Immunology 42, 
475–479.

Bercik, P., Denou, E., Collins, J., Jackson, W., Lu, J., Jury, J., et al. (2011). The 
intestinal microbiota affect central levels of brain-derived neurotropic factor 
and behavior in mice. Gastroenterology 141, 599–609.e3. doi: 10.1053/j.
gastro.2011.04.052

Berding, K., Vlckova, K., Marx, W., Schellekens, H., Stanton, C., Clarke, G., et al. 
(2021). Diet and the microbiota-gut-brain Axis: sowing the seeds of Good mental 
health. Adv. Nutr. 12, 1239–1285. doi: 10.1093/advances/nmaa181

Berry, A. S. F., Pierdon, M. K., Misic, A. M., Sullivan, M. C., O'Brien, K., Chen, Y., 
et al. (2021). Remodeling of the maternal gut microbiome during pregnancy is 
shaped by parity. Microbiome 9:146. doi: 10.1186/s40168-021-01089-8

Bonaz, B., Bazin, T., and Pellissier, S. (2018). The vagus nerve at the interface of 
the microbiota-gut-brain axis. Front. Neurosci. 12:49. doi: 10.3389/fnins.2018.00049

Borrelli, L., Aceto, S., Agnisola, C., De Paolo, S., Dipineto, L., Stilling, R. M., et al. 
(2016). Probiotic modulation of the microbiota-gut-brain axis and behaviour in 
zebrafish. Sci. Rep. 6:30046. doi: 10.1038/srep30046

Braniste, V., Al-Asmakh, M., Kowal, C., Anuar, F., Abbaspour, A., Tóth, M., et al. 
(2014). The gut microbiota influences blood-brain barrier permeability in mice. Sci. 
Transl. Med. 6:263ra158. doi: 10.1126/scitranslmed.3009759

Bravo, J. A., Forsythe, P., Chew, M. V., Escaravage, E., Savignac, H. M., Dinan, T. G., 
et al. (2011). Ingestion of lactobacillus strain regulates emotional behavior and 
central GABA receptor expression in a mouse via the vagus nerve. Proc. Natl. Acad. 
Sci. U. S. A. 108, 16050–16055. doi: 10.1073/pnas.1102999108

Brett, B. E., and de Weerth, C. (2019). The microbiota–gut–brain axis: a promising 
avenue to foster healthy developmental outcomes. Dev. Psychobiol. 61, 772–782. doi: 
10.1002/dev.21824

Bruce-Keller, A. J., Salbaum, J. M., Luo, M., Blanchard, E. T., Taylor, C. M., 
Welsh, D. A., et al. (2015). Obese-type gut microbiota induce neurobehavioral 
changes in the absence of obesity. Biol. Psychiatry 77, 607–615. doi: 10.1016/j.
biopsych.2014.07.012

Cahenzli, J., Koller, Y., Wyss, M., Geuking, M. B., and McCoy, K. D. (2013). 
Intestinal microbial diversity during early-life colonization shapes long-term IgE 
levels. Cell Host Microbe 14, 559–570. doi: 10.1016/j.chom.2013.10.004

Carlson, A. L., Xia, K., Azcarate-Peril, M. A., Goldman, B. D., Ahn, M., 
Styner, M. A., et al. (2018). Infant gut microbiome associated with cognitive 
development. Biol. Psychiatry 83, 148–159. doi: 10.1016/j.biopsych.2017.06.021

Ceppa, F., Mancini, A., and Tuohy, K. (2019). Current evidence linking diet to gut 
microbiota and brain development and function. Int. J. Food Sci. Nutr. 70, 1–19. doi: 
10.1080/09637486.2018.1462309

Cerdó, T., Ruíz, A., Suárez, A., and Campoy, C. (2017). Probiotic, prebiotic, and 
brain development. Nutrients 9:1247. doi: 10.3390/nu9111247

Chen, Z., Wang, H., D'Souza, C., Sun, S., Kostenko, L., Eckle, S. B., et al. (2017). 
Mucosal-associated invariant T-cell activation and accumulation after in  vivo 
infection depends on microbial riboflavin synthesis and co-stimulatory signals. 
Mucosal Immunol. 10, 58–68. doi: 10.1038/mi.2016.39

Chen, L., Xu, Y., Chen, X., Fang, C., Zhao, L., and Chen, F. (2017). The maturing 
development of gut microbiota in commercial piglets during the weaning transition. 
Front. Microbiol. 8:1688. doi: 10.3389/fmicb.2017.01688

Chichlowski, M., De Lartigue, G., German, J. B., Raybould, H. E., and Mills, D. A. 
(2012). Bifidobacteria isolated from infants and cultured on human milk 
oligosaccharides affect intestinal epithelial function. J. Pediatr. Gastroenterol. Nutr. 
55, 321–327. doi: 10.1097/MPG.0b013e31824fb899

Chow, J., Panasevich, M. R., Alexander, D., Vester Boler, B. M., Rossoni 
Serao, M. C., Faber, T. A., et al. (2014). Fecal metabolomics of healthy breast-fed 

versus formula-fed infants before and during in vitro batch culture fermentation. J. 
Proteome Res. 13, 2534–2542. doi: 10.1021/pr500011w

Chu, C., Murdock, M. H., Jing, D., Won, T. H., Chung, H., Kressel, A. M., et al. 
(2019). The microbiota regulate neuronal function and fear extinction learning. 
Nature 574, 543–548. doi: 10.1038/s41586-019-1644-y

Clarke, G., Grenham, S., Scully, P., Fitzgerald, P., Moloney, R., Shanahan, F., et al. 
(2013). The microbiome-gut-brain axis during early life regulates the hippocampal 
serotonergic system in a sex-dependent manner. Mol. Psychiatry 18:666. doi: 
10.1038/mp.2012.77

Codagnone, M. G., Spichak, S., O'Mahony, S. M., O'Leary, O. F., Clarke, G., 
Stanton, C., et al. (2019). Programming bugs: microbiota and the developmental 
origins of brain health and disease. Biol. Psychiatry 85, 150–163. doi: 10.1016/j.
biopsych.2018.06.014

Colen, C. G., and Ramey, D. M. (2014). Is breast truly best? Estimating the effects 
of breastfeeding on long-term child health and wellbeing in the United States using 
sibling comparisons. Soc. Sci. Med. 109, 55–65. doi: 10.1016/j.socscimed.2014.01.027

Cong, X., Henderson, W. A., Graf, J., and McGrath, J. M. (2015). Early life 
experience and gut microbiome: the brain-gut-microbiota Signaling system. Adv. 
Neonatal Care 15, 314–323. doi: 10.1097/ANC.0000000000000191

Conlon, M. A., and Bird, A. R. (2014). The impact of diet and lifestyle on gut 
microbiota and human health. Nutrients 7, 17–44. doi: 10.3390/nu7010017

Corrêa, N. B., Péret Filho, L. A., Penna, F. J., Lima, F. M., and Nicoli, J. R. (2005). 
A randomized formula controlled trial of Bifidobacterium lactis and Streptococcus 
thermophilus for prevention of antibiotic-associated diarrhea in infants. J. Clin. 
Gastroenterol. 39, 385–389. doi: 10.1097/01.mcg.0000159217.47419.5b

Cowan, C. S. M., Dinan, T. G., and Cryan, J. F. (2020). Annual research review: 
critical windows – the microbiota-gut-brain axis in neurocognitive development. J. 
Child Psychol. Psychiatry 61, 353–371. doi: 10.1111/jcpp.13156

Cryan, J. F., and Dinan, T. G. (2012). Mind-altering microorganisms: the impact of the gut 
microbiota on brain and behaviour. Nat. Rev. Neurosci. 13, 701–712. doi: 10.1038/nrn3346

Cryan, J. F., O'Riordan, K. J., Cowan, C. S. M., Sandhu, K. V., Bastiaanssen, T. F. 
S., Boehme, M., et al. (2019). The microbiota-gut-brain Axis. Physiol. Rev. 99, 
1877–2013. doi: 10.1152/physrev.00018.2018

Cussotto, S., Sandhu, K. V., Dinan, T. G., and Cryan, J. F. (2018). The 
neuroendocrinology of the microbiota-gut-brain Axis: a behavioural perspective. 
Front. Neuroendocrinol. 51, 80–101. doi: 10.1016/j.yfrne.2018.04.002

Daniels, W. M., Pietersen, C. Y., Carstens, M. E., and Stein, D. J. (2004). Maternal 
separation in rats leads to anxiety-like behavior and a blunted ACTH response and 
altered neurotransmitter levels in response to a subsequent stressor. Metab. Brain 
Dis. 19, 3–14. doi: 10.1023/B:MEBR.0000027412.19664.b3

de Goffau, M. C., Lager, S., Sovio, U., Gaccioli, F., Cook, E., Peacock, S. J., et al. 
(2019). Human placenta has no microbiome but can contain potential pathogens. 
Nature 572, 329–334. doi: 10.1038/s41586-019-1451-5

de Weerth, C. (2017). Do bacteria shape our development? Crosstalk between 
intestinal microbiota and HPA axis. Neurosci. Biobehav. Rev. 83, 458–471. doi: 
10.1016/j.neubiorev.2017.09.016

Diaz Heijtz, R., Wang, S., Anuar, F., Qian, Y., Bjorkholm, B., Samuelsson, A., et al. 
(2011). Normal gut microbiota modulates brain development and behavior. Proc. 
Natl. Acad. Sci. U. S. A. 108, 3047–3052. doi: 10.1073/pnas.1010529108

Doifode, T., Giridharan, V. V., Generoso, J. S., Bhatti, G., Collodel, A., Schulz, P. E., 
et al. (2021). The impact of the microbiota-gut-brain axis on Alzheimer's disease 
pathophysiology. Pharmacol. Res. 164:105314. doi: 10.1016/j.phrs.2020.105314

Donaldson, G. P., Lee, S. M., and Mazmanian, S. K. (2016). Gut biogeography of 
the bacterial microbiota. Nat. Rev. Microbiol. 14, 20–32. doi: 10.1038/nrmicro3552

Douglas-Escobar, M., Elliott, E., and Neu, J. (2013). Effect of intestinal microbial 
ecology on the developing brain. JAMA Pediatr. 167, 374–379. doi: 10.1001/
jamapediatrics.2013.497

Erny, D., Hrabě de Angelis, A. L., Jaitin, D., Wieghofer, P., Staszewski, O., 
David, E., et al. (2015). Host microbiota constantly control maturation and function 
of microglia in the CNS. Nat. Neurosci. 18, 965–977. doi: 10.1038/nn.4030

Eshraghi, R. S., Deth, R. C., Mittal, R., Aranke, M., Kay, S. S., Moshiree, B., et al. 
(2018). Early disruption of the microbiome leading to decreased antioxidant 
capacity and epigenetic changes: implications for the rise in autism. Front. Cell. 
Neurosci. 12:256. doi: 10.3389/fncel.2018.00256

Fallani, M., Amarri, S., Uusijarvi, A., Adam, R., Khanna, S., Aguilera, M., et al. 
(2011a). Determinants of the human infant intestinal microbiota after the 
introduction of first complementary foods in infant samples from five European 
centres. Microbiology 157, 1385–1392. doi: 10.1099/mic.0.042143-0

Fallani, M., Amarri, S., Uusijarvi, A., Adam, R., Khanna, S., Aguilera, M., et al. 
(2011b). The Infabio, determinants of the human infant intestinal microbiota after 

https://doi.org/10.3389/fmicb.2022.960492
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1080/09168451.2014.987204
https://doi.org/10.2323/jgam.60.140
https://doi.org/10.1152/ajpgi.00203.2013
https://doi.org/10.1152/ajpgi.00203.2013
https://doi.org/10.1053/j.gastro.2011.04.052
https://doi.org/10.1053/j.gastro.2011.04.052
https://doi.org/10.1093/advances/nmaa181
https://doi.org/10.1186/s40168-021-01089-8
https://doi.org/10.3389/fnins.2018.00049
https://doi.org/10.1038/srep30046
https://doi.org/10.1126/scitranslmed.3009759
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1002/dev.21824
https://doi.org/10.1016/j.biopsych.2014.07.012
https://doi.org/10.1016/j.biopsych.2014.07.012
https://doi.org/10.1016/j.chom.2013.10.004
https://doi.org/10.1016/j.biopsych.2017.06.021
https://doi.org/10.1080/09637486.2018.1462309
https://doi.org/10.3390/nu9111247
https://doi.org/10.1038/mi.2016.39
https://doi.org/10.3389/fmicb.2017.01688
https://doi.org/10.1097/MPG.0b013e31824fb899
https://doi.org/10.1021/pr500011w
https://doi.org/10.1038/s41586-019-1644-y
https://doi.org/10.1038/mp.2012.77
https://doi.org/10.1016/j.biopsych.2018.06.014
https://doi.org/10.1016/j.biopsych.2018.06.014
https://doi.org/10.1016/j.socscimed.2014.01.027
https://doi.org/10.1097/ANC.0000000000000191
https://doi.org/10.3390/nu7010017
https://doi.org/10.1097/01.mcg.0000159217.47419.5b
https://doi.org/10.1111/jcpp.13156
https://doi.org/10.1038/nrn3346
https://doi.org/10.1152/physrev.00018.2018
https://doi.org/10.1016/j.yfrne.2018.04.002
https://doi.org/10.1023/B:MEBR.0000027412.19664.b3
https://doi.org/10.1038/s41586-019-1451-5
https://doi.org/10.1016/j.neubiorev.2017.09.016
https://doi.org/10.1073/pnas.1010529108
https://doi.org/10.1016/j.phrs.2020.105314
https://doi.org/10.1038/nrmicro3552
https://doi.org/10.1001/jamapediatrics.2013.497
https://doi.org/10.1001/jamapediatrics.2013.497
https://doi.org/10.1038/nn.4030
https://doi.org/10.3389/fncel.2018.00256
https://doi.org/10.1099/mic.0.042143-0


Mullaney et al. 10.3389/fmicb.2022.960492

Frontiers in Microbiology 11 frontiersin.org

the introduction of first complementary foods in infant samples from five European 
centres. Microbiology 157, 1385–1392.

Fernández, L., Ruiz, L., Jara, J., Orgaz, B., and Rodríguez, J. M. (2018). Strategies 
for the preservation, restoration and modulation of the human milk microbiota. 
Implications for human milk banks and neonatal intensive care units. Front. 
Microbiol. 9:2676. doi: 10.3389/fmicb.2018.02676

Foster, J. A., and McVey Neufeld, K. A. (2013). Gut-brain axis: how the 
microbiome influences anxiety and depression. Trends Neurosci. 36, 305–312. doi: 
10.1016/j.tins.2013.01.005

Frost, G., Sleeth, M. L., Sahuri-Arisoylu, M., Lizarbe, B., Cerdan, S., Brody, L., 
et al. (2014). The short-chain fatty acid acetate reduces appetite via a central 
homeostatic mechanism. Nat. Commun. 5:3611. doi: 10.1038/ncomms4611

Fulling, C., Dinan, T. G., and Cryan, J. F. (2019). Gut microbe to brain Signaling: 
what happens in Vagus. Neuron 101, 998–1002. doi: 10.1016/j.neuron.2019.02.008

Gareau, M. G. (2016). Cognitive function and the microbiome. Int. Rev. Neurobiol. 
131, 227–246. doi: 10.1016/bs.irn.2016.08.001

Gareau, M. G., Wine, E., Rodrigues, D. M., Cho, J. H., Whary, M. T., Philpott, D. J., 
et al. (2011). Bacterial infection causes stress-induced memory dysfunction in mice. 
Gut 60, 307–317. doi: 10.1136/gut.2009.202515

Geng, S., Yang, L., Cheng, F., Zhang, Z., Li, J., Liu, W., et al. (2019). Gut microbiota 
are associated with psychological stress-induced defections in intestinal and blood-
brain barriers. Front. Microbiol. 10:3067. doi: 10.3389/fmicb.2019.03067

Gershon, M. D. (2013). 5-Hydroxytryptamine (serotonin) in the gastrointestinal 
tract. Curr. Opin. Endocrinol. Diabetes Obes. 20, 14–21. doi: 10.1097/
MED.0b013e32835bc703

Gershon, M. D., and Tack, J. (2007). The serotonin signaling system: from basic 
understanding to drug development for functional GI disorders. Gastroenterology 
132, 397–414. doi: 10.1053/j.gastro.2006.11.002

Godfrey, D. I., Koay, H. F., McCluskey, J., and Gherardin, N. A. (2019). The biology 
and functional importance of MAIT cells. Nat. Immunol. 20, 1110–1128. doi: 
10.1038/s41590-019-0444-8

Goehler, L. E., Gaykema, R. P., Opitz, N., Reddaway, R., Badr, N., and Lyte, M. 
(2005). Activation in vagal afferents and central autonomic pathways: early 
responses to intestinal infection with campylobacter jejuni. Brain Behav. Immun. 19, 
334–344. doi: 10.1016/j.bbi.2004.09.002

Gopalakrishna, K. P., Macadangdang, B. R., Rogers, M. B., Tometich, J. T., 
Firek, B. A., Baker, R., et al. (2019). Maternal IgA protects against the development 
of necrotizing enterocolitis in preterm infants. Nat. Med. 25, 1110–1115. doi: 
10.1038/s41591-019-0480-9

Guevarra, R. B., Hong, S. H., Cho, J. H., Kim, B. R., Shin, J., Lee, J. H., et al. (2018). 
The dynamics of the piglet gut microbiome during the weaning transition in 
association with health and nutrition. J. Anim. Sci. Biotechnol. 9:54. doi: 10.1186/
s40104-018-0269-6

Guevarra, R. B., Lee, J. H., Lee, S. H., Seok, M. J., Kim, D. W., Kang, B. N., et al. 
(2019). Piglet gut microbial shifts early in life: causes and effects. J. Anim. Sci. 
Biotechnol. 10:1. doi: 10.1186/s40104-018-0308-3

Guida, F., Turco, F., Iannotta, M., De Gregorio, D., Palumbo, I., Sarnelli, G., et al. 
(2018). Antibiotic-induced microbiota perturbation causes gut endocannabinoidome 
changes, hippocampal neuroglial reorganization and depression in mice. Brain 
Behav. Immun. 67, 230–245. doi: 10.1016/j.bbi.2017.09.001

Guitor, A. K., Yousuf, E. I., Raphenya, A. R., Hutton, E. K., Morrison, K. M., 
McArthur, A. G., et al. (2022). Capturing the antibiotic resistome of preterm infants 
reveals new benefits of probiotic supplementation. Microbiome 10:136. doi: 10.1186/
s40168-022-01327-7

Haghikia, A., Jorg, S., Duscha, A., Berg, J., Manzel, A., Waschbisch, A., et al. 
(2015). Dietary fatty acids directly impact central nervous system autoimmunity via 
the small intestine. Immunity 43, 817–829. doi: 10.1016/j.immuni.2015.09.007

Harmsen, H. J., Wildeboer-Veloo, A. C., Raangs, G. C., Wagendorp, A. A., Klijn, N., 
Bindels, J. G., et al. (2000). Analysis of intestinal flora development in breast-fed and 
formula-fed infants by using molecular identification and detection methods. J. Pediatr. 
Gastroenterol. Nutr. 30, 61–67. doi: 10.1097/00005176-200001000-00019

Haynes, B. F., and Heinly, C. S. (1995). Early human T cell development: analysis 
of the human thymus at the time of initial entry of hematopoietic stem cells into the 
fetal thymic microenvironment. J. Exp. Med. 181, 1445–1458. doi: 10.1084/
jem.181.4.1445

Haynes, B. F., Martin, M. E., Kay, H. H., and Kurtzberg, J. (1988). Early events in 
human T cell ontogeny. Phenotypic characterization and immunohistologic 
localization of T cell precursors in early human fetal tissues. J. Exp. Med. 168, 
1061–1080. doi: 10.1084/jem.168.3.1061

He, X., Parenti, M., Grip, T., Lönnerdal, B., Timby, N., Domellöf, M., et al. (2019). 
Fecal microbiome and metabolome of infants fed bovine MFGM supplemented 
formula or standard formula with breast-fed infants as reference: a randomized 
controlled trial. Sci. Rep. 9:11589. doi: 10.1038/s41598-019-47953-4

Heiman, M. L., and Greenway, F. L. (2016). A healthy gastrointestinal microbiome 
is dependent on dietary diversity. Mol. Metab 5, 317–320. doi: 10.1016/j.
molmet.2016.02.005

Hoban, A. E., Moloney, R. D., Golubeva, A. V., McVey Neufeld, K. A., 
O'Sullivan, O., Patterson, E., et al. (2016). Behavioural and neurochemical 
consequences of chronic gut microbiota depletion during adulthood in the rat. 
Neuroscience 339, 463–477. doi: 10.1016/j.neuroscience.2016.10.003

Hoebe, K., Janssen, E., and Beutler, B. (2004). The interface between innate and 
adaptive immunity. Nat. Immunol. 5, 971–974. doi: 10.1038/ni1004-971

Hoeman, C. M., Dhakal, M., Zaghouani, A. A., Cascio, J. A., Wan, X., 
Khairallah, M. T., et al. (2013). Developmental expression of IL-12Rbeta2 on murine 
naive neonatal T cells counters the upregulation of IL-13Ralpha1 on primary Th1 
cells and balances immunity in the newborn. J. Immunol. 190, 6155–6163. doi: 
10.4049/jimmunol.1202207

Houghteling, P. D., and Walker, W. A. (2015). Why is initial bacterial colonization 
of the intestine important to infants' and children's health? J. Pediatr. Gastroenterol. 
Nutr. 60, 294–307. doi: 10.1097/MPG.0000000000000597

Hu, J., Nie, Y., Chen, J., Zhang, Y., Wang, Z., Fan, Q., et al. (2016). Gradual changes 
of gut microbiota in weaned miniature piglets. Front. Microbiol. 7:1727. doi: 
10.3389/fmicb.2016.01727

Hunt, K. M., Foster, J. A., Forney, L. J., Schutte, U. M., Beck, D. L., Abdo, Z., et al. 
(2011). Characterization of the diversity and temporal stability of bacterial communities 
in human milk. PLoS One 6:e21313. doi: 10.1371/journal.pone.0021313

Hyland, N. P., and Cryan, J. F. (2016). Microbe-host interactions: influence of the 
gut microbiota on the enteric nervous system. Dev. Biol. 417, 182–187. doi: 
10.1016/j.ydbio.2016.06.027

Indrio, F., Di Mauro, A., Riezzo, G., Civardi, E., Intini, C., Corvaglia, L., et al. 
(2014). Prophylactic use of a probiotic in the prevention of colic, regurgitation, and 
functional constipation: a randomized clinical trial. JAMA Pediatr. 168, 228–233. 
doi: 10.1001/jamapediatrics.2013.4367

Jameson, K. G., and Hsiao, E. Y. (2018). Linking the gut microbiota to a brain 
neurotransmitter. Trends Neurosci. 41, 413–414. doi: 10.1016/j.tins.2018.04.001

Jost, T., Lacroix, C., Braegger, C. P., and Chassard, C. (2012). New insights in gut 
microbiota establishment in healthy breast fed neonates. PLoS One 7:e44595. doi: 
10.1371/journal.pone.0044595

Kapourchali, F. R., and Cresci, G. A. M. (2020). Early-life gut microbiome—the 
importance of maternal and infant factors in its establishment. Nutr. Clin. Pract. 35, 
386–405. doi: 10.1002/ncp.10490

Kelly, J. R., Borre, Y., O'Brien, C., Patterson, E., El Aidy, S., Deane, J., et al. (2016). 
Transferring the blues: depression-associated gut microbiota induces 
neurobehavioural changes in the rat. J. Psychiatr. Res. 82, 109–118. doi: 10.1016/j.
jpsychires.2016.07.019

Kobek-Kjeldager, C., Schönherz, A. A., Canibe, N., and Pedersen, L. J. (2022). Diet 
and microbiota-gut-brain axis in relation to tail biting in pigs: a review. Appl. Anim. 
Behav. Sci. 246:105514. doi: 10.1016/j.applanim.2021.105514

Korpela, K., Helve, O., Kolho, K. L., Saisto, T., Skogberg, K., Dikareva, E., et al. 
(2020). Maternal Fecal microbiota transplantation in Cesarean-born infants rapidly 
restores Normal gut microbial development: a proof-of-concept study. Cells 183, 
324–334 e5. doi: 10.1016/j.cell.2020.08.047

Korpela, K., Salonen, A., Virta, L. J., Kumpu, M., Kekkonen, R. A., and de 
Vos, W. M. (2016). Lactobacillus rhamnosus GG intake modifies preschool 
Children’s intestinal microbiota, alleviates penicillin-associated changes, and 
reduces antibiotic use. PLoS One 11:e0154012. doi: 10.1371/journal.pone.0154012

Kowalewska-Kantecka, B. (2016). Breastfeeding – an important element of health 
promotion. Dev. Period Med. 20, 354–357.

Kraimi, N., Lormant, F., Calandreau, L., Kempf, F., Zemb, O., Lemarchand, J., et al. 
(2022). Microbiota and stress: a loop that impacts memory. Psychoneuroendocrinology 
136:105594. doi: 10.1016/j.psyneuen.2021.105594

Larke, J. A., Kuhn-Riordon, K., Taft, D. H., Sohn, K., Iqbal, S., Underwood, M. A., 
et al. (2022). Preterm infant Fecal microbiota and metabolite profiles are modulated 
in a probiotic specific manner. J. Pediatr. Gastroenterol. Nutr. 75, 535–542. doi: 
10.1097/MPG.0000000000003570

Laursen, M. F. (2021). Gut microbiota development: influence of diet from infancy 
to toddlerhood. Ann. Nutr. Metab. 77, 21–34. doi: 10.3389/fmicb.2017.00356

Laursen, M. F., Bahl, M. I., Michaelsen, K. F., and Licht, T. R. (2017). First foods 
and gut microbes. Front. Microbiol. 8:356. doi: 10.3389/fmicb.2017.00356

Liang, S., Wang, T., Hu, X., Luo, J., Li, W., Wu, X., et al. (2015). Administration of 
lactobacillus helveticus NS8 improves behavioral, cognitive, and biochemical 
aberrations caused by chronic restraint stress. Neuroscience 310, 561–577. doi: 
10.1016/j.neuroscience.2015.09.033

Liang, S., Wu, X., Hu, X., Wang, T., and Jin, F. (2018a). Recognizing depression from 
the microbiota−Gut−Brain Axis. Int. J. Mol. Sci. 19:1592. doi: 10.3390/ijms19061592

https://doi.org/10.3389/fmicb.2022.960492
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3389/fmicb.2018.02676
https://doi.org/10.1016/j.tins.2013.01.005
https://doi.org/10.1038/ncomms4611
https://doi.org/10.1016/j.neuron.2019.02.008
https://doi.org/10.1016/bs.irn.2016.08.001
https://doi.org/10.1136/gut.2009.202515
https://doi.org/10.3389/fmicb.2019.03067
https://doi.org/10.1097/MED.0b013e32835bc703
https://doi.org/10.1097/MED.0b013e32835bc703
https://doi.org/10.1053/j.gastro.2006.11.002
https://doi.org/10.1038/s41590-019-0444-8
https://doi.org/10.1016/j.bbi.2004.09.002
https://doi.org/10.1038/s41591-019-0480-9
https://doi.org/10.1186/s40104-018-0269-6
https://doi.org/10.1186/s40104-018-0269-6
https://doi.org/10.1186/s40104-018-0308-3
https://doi.org/10.1016/j.bbi.2017.09.001
https://doi.org/10.1186/s40168-022-01327-7
https://doi.org/10.1186/s40168-022-01327-7
https://doi.org/10.1016/j.immuni.2015.09.007
https://doi.org/10.1097/00005176-200001000-00019
https://doi.org/10.1084/jem.181.4.1445
https://doi.org/10.1084/jem.181.4.1445
https://doi.org/10.1084/jem.168.3.1061
https://doi.org/10.1038/s41598-019-47953-4
https://doi.org/10.1016/j.molmet.2016.02.005
https://doi.org/10.1016/j.molmet.2016.02.005
https://doi.org/10.1016/j.neuroscience.2016.10.003
https://doi.org/10.1038/ni1004-971
https://doi.org/10.4049/jimmunol.1202207
https://doi.org/10.1097/MPG.0000000000000597
https://doi.org/10.3389/fmicb.2016.01727
https://doi.org/10.1371/journal.pone.0021313
https://doi.org/10.1016/j.ydbio.2016.06.027
https://doi.org/10.1001/jamapediatrics.2013.4367
https://doi.org/10.1016/j.tins.2018.04.001
https://doi.org/10.1371/journal.pone.0044595
https://doi.org/10.1002/ncp.10490
https://doi.org/10.1016/j.jpsychires.2016.07.019
https://doi.org/10.1016/j.jpsychires.2016.07.019
https://doi.org/10.1016/j.applanim.2021.105514
https://doi.org/10.1016/j.cell.2020.08.047
https://doi.org/10.1371/journal.pone.0154012
https://doi.org/10.1016/j.psyneuen.2021.105594
https://doi.org/10.1097/MPG.0000000000003570
https://doi.org/10.3389/fmicb.2017.00356
https://doi.org/10.3389/fmicb.2017.00356
https://doi.org/10.1016/j.neuroscience.2015.09.033
https://doi.org/10.3390/ijms19061592


Mullaney et al. 10.3389/fmicb.2022.960492

Frontiers in Microbiology 12 frontiersin.org

Liang, S., Wu, X., and Jin, F. (2018b). Gut-brain psychology: rethinking 
psychology from the microbiota-gut-brain Axis. Front. Integr. Neurosci. 12:33. doi: 
10.3389/fnint.2018.00033

Liang, L., Zhou, H., Zhang, S., Yuan, J., and Wu, H. (2017). Effects of gut 
microbiota disturbance induced in early life on the expression of extrasynaptic 
GABA-A receptor α5 and δ subunits in the hippocampus of adult rats. Brain Res. 
Bull. 135, 113–119. doi: 10.1016/j.brainresbull.2017.09.014

Liu, C., Yang, S. Y., Wang, L., and Zhou, F. (2022). The gut microbiome: 
implications for neurogenesis and neurological diseases. Neural Regen. Res. 17, 
53–58. doi: 10.4103/1673-5374.315227

Ma, J., Li, Z., Zhang, W., Zhang, C., Zhang, Y., Mei, H., et al. (2020). Comparison 
of gut microbiota in exclusively breast-fed and formula-fed babies: a study of 91 
term infants. Sci. Rep. 10:15792. doi:  10.1080/19490976.2020.1785252

Ma, C., Wasti, S., Huang, S., Zhang, Z., Mishra, R., Jiang, S., et al. (2020). The gut 
microbiome stability is altered by probiotic ingestion and improved by the 
continuous supplementation of galactooligosaccharide. Gut Microbes 12:1785252. 
doi: 10.1080/19490976.2020.1785252

Manderino, L., Carroll, I., Azcarate-Peril, M. A., Rochette, A., Heinberg, L., 
Peat, C., et al. (2017). Preliminary evidence for an association between the 
composition of the gut microbiome and cognitive function in neurologically healthy 
older adults. J. Int. Neuropsychol. Soc. 23, 700–705. doi: 10.1017/S1355617717000492

Margolis, K. G., Cryan, J. F., and Mayer, E. A. (2021). The microbiota-gut-brain 
Axis: from motility to mood. Gastroenterology 160, 1486–1501. doi: 10.1053/j.
gastro.2020.10.066

Martin, C. R., Osadchiy, V., Kalani, A., and Mayer, E. A. (2018). The brain-gut-
microbiome Axis. Cell. Mol. Gastroenterol. Hepatol. 6, 133–148. doi: 10.1016/j.
jcmgh.2018.04.003

Mastromarino, P., Capobianco, D., Campagna, G., Laforgia, N., Drimaco, P., 
Dileone, A., et al. (2014). Correlation between lactoferrin and beneficial microbiota 
in breast milk and infant's feces. Biometals 27, 1077–1086. doi: 10.1007/
s10534-014-9762-3

Matsuyama, M., Morrison, M., Cao, K.-A. L., Pruilh, S., Davies, P. S. W., Wall, C., 
et al. (2019). Dietary intake influences gut microbiota development of healthy 
Australian children from the age of one to two years. Sci. Rep. 9:12476. doi: 10.1038/
s41598-019-48658-4

Mayer, E. A. (2011). Gut feelings: the emerging biology of gut-brain 
communication. Nat. Rev. Neurosci. 12, 453–466. doi: 10.1038/nrn3071

Mayer, E. A., Knight, R., Mazmanian, S. K., Cryan, J. F., and Tillisch, K. (2014). 
Gut microbes and the brain: paradigm shift in neuroscience. J. Neurosci. 34, 
15490–15496. doi: 10.1523/JNEUROSCI.3299-14.2014

McFarland, L. V., Evans, C. T., and Goldstein, E. J. (2018). Strain-specificity and 
disease-specificity of probiotic efficacy: a systematic review and meta-analysis. 
Front. Med. 5:124. doi: 10.3389/fmed.2018.00124

Milani, C., Duranti, S., Bottacini, F., Casey, E., Turroni, F., Mahony, J., et al. (2017). The 
first microbial colonizers of the human gut: composition, activities, and health 
implications of the infant gut microbiota. Microbiol. Mol. Biol. Rev. 81, e00036–e00017. 
doi: 10.1128/MMBR.00036-17

Mirpuri, J., Raetz, M., Sturge, C. R., Wilhelm, C. L., Benson, A., Savani, R. C., et al. 
(2014). Proteobacteria-specific IgA regulates maturation of the intestinal microbiota. 
Gut Microbes 5, 28–39. doi: 10.4161/gmic.26489

Mohajeri, M. H., Brummer, R. J. M., Rastall, R. A., Weersma, R. K., Harmsen, H. J. M., 
Faas, M., et al. (2018). The role of the microbiome for human health: from basic science 
to clinical applications. Eur. J. Nutr. 57:(Suppl 1):S1–S14. doi: 10.1007/s00394-018- 
1703-4

Mudd, A. T., and Dilger, R. N. (2017). Early-life nutrition and neurodevelopment: 
use of the piglet as a translational model. Adv. Nutr. 8, 92–104. doi: 10.3945/
an.116.013243

Nankova, B. B., Agarwal, R., MacFabe, D. F., and La Gamma, E. F. (2014). Enteric 
bacterial metabolites propionic and butyric acid modulate gene expression, 
including CREB-dependent catecholaminergic neurotransmission, in PC12 cells--
possible relevance to autism spectrum disorders. PLoS One 9:e103740. doi: 10.1371/
journal.pone.0103740

Nash, M. J., Frank, D. N., and Friedman, J. E. (2017). Early microbes modify 
immune system development and metabolic homeostasis-the "restaurant" 
hypothesis revisited. Front. Endocrinol. 8:349. doi: 10.3389/fendo.2017.00349

Neufeld, K. A., Kang, N., Bienenstock, J., and Foster, J. A. (2011). Effects of 
intestinal microbiota on anxiety-like behavior. Commun. Integr. Biol. 4, 492–494. 
doi: 10.4161/cib.4.4.15702

Neufeld, K. M., Kang, N., Bienenstock, J., and Foster, J. A. (2011). Reduced 
anxiety-like behavior and central neurochemical change in germ-free mice. 
Neurogastroenterol. Motil. 23, 255–e119. doi: 10.1111/j.1365-2982.2010.01620.x

Newburg, D. S., and Walker, W. A. (2007). Protection of the neonate by the innate 
immune system of developing gut and of human milk. Pediatr. Res. 61, 2–8. doi: 
10.1203/01.pdr.0000250274.68571.18

Nishino, R., Mikami, K., Takahashi, H., Tomonaga, S., Furuse, M., Hiramoto, T., 
et al. (2013). Commensal microbiota modulate murine behaviors in a strictly 
contamination-free environment confirmed by culture-based methods. 
Neurogastroenterol. Motil. 25, 521–528. doi: 10.1111/nmo.12110

O’Neill, I. J., Sanchez Gallardo, R., Saldova, R., Murphy, E. F., Cotter, P. D., 
McAuliffe, F. M., et al. (2020). Maternal and infant factors that shape neonatal gut 
colonization by bacteria. Expert Rev. Gastroenterol. Hepatol. 14, 651–664. doi: 
10.1080/17474124.2020.1784725

Ohland, C. L., Kish, L., Bell, H., Thiesen, A., Hotte, N., Pankiv, E., et al. (2013). 
Effects of lactobacillus helveticus on murine behavior are dependent on diet and 
genotype and correlate with alterations in the gut microbiome. 
Psychoneuroendocrinology 38, 1738–1747. doi: 10.1016/j.psyneuen.2013.02.008

Ohsawa, K., Uchida, N., Ohki, K., Nakamura, Y., and Yokogoshi, H. (2015). 
Lactobacillus helveticus-fermented milk improves learning and memory in mice. 
Nutr. Neurosci. 18, 232–240. doi: 10.1179/1476830514y.0000000122

O'Keefe, S. J. (2016). Diet, microorganisms and their metabolites, and colon 
cancer. Nat. Rev. Gastroenterol. Hepatol. 13, 691–706. doi: 10.1038/nrgastro.2016.165

Oleskin, A. V., and Shenderov, B. A. (2016). Neuromodulatory effects and targets 
of the SCFAs and gasotransmitters produced by the human symbiotic microbiota. 
Microb. Ecol. Health Dis. 27:30971. doi: 10.3402/mehd.v27.30971

Olivares, M., Díaz-Ropero, M., Martín, R., Rodríguez, J., and Xaus, J. (2006). 
Antimicrobial potential of four lactobacillus strains isolated from breast milk. J. 
Appl. Microbiol. 101, 72–79. doi: 10.1111/j.1365-2672.2006.02981.x

O'Mahony, S. M., Hyland, N. P., Dinan, T. G., and Cryan, J. F. (2011). Maternal 
separation as a model of brain-gut axis dysfunction. Psychopharmacology 214, 
71–88. doi: 10.1007/s00213-010-2010-9

O'Mahony, S. M., Marchesi, J. R., Scully, P., Codling, C., Ceolho, A. M., 
Quigley, E. M., et al. (2009). Early life stress alters behavior, immunity, and 
microbiota in rats: implications for irritable bowel syndrome and psychiatric 
illnesses. Biol. Psychiatry 65, 263–267. doi: 10.1016/j.biopsych.2008.06.026

Osadchiy, V., Martin, C. R., and Mayer, E. A. (2019). The gut–brain Axis and the 
microbiome: mechanisms and clinical implications. Clin. Gastroenterol. Hepatol. 17, 
322–332. doi: 10.1016/j.cgh.2018.10.002

Pabst, R. (2020). The pig as a model for immunology research. Cell Tissue Res. 380, 
287–304. doi: 10.1007/s00441-020-03206-9

Panigrahi, P., Parida, S., Nanda, N. C., Satpathy, R., Pradhan, L., Chandel, D. S., 
et al. (2017). A randomized synbiotic trial to prevent sepsis among infants in rural 
India. Nature 548, 407–412. doi: 10.1038/nature23480

Parada Venegas, D., De la Fuente, M. K., Landskron, G., Gonzalez, M. J., Quera, R., 
Dijkstra, G., et al. (2019). Short chain fatty acids (SCFAs)-mediated gut epithelial 
and immune regulation and its relevance for inflammatory bowel diseases. Front. 
Immunol. 10:277. doi: 10.3389/fimmu.2019.00277

Pärtty, A., Kalliomäki, M., Wacklin, P., Salminen, S., and Isolauri, E. (2015). A 
possible link between early probiotic intervention and the risk of neuropsychiatric 
disorders later in childhood: a randomized trial. Pediatr. Res. 77, 823–828. doi: 
10.1038/pr.2015.51

Petra, A. I., Panagiotidou, S., Hatziagelaki, E., Stewart, J. M., Conti, P., and 
Theoharides, T. C. (2015). Gut-microbiota-brain Axis and its effect on 
neuropsychiatric disorders with suspected immune Dysregulation. Clin. Ther. 37, 
984–995. doi: 10.1016/j.clinthera.2015.04.002

Rautava, S., and Walker, W. A. (2009). Academy of breastfeeding medicine 
founder's lecture 2008: breastfeeding–an extrauterine link between mother and 
child. Breastfeed. Med. 4, 3–10. doi: 10.1089/bfm.2009.0004

Rechavi, E., Lev, A., Lee, Y. N., Simon, A. J., Yinon, Y., Lipitz, S., et al. (2015). 
Timely and spatially regulated maturation of B and T cell repertoire during human 
fetal development. Sci. Transl. Med. 7:276ra25. doi: 10.1126/scitranslmed.aaa0072

Rhee, S. H., Pothoulakis, C., and Mayer, E. A. (2009). Principles and clinical 
implications of the brain-gut-enteric microbiota axis. Nat. Rev. Gastroenterol. 
Hepatol. 6, 306–314. doi: 10.1038/nrgastro.2009.35

Rincel, M., and Darnaudéry, M. (2019). Maternal separation in rodents: a journey 
from gut to brain and nutritional perspectives. Proc. Nutr. Soc. 79, 113–132. doi: 
10.1017/S0029665119000958

Rinninella, E., Raoul, P., Cintoni, M., Franceschi, F., Miggiano, G. A. D., 
Gasbarrini, A., et al. (2019). What is the healthy gut microbiota composition? A 
changing ecosystem across age, environment, diet, and diseases. Microorganisms 
7:14. doi: 10.3390/microorganisms7010014

Rios-Covian, D., Ruas-Madiedo, P., Margolles, A., Gueimonde, M., de Los 
Reyes-Gavilan, C. G., and Salazar, N. (2016). Intestinal short chain fatty acids and 
their link with diet and human health. Front. Microbiol. 7:185. doi: 10.3389/
fmicb.2016.00185

Rogier, E. W., Frantz, A. L., Bruno, M. E., Wedlund, L., Cohen, D. A., 
Stromberg, A. J., et al. (2014). Secretory antibodies in breast milk promote long-term 
intestinal homeostasis by regulating the gut microbiota and host gene expression. 
Proc. Natl. Acad. Sci. U. S. A. 111, 3074–3079. doi: 10.1073/pnas.1315792111

https://doi.org/10.3389/fmicb.2022.960492
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3389/fnint.2018.00033
https://doi.org/10.1016/j.brainresbull.2017.09.014
https://doi.org/10.4103/1673-5374.315227
https://doi.org/10.1080/19490976.2020.1785252
https://doi.org/10.1080/19490976.2020.1785252
https://doi.org/10.1017/S1355617717000492
https://doi.org/10.1053/j.gastro.2020.10.066
https://doi.org/10.1053/j.gastro.2020.10.066
https://doi.org/10.1016/j.jcmgh.2018.04.003
https://doi.org/10.1016/j.jcmgh.2018.04.003
https://doi.org/10.1007/s10534-014-9762-3
https://doi.org/10.1007/s10534-014-9762-3
https://doi.org/10.1038/s41598-019-48658-4
https://doi.org/10.1038/s41598-019-48658-4
https://doi.org/10.1038/nrn3071
https://doi.org/10.1523/JNEUROSCI.3299-14.2014
https://doi.org/10.3389/fmed.2018.00124
https://doi.org/10.1128/MMBR.00036-17
https://doi.org/10.4161/gmic.26489
https://doi.org/10.1007/s00394-018-1703-4
https://doi.org/10.1007/s00394-018-1703-4
https://doi.org/10.3945/an.116.013243
https://doi.org/10.3945/an.116.013243
https://doi.org/10.1371/journal.pone.0103740
https://doi.org/10.1371/journal.pone.0103740
https://doi.org/10.3389/fendo.2017.00349
https://doi.org/10.4161/cib.4.4.15702
https://doi.org/10.1111/j.1365-2982.2010.01620.x
https://doi.org/10.1203/01.pdr.0000250274.68571.18
https://doi.org/10.1111/nmo.12110
https://doi.org/10.1080/17474124.2020.1784725
https://doi.org/10.1016/j.psyneuen.2013.02.008
https://doi.org/10.1179/1476830514y.0000000122
https://doi.org/10.1038/nrgastro.2016.165
https://doi.org/10.3402/mehd.v27.30971
https://doi.org/10.1111/j.1365-2672.2006.02981.x
https://doi.org/10.1007/s00213-010-2010-9
https://doi.org/10.1016/j.biopsych.2008.06.026
https://doi.org/10.1016/j.cgh.2018.10.002
https://doi.org/10.1007/s00441-020-03206-9
https://doi.org/10.1038/nature23480
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.1038/pr.2015.51
https://doi.org/10.1016/j.clinthera.2015.04.002
https://doi.org/10.1089/bfm.2009.0004
https://doi.org/10.1126/scitranslmed.aaa0072
https://doi.org/10.1038/nrgastro.2009.35
https://doi.org/10.1017/S0029665119000958
https://doi.org/10.3390/microorganisms7010014
https://doi.org/10.3389/fmicb.2016.00185
https://doi.org/10.3389/fmicb.2016.00185
https://doi.org/10.1073/pnas.1315792111


Mullaney et al. 10.3389/fmicb.2022.960492

Frontiers in Microbiology 13 frontiersin.org

Romijn, A. R., and Rucklidge, J. J. (2015). Systematic review of evidence to support 
the theory of psychobiotics. Nutr. Rev. 73, 675–693. doi: 10.1093/nutrit/nuv025

Rowland, I., Gibson, G., Heinken, A., Scott, K., Swann, J., Thiele, I., et al. (2018). 
Gut microbiota functions: metabolism of nutrients and other food components. Eur. 
J. Nutr. 57, 1–24. doi: 10.1007/s00394-017-1445-8

Rudzki, L., Pawlak, D., Pawlak, K., Waszkiewicz, N., Małus, A., Konarzewska, B., 
et al. (2017). Immune suppression of IgG response against dairy proteins in major 
depression. BMC Psychiatry 17:268. doi: 10.1186/s12888-017-1431-y

Sagebiel, A. F., Steinert, F., Lunemann, S., Korner, C., Schreurs, R., Altfeld, M., 
et al. (2019). Tissue-resident Eomes(+) NK cells are the major innate lymphoid cell 
population in human infant intestine. Nat. Commun. 10:975. doi: 10.1038/
s41467-018-08267-72

Salcedo, J., Frese, S. A., Mills, D. A., and Barile, D. (2016). Characterization of 
porcine milk oligosaccharides during early lactation and their relation to the fecal 
microbiome. J. Dairy Sci. 99, 7733–7743. doi: 10.3168/jds.2016-10966

Samuel, B. S., Shaito, A., Motoike, T., Rey, F. E., Backhed, F., Manchester, J. K., et al. 
(2008). Effects of the gut microbiota on host adiposity are modulated by the short-
chain fatty-acid binding G protein-coupled receptor, Gpr41. Proc. Natl. Acad. Sci. 
U. S. A. 105, 16767–16772. doi: 10.1073/pnas.0808567105

Saulnier, D. M., Ringel, Y., Heyman, M. B., Foster, J. A., Bercik, P., Shulman, R. J., 
et al. (2013). The intestinal microbiome, probiotics and prebiotics in 
neurogastroenterology. Gut Microbes 4, 17–27. doi: 10.4161/gmic.22973

Savignac, H. M., Tramullas, M., Kiely, B., Dinan, T. G., and Cryan, J. F. (2015). 
Bifidobacteria modulate cognitive processes in an anxious mouse strain. Behav. 
Brain Res. 287, 59–72. doi: 10.1016/j.bbr.2015.02.044

Schonland, S. O., Zimmer, J. K., Lopez-Benitez, C. M., Widmann, T., Ramin, K. D., 
Goronzy, J. J., et al. (2003). Homeostatic control of T-cell generation in neonates. 
Blood 102, 1428–1434. doi: 10.1182/blood-2002-11-3591

Schwab, C., and Gänzle, M. (2011). Lactic acid bacteria fermentation of 
human milk oligosaccharide components, human milk oligosaccharides and 
galactooligosaccharides. FEMS Microbiol. Lett. 315, 141–148. doi: 10.1111/ 
j.1574-6968.2010.02185.x

Schwartz, S., Friedberg, I., Ivanov, I. V., Davidson, L. A., Goldsby, J. S., Dahl, D. B., 
et al. (2012). A metagenomic study of diet-dependent interaction between gut 
microbiota and host in infants reveals differences in immune response. Genome Biol. 
13:r32. doi: 10.1186/gb-2012-13-4-r32

Semmes, E. C., Chen, J. L., Goswami, R., Burt, T. D., Permar, S. R., and 
Fouda, G. G. (2020). Understanding early-life adaptive immunity to guide 
interventions for Pediatric health. Front. Immunol. 11:595297. doi: 10.3389/
fimmu.2020.595297

Shulzhenko, N., Morgun, A., Hsiao, W., Battle, M., Yao, M., Gavrilova, O., et al. 
(2011). Crosstalk between B lymphocytes, microbiota and the intestinal epithelium 
governs immunity versus metabolism in the gut. Nat. Med. 17, 1585–1593. doi: 
10.1038/nm.2505

Siegrist, C.-A., and Aspinall, R. (2009). B-cell responses to vaccination at the 
extremes of age. Nat. Rev. Immunol. 9, 185–194. doi: 10.1038/nri2508

Silva, Y. P., Bernardi, A., and Frozza, R. L. (2020). The role of short-chain fatty 
acids from gut microbiota in gut-brain communication. Front. Endocrinol. 11:25. 
doi: 10.3389/fendo.2020.00025

Smeekens, J. M., Johnson-Weaver, B. T., Hinton, A. L., Azcarate-Peril, M. A., 
Moran, T. P., Immormino, R. M., et al. (2020). Fecal IgA, antigen absorption, and gut 
microbiome composition are associated with food antigen sensitization in genetically 
susceptible mice. Front. Immunol. 11:599637. doi: 10.3389/fimmu.2020.599637

Sudo, N., Chida, Y., Aiba, Y., Sonoda, J., Oyama, N., Yu, X. N., et al. (2004). 
Postnatal microbial colonization programs the hypothalamic-pituitary-adrenal 
system for stress response in mice. J. Physiol. 558, 263–275. doi: 10.1113/
jphysiol.2004.063388

Taft, D. H., Liu, J., Maldonado-Gomez, M. X., Akre, S., Huda, M. N., Ahmad, S. M., 
et al. (2018). Bifidobacterial dominance of the gut in early life and acquisition of 
antimicrobial resistance. mSphere 3, e00441–e00418. doi: 10.1128/mSphere.00441-18

Tao, N., Ochonicky, K. L., German, J. B., Donovan, S. M., and Lebrilla, C. B. 
(2010). Structural determination and daily variations of porcine milk 
oligosaccharides. J. Agric. Food Chem. 58, 4653–4659. doi: 10.1021/jf100398u

Thursby, E., and Juge, N. (2017). Introduction to the human gut microbiota. 
Biochem. J. 474, 1823–1836. doi: 10.1042/BCJ20160510

Tolhurst, G., Heffron, H., Lam, Y. S., Parker, H. E., Habib, A. M., Diakogiannaki, E., 
et al. (2012). Short-chain fatty acids stimulate glucagon-like peptide-1 secretion via 
the G-protein-coupled receptor FFAR2. Diabetes 61, 364–371. doi: 10.2337/db11-1019

Tooley, K. L. (2020). Effects of the human gut microbiota on cognitive 
performance, brain structure and function: a narrative review. Nutrients 12:3009. 
doi: 10.3390/nu12103009

Tuaillon, E., Valea, D., Becquart, P., Al Tabaa, Y., Meda, N., Bollore, K., et al. 
(2009). Human milk-derived B cells: a highly activated switched memory cell 
population primed to secrete antibodies. J. Immunol. 182, 7155–7162. doi: 10.4049/
jimmunol.0803107

Underwood, M. A., Umberger, E., and Patel, R. M. (2020). Safety and efficacy of 
probiotic administration to preterm infants: ten common questions. Pediatr. Res. 88, 
48–55. doi: 10.1038/s41390-020-1080-6

Vaher, K. K. K. (2022). Microbiome-gut-brain axis in brain development, 
cognition and behavior during infancy and early childhood. Dev. Rev. 66:1011038. 
doi: 10.1016/j.dr.2022.101038

Val-Laillet, D. (2019). Review: impact of food, gut-brain signals and metabolic 
status on brain activity in the pig model: 10 years of nutrition research using in vivo 
brain imaging. Animal 13, 2699–2713. doi: 10.1017/S1751731119001745

Vuong, H. E., Yano, J. M., Fung, T. C., and Hsiao, E. Y. (2017). The microbiome 
and host behavior. Annu. Rev. Neurosci. 40, 21–49. doi: 10.1146/annurev-
neuro-072116-031347

Walker, W. A. (2017). The importance of appropriate initial bacterial colonization 
of the intestine in newborn, child, and adult health. Pediatr. Res. 82, 387–395. doi: 
10.1038/pr.2017.111

Walker, W. A., and Iyengar, R. S. (2015). Breast milk, microbiota, and intestinal 
immune homeostasis. Pediatr. Res. 77, 220–228. doi: 10.1038/pr.2014.160

Wang, T., Hu, X., Liang, S., Li, W., Wu, X., Wang, L., et al. (2015). Lactobacillus 
fermentum NS9 restores the antibiotic induced physiological and psychological 
abnormalities in rats. Benef. Microbes 6, 707–717. doi: 10.3920/BM2014.0177

Wang, F. B., and Powley, T. L. (2007). Vagal innervation of intestines: afferent 
pathways mapped with new en bloc horseradish peroxidase adaptation. Cell Tissue 
Res. 329, 221–230. doi: 10.1007/s00441-007-0413-7

Weatheall, D. (2006). The Use of Non-Human Primates in Research A Working 
Group Report Chaired by Sir David Weatherall FRS FmedSci Institution: The 
Academy of Medical Sciences, Medical Research Council, The Royal Society, 
Wellcome Trust. Available at: https://royalsociety.org/policy/publications/2006/
weatherall-report/

Wei George, Z., Martin Katherine, A., Xing Peter, Y., Agrawal, R., Whiley, L., 
Wood Thomas, K., et al. (2021). Tryptophan-metabolizing gut microbes regulate 
adult neurogenesis via the aryl hydrocarbon receptor. Proc. Natl. Acad. Sci. U. S. A. 
118:e2021091118. doi: 10.1073/pnas.2021091118

Weizman, Z., Asli, G., and Alsheikh, A. (2005). Effect of a probiotic infant formula 
on infections in child care Centers: comparison of two probiotic agents. Pediatrics 
115, 5–9. doi: 10.1542/peds.2004-1815

Wijendran, V., Brenna, J. T., Wang, D. H., Zhu, W., Meng, D., Ganguli, K., et al. 
(2015). Long-chain polyunsaturated fatty acids attenuate the IL-1beta-induced 
proinflammatory response in human fetal intestinal epithelial cells. Pediatr. Res. 78, 
626–633. doi: 10.1038/pr.2015.154

Wikoff, W. R., Anfora, A. T., Liu, J., Schultz, P. G., Lesley, S. A., Peters, E. C., et al. 
(2009). Metabolomics analysis reveals large effects of gut microflora on mammalian 
blood metabolites. Proc. Natl. Acad. Sci. U. S. A. 106, 3698–3703. doi: 10.1073/
pnas.0812874106

Wingender, G., Stepniak, D., Krebs, P., Lin, L., McBride, S., Wei, B., et al. (2012). 
Intestinal microbes affect phenotypes and functions of invariant natural killer T cells 
in mice. Gastroenterology 143, 418–428. doi: 10.1053/j.gastro.2012.04.017

Yang, I., Corwin, E. J., Brennan, P. A., Jordan, S., Murphy, J. R., and Dunlop, A. 
(2016). The infant microbiome: implications for infant health and neurocognitive 
development. Nurs. Res. 65, 76–88. doi: 10.1097/NNR.0000000000000133

Yano, J. M., Yu, K., Donaldson, G. P., Shastri, G. G., Ann, P., Ma, L., et al. (2015). 
Indigenous bacteria from the gut microbiota regulate host serotonin biosynthesis. 
Cells 161, 264–276. doi: 10.1016/j.cell.2015.02.047

Yaron, S., Shachar, D., Abramas, L., Riskin, A., Bader, D., Litmanovitz, I., et al. 
(2013). Effect of high beta-palmitate content in infant formula on the intestinal 
microbiota of term infants. J. Pediatr. Gastroenterol. Nutr. 56, 376–381. doi: 10.1097/
MPG.0b013e31827e1ee2

Zhao, J., Zhang, X., Liu, H., Brown, M. A., and Qiao, S. (2019). Dietary protein 
and gut microbiota composition and function. Curr. Protein Pept. Sci. 20, 145–154. 
doi: 10.2174/1389203719666180514145437

Zheng, P., Wu, J., Zhang, H., Perry, S. W., Yin, B., Tan, X., et al. (2021). The gut 
microbiome modulates gut-brain axis glycerophospholipid metabolism in a region-
specific manner in a nonhuman primate model of depression. Mol. Psychiatry 26, 
2380–2392. doi: 10.1038/s41380-020-0744-2

Zheng, P., Zeng, B., Zhou, C., Liu, M., Fang, Z., Xu, X., et al. (2016). Gut microbiome 
remodeling induces depressive-like behaviors through a pathway mediated by the 
host's metabolism. Mol. Psychiatry 21, 786–796. doi: 10.1038/mp.2016.44

Zheng, W., Zhao, W., Wu, M., Song, X., Caro, F., Sun, X., et al. (2020). Microbiota-
targeted maternal antibodies protect neonates from enteric infection. Nature 577, 
543–548. doi: 10.1038/s41586-019-1898-4

Zivkovic, A. M., German, J. B., Lebrilla, C. B., and Mills, D. A. (2011). Human 
milk glycobiome and its impact on the infant gastrointestinal microbiota. Proc. Natl. 
Acad. Sci. U. S. A. 108, 4653–4658. doi: 10.1073/pnas.1000083107

Zuckerkandl, E., and Pauling, L. (1965). Evolutionary Divergence and Convergence 
in Proteins, Evolving Genes and Proteins, USA: Elsevier, 97–166.

https://doi.org/10.3389/fmicb.2022.960492
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1093/nutrit/nuv025
https://doi.org/10.1007/s00394-017-1445-8
https://doi.org/10.1186/s12888-017-1431-y
https://doi.org/10.1038/s41467-018-08267-72
https://doi.org/10.1038/s41467-018-08267-72
https://doi.org/10.3168/jds.2016-10966
https://doi.org/10.1073/pnas.0808567105
https://doi.org/10.4161/gmic.22973
https://doi.org/10.1016/j.bbr.2015.02.044
https://doi.org/10.1182/blood-2002-11-3591
https://doi.org/10.1111/j.1574-6968.2010.02185.x
https://doi.org/10.1111/j.1574-6968.2010.02185.x
https://doi.org/10.1186/gb-2012-13-4-r32
https://doi.org/10.3389/fimmu.2020.595297
https://doi.org/10.3389/fimmu.2020.595297
https://doi.org/10.1038/nm.2505
https://doi.org/10.1038/nri2508
https://doi.org/10.3389/fendo.2020.00025
https://doi.org/10.3389/fimmu.2020.599637
https://doi.org/10.1113/jphysiol.2004.063388
https://doi.org/10.1113/jphysiol.2004.063388
https://doi.org/10.1128/mSphere.00441-18
https://doi.org/10.1021/jf100398u
https://doi.org/10.1042/BCJ20160510
https://doi.org/10.2337/db11-1019
https://doi.org/10.3390/nu12103009
https://doi.org/10.4049/jimmunol.0803107
https://doi.org/10.4049/jimmunol.0803107
https://doi.org/10.1038/s41390-020-1080-6
https://doi.org/10.1016/j.dr.2022.101038
https://doi.org/10.1017/S1751731119001745
https://doi.org/10.1146/annurev-neuro-072116-031347
https://doi.org/10.1146/annurev-neuro-072116-031347
https://doi.org/10.1038/pr.2017.111
https://doi.org/10.1038/pr.2014.160
https://doi.org/10.3920/BM2014.0177
https://doi.org/10.1007/s00441-007-0413-7
https://royalsociety.org/policy/publications/2006/weatherall-report/
https://royalsociety.org/policy/publications/2006/weatherall-report/
https://doi.org/10.1073/pnas.2021091118
https://doi.org/10.1542/peds.2004-1815
https://doi.org/10.1038/pr.2015.154
https://doi.org/10.1073/pnas.0812874106
https://doi.org/10.1073/pnas.0812874106
https://doi.org/10.1053/j.gastro.2012.04.017
https://doi.org/10.1097/NNR.0000000000000133
https://doi.org/10.1016/j.cell.2015.02.047
https://doi.org/10.1097/MPG.0b013e31827e1ee2
https://doi.org/10.1097/MPG.0b013e31827e1ee2
https://doi.org/10.2174/1389203719666180514145437
https://doi.org/10.1038/s41380-020-0744-2
https://doi.org/10.1038/mp.2016.44
https://doi.org/10.1038/s41586-019-1898-4
https://doi.org/10.1073/pnas.1000083107

	Effects of early postnatal life nutritional interventions on immune-microbiome interactions in the gastrointestinal tract and implications for brain development and function
	Introduction
	Microbiota colonization of the gastrointestinal tract and Its effect on host–microbe interactions
	The microbiota-gut-brain axis
	Development of the immune system
	Role of the gastrointestinal microbiota in brain development

	Early postnatal life nutrition and the microbiota-gastrointestinal-brain axis
	Early infancy diet
	Weaning and complementary feeding

	Future perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

