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Abstract

Background—Beginning at birth, the microbes in the gut perform essential duties related to the 

digestion and metabolism of food, the development and activation of the immune system, and the 

production of neurotransmitters that affect behavior and cognitive function.

Objectives—The objectives of this review are to: (a) provide a brief overview of the microbiome 

and the “microbiome-gut-brain axis”; (b) discuss factors known to affect the composition of the 

infant microbiome: mode of delivery, antibiotic exposure, and infant feeding patterns; and (c) 

present research priorities for nursing science, and clinical implications for infant health and 

neurocognitive development.

Discussion—The gut microbiome influences immunological, endocrine, and neural pathways 

and plays an important role in infant development. Several factors influence colonization of the 

infant gut microbiome. Different microbial colonization patterns are associated with vaginal 

versus surgical birth, exposure to antibiotics, and infant feeding patterns. Because of extensive 

physiological influence, infant microbial colonization patterns have the potential to impact 

physical and neurocognitive development and life course disease risk. Understanding these 

influences will inform newborn care and parental education.
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This article provides a brief overview of the microbiome and the gut-brain axis, followed by 

a focus on factors known to affect the composition of the infant microbiome during the birth 

process and the first 1,000 days of life. These include: mode of delivery (vaginal or 

surgical), antibiotic exposure, and infant feeding patterns. New evidence suggesting the 

influence of maternal stress on the composition of the infant microbiome, the state of the 

science, implications for nursing science, and long-term implications for clinical practice 

and infant health are identified as well.

The Microbiome

The human body is host to millions of microorganisms that live on us and in us, and 

function synergistically with our own cells to influence health outcomes across the lifespan

—and potentially across generations. These microorganisms, referred to as “microbiota” 

(the organisms) or the “microbiome” (the organisms and their collective genetic makeup) 

carry out their actions by influencing immunologic, endocrine, and neural pathways. 

Although a wide variety of microorganisms flourish on the skin, in the oral cavity, and the 

urogenital tract, those in the gut are the most diverse and abundant and their functions are 

the best understood.

Starting from birth, the gut microbiota has three essential roles: protective, metabolic, and 

trophic (Guarner & Malagelada, 2003). First, gut microorganisms serve as a barrier against 

the proliferation of pathogenic organisms. Second, they play an important role in: the 

digestion and metabolism of colostrum, breast milk, formula, and weaning foods in infants, 

and a wide variety of food in adults; the breakdown of toxins and drugs; vitamin synthesis; 

and ion absorption. Trophic functions include the growth and differentiation of the epithelial 

cells lining the intestinal lumen, and the homeostatic maintenance of the immune system 

including tolerance to food antigens (Guarner & Malagelada, 2003). With complete 

colonization of the gut, which occurs within approximately three years of life (Koenig et al., 

2011; Weng & Walker, 2013), immune homeostasis is achieved. In a healthy individual, the 

gut is in a state of eubiosis, populated by a diverse array of microorganisms and marked by 

oral tolerance to commensal bacteria and benign antigens (Walker, 2013). Inadequate 

colonization during this early period, however, may lead to dysbiosis (or an imbalance 

between commensal and pathogenic organisms) which may increase susceptibility to a 

variety of immune-related pathogenic states (Renz, Brandtzaeg, & Hornef, 2012; Walker, 

2013) and other adverse metabolic or immune outcomes. In this way, the gut microbiome 

may be viewed as a key mediator between exposures to internal and external environmental 

factors, including diet and stress (Sudo, 2014), and health and developmental outcomes 

(Grenham, Clarke, Cryan, & Dinan, 2011).

In an attempt to further understand the role of gut microbial communities on human health, 

researchers have attempted to characterize its resident composition and diversity. In the past, 

studies of gut microflora utilized in vitro culture techniques—which identified a limited 
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range of organisms due to the challenging requirements needed for their growth—as well as 

the lack of technology to detect them. Specimen transportation issues and the distribution of 

specific organisms within a given specimen also limited the meaningfulness of culture 

results (Finegold, Sutter, & Mathisen, 1983). More recently, however, researchers have 

begun using culture-independent analysis such as fluorescent in situ hybridization, gel 

electrophoresis, 16S ribosomal RNA cloning, and sequencing and quantitative polymerase 

chain reaction (PCR) (Brooks, 2013). (See Table 2 for definitions of terms.) Overall, culture 

and DNA methodology show some agreement; however, nuances in taxonomy have been 

identified with several gut microorganisms not grown in culture shown to be highly 

prominent when using newer technologies (Vael & Desager, 2009). From these more 

advanced studies, the organisms identified as the most prominent in the gut are Firmicutes 

(such as Clostridium, Enterococcus, Lactobacillus, and Ruminococcus), Bacteroidetes (such 

as Bacteroides and Prevotella) and, to a lesser extent, Proteobacteria and Actinobacteria 

(Brown et al., 2013; Power, O’Toole, Stanton, Ross, & Fitzgerald, 2014). In most 

circumstances, a highly diverse microbiome is advantageous for optimal health.

Gut-Brain Communication

While the brain’s regulation of gut function has long been recognized, only in the last 

decade has the bidirectional nature of this relationship been elucidated (Cryan & Dinan, 

2012). As a result of the Human Microbiome Project (Peterson et al., 2009), evidence has 

mounted that gut-brain communication primarily occurs via interactions between the gut 

microbes and established psychoneuroimmunologic (PNI) pathways, including 

immunological (cytokines), endocrine (hypothalamic-pituitary-adrenal [HPA]), and neural 

(vagus) pathways (Grenham et al., 2011). These bidirectional relationships are illustrated in 

Figure 1.

The Immune System

While a breach of gut integrity and exposure of gut microorganisms to host sites outside the 

gut clearly stimulates a robust inflammatory-immune response—even without an actual 

breach—the gut microbiome contributes to the systemic inflammatory milieu of the host. 

This is due to low-level leakage of bacteria and bacterial cell wall components like the 

powerful inflammatory stimulus, lipopolysaccharide (LPS). These cross the luminal 

intestinal host-microbial interface and gain access to the peritoneal cavity stimulating a 

systemic inflammatory response (Duerkop, Vaishnava, & Hooper, 2009). Moreover, certain 

microbes, including Gram-negative bacteria such as Enterobacteriaceae and 

Pseudomonadaceae, are inherently more likely when leaked, to stimulate a robust systemic 

inflammatory response (Bengmark, 2013); as such, when these microbes are the dominant 

species in the gut, a chronic, low-grade systemic pro-inflammatory state may result. In 

contrast, other bacteria, when present, maintain a more anti-inflammatory milieu in the gut, 

often by secreting chemicals that are inhospitable to colonization by more inflammatory 

microorganisms. An example of protective bacteria is Lactobacillus (which secretes lactic 

acid), lowering gut pH to a range prohibitive to the colonization of more inflammatory 

microbes (Adams & Hall, 1988; Haarman & Knol, 2006). In human infants, an inverse 

relationship between gut colonization with Lactobacillus and levels of interferon-gamma, 
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interleukin-10, and interleukin-4 has been reported, while colonization with Staphylococcus 

aureus has been associated with elevated cytokine levels (Johansson et al., 2012), suggesting 

that early life dysbiosis of the microbiome may impact the developing immune system—

perhaps increasing an infant’s tendency toward developing an inflammatory disease. Once 

stimulated, systemic inflammatory cytokines then exert effects on the central nervous 

system (CNS), shaping mood, stress response, and behavior via the initiation of what is 

often referred to as “sickness behaviors” (e.g., fatigue, insomnia, lack of appetite and 

depression) (Dantzer & Kelley, 2007; Elenkov & Chrousos, 2002; Raison, Capuron, & 

Miller, 2006).

The Endocrine Pathway

The composition of the microbiome influences the hypothalamic-pituitary-adrenal (HPA) 

axis by influencing cortisol secretion and the normal development of the stress response 

(Sudo, 2014; Sudo et al., 2004). Whether or not the microbiome directly affects the HPA 

axis remains under investigation; however, given the ability of pro-inflammatory cytokines 

to activate all levels of the HPA axis, (Elenkov & Chrousos, 2002), indirect effects via the 

microbiome-induced stimulation of pro-inflammatory cytokines, as described above, do 

occur. Furthermore, animal experiments suggest that the increased cortisol levels that 

accompany acute or chronic stress themselves increase gut permeability and bacterial LPS 

leakage across the gut wall (Santos, Yang, Söderholm, Benjamin, & Perdue, 2001), setting 

up a dangerous positive feedback cycle between chronic stress, the microbiome, and 

systemic inflammation. Animal studies have also shown that exposure to chronic stress 

reduces the diversity of the gut microbiome and affects the relative abundance of various 

types of resident bacteria in a manner that correlates with increases in pro-inflammatory 

cytokines, including interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-a) (Bailey et 

al., 2011). Stress-induced changes in the gut microbiome, including a decrease in the 

protective gut genus Lactobacillus, were also significantly related to an increased production 

of IL-6 and increased anxiety-like behavior (Bailey et al., 2011).

Neural Pathway

The third pathway by which the gut microbiome and the brain communicate is through the 

afferent and efferent fibers of the vagus nerve. The vagus nerve (the parasympathetic nerve 

of the autonomic nervous system) innervates and regulates the gut, maintains systemic 

homeostasis, promotes anti-inflammatory activity, and influences the CNS and behavior 

directly, and via interaction with the HPA axis and inflammatory mediators (Bailey et al., 

2011).

Bacteria in the gut interact with cells in the gut wall to stimulate production of peptides that 

activate afferent endings of the vagus nerve. The resultant signals are transmitted to the 

CNS, affecting behavior and efferent neural activity. Similarly, pro-inflammatory cytokines 

appear to activate vagal afferent fibers, with vagal transmission of inflammatory signals 

believed to be a key mechanism by which the brain receives information regarding systemic 

inflammation, contributing to affective symptoms and initiating behavioral responses 

including depression and other sickness behaviors (Dantzer & Kelley, 2007; Miller, Maletic, 

& Raison, 2009; Raison et al., 2006)—giving rise to the notions of “gut instinct” or that 
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“sinking feeling in the pit of your stomach” (Sonnenburg & Sonnenburg, 2015). Vagal 

afferents traveling from the gut are also thought to be responsible for “gut feelings” which 

act as signals to the brain that an environment may be threatening or anxiety provoking 

(Forsythe, Sudo, Dinan, Taylor, & Bienenstock, 2010; Mayer, 2011). Activation of the 

efferent fibers of the vagus, in turn, carry anti-inflammatory signals to the periphery, via 

what is termed the “cholinergic anti-inflammatory pathway,” ultimately reducing the 

production of pro-inflammatory cytokines, including tumor necrosis factor-alpha (TNF-α) 

(Pavlov, Wang, Czura, Friedman, & Tracey, 2003; Tracey, 2009; Vijayaraghavan et al., 

2013).

Factors Influencing the Infant Microbiome

The newborn gut microbiome is less diverse than that of the adult. During the first three 

years of life, the development of the gut microbiome is influenced by the gut-brain axis (as 

described previously), and by maternal and neonatal exposures, including mode of delivery, 

antibiotic exposure, and feeding patterns (Figure 2). By the end of this period, the infant gut 

microbiome has assumed the diversity and composition of the adult gut and is generally 

characterized by species from four main phyla: Actinobacteria, Bacteroidetes, Firmicutes, 

and Proteobacteria (see Table 1).

Mode of Delivery

A major factor contributing to the variation in the infant microbiome is the mode of delivery 

at birth. Infants born vaginally have a gut microbiome very similar to that of their mother’s 

vaginal and fecal flora. This occurs through vertical transfer of the vaginal-perianal 

microbes of the mother as the infant passes through the birth canal (Dominguez-Bello et al., 

2010). For vaginally born infants, Lactobacillus, Prevotella, or Sneathia spp. dominates the 

gut, but within months there is a greater distribution of Bifidobacterium and Bacteroides 

(Azad et al., 2013; Gregory, 2011; Karlsson, Molin, Cilio, & Ahrné, 2011; Mitsou, 

Kirtzalidou, Oikonomou, Liosis, & Kyriacou, 2008; Penders et al., 2006). In addition to 

these genera of microbes, other studies have also found species of Atopobium, 

Streptococcus, Enterococcus, and Enterobacteriaceae within the first six weeks of 

development in vaginally delivered infants (Bezirtzoglou, 1997; Dominguez-Bello et al., 

2010; Fallani et al., 2010; Rotimi & Duerden, 1981).

In contrast, the gut microbiome of an infant born by cesarean section comprised bacteria 

transferred horizontally from the mother’s and others’ skin surfaces and, to a lesser extent, 

the place of birth (Dominguez-Bello et al., 2010; Grölund, Lehtonen, Eerola, & Kero, 1999; 

Penders et al., 2006). This tends to result in an infant microbiome dominated by 

Staphylococcus, Corynebacteria, and Propionibacterium spp. with lower proportions of 

Bifidobacteria and Bacteroides spp. (Azad et al., 2013; Chen, Cai, & Feng, 2007; 

Dominguez-Bello et al., 2010; Fallani et al., 2010; Grölund et al., 1999; Huurre et al., 2008; 

Penders et al., 2006). These differences in initial newborn communities may have important 

health consequences since the genera Bifidobacterium and Lactobacillus are considered to 

be health protective (Rastall, 2004), whereas some Staphylococcus spp. and Clostridium spp. 

have pathogenic potential (Adlerberth & Wold, 2009).
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In addition to differences in bacterial genera, the intestinal microbiome of infants born 

surgically shows less diversity compared to vaginally delivered infants (Adlerberth & Wold, 

2009; Azad et al., 2013; Lif Holgerson, Harnevik, Hernell, Tanner, & Johansson, 2011). 

This is potentially important since, in general, increased diversity of microbes within the gut 

is considered protective, while low diversity has been linked to a variety of human diseases, 

including inflammatory bowel disease and obesity (Qin et al., 2010; Turnbaugh et al., 2009). 

Variances in bacterial composition among infants born surgically compared to vaginally 

appear to continue in a child up to seven years (Azad et al., 2013; Fanaro, Chierici, Guerrini, 

& Vigi, 2003; Grölund et al., 1999; Huurre et al., 2008; Salminen, Gibson, McCartney, & 

Isolauri, 2004). Additionally, it can take months to establish a stable gut microbiome in a 

surgically delivered neonate (Fanaro et al., 2003; Grölund et al., 1999; Huurre et al., 2008; 

Salminen et al., 2004) in light of the multiple-associated sequelae related to surgical birth. 

Thus, delivery mode appears to be an important factor in the development of the infant gut 

microbiome, since surgically delivered infants miss the unique opportunity to be inculcated 

with their mother’s vaginal microbiome via the birth canal (Gregory, 2011; Salminen et al., 

2004). Additionally, in those cases where they are separated from their mothers after birth 

for an extended period of time, they may also miss the opportunity for immediate 

colonization with the maternal skin microbiome.

Delivery mode data, however, must be interpreted with caution due to several confounding 

factors that may impact the course of development of an infant’s gut microbiome. For 

example, the type of cesarean section, elective versus indicated after trial of labor, may 

affect an infant’s maternal microbial exposure. An infant who has come in contact with 

microbes in the vaginal canal during a trial of labor has a degree of exposure that is very 

different from the infant of an elective cesarean section—born without labor or prolonged 

rupture of membranes (Neu & Rushing, 2011). Some indications for cesarean section, such 

as infant being large for gestational age, maternal obesity, or fetal distress, may also suggest 

a dissemblance between the infant and mother, accounting for variability in the microbiome 

(Barau et al., 2006; Karlsson et al., 2011). Additionally, infants of mothers who undergo 

cesarean section are more likely to have been exposed to antibiotics in utero (Cho & 

Norman, 2013), which may significantly alter their enteric microflora (Jakobsson et al., 

2010; Jernberg, Löfmark, Edlund, & Jansson, 2010).

Pre- and Postnatal Antibiotic Exposure

Exposure to antibiotic therapy and its modulatory effects on the human microbiome can 

begin in utero and continue throughout critical growth and developmental stages. Factors 

under consideration and expounded in the discussion include the effects of antibiotic 

exposure on the trajectory of microbial colonization pattern and diversity, as well as their 

possible contribution to early-onset obesity and neurodevelopmental delays. Ultimately, an 

avenue of future inquiry includes the long-term implications of altering a fragile microbial 

ecosystem through potentially unnecessary antibiotic exposure.

Healthy infants born to mothers receiving ampicillin prior to delivery to treat group B 

Streptococcus display a significant decrease in Bifidobacterium by the seventh day of life, 

highlighting and confirming the modulatory effects of intrapartum antibiotic interventions 
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(Aloisio et al., 2014). Similarly, prophylactic antibiotic treatment in preterm infants is 

commonly practiced as a safeguard against colonization by pathogenic microorganisms in 

this vulnerable group. Consequently, this intervention reduces the diversity of gut flora 

(Fricke, 2014) and delays the colonization of commensal flora (La Rosa et al., 2014). La 

Rosa et al. (2014) demonstrated, however, that the delay in commensal gut flora was 

recovered in the sampled population by 36 weeks postconceptional age, suggesting a short-

term decrease and sequential rebound of microbial diversity. This rebound property has not 

been shown to mitigate the risk for infections such as necrotizing enterocolitis (NEC), 

however, which remains one of the leading causes of death in preterm infants (Panigrahi, 

2006). In fact, NEC occurs most frequently during periods of decreased microbial diversity 

(Wang et al., 2009). Associations between antibiotic use and common intestinal infections 

plaguing preterm infants are important considerations in the early treatment of preterm 

infants. Recurrent perturbations of the gut flora could potentiate windows of opportunity for 

pathogenic and antibiotic-resistant bacterial challenge and possible chronic disruption of 

microbial diversity, leading to a diseased state.

For example, intestinal dysbiosis related to ampicillin use has been shown to displace 

beneficial enterobacteria with that of ampicillin-resistant enterobacteria (Yu et al., 2014). 

Animal studies have shown that even after termination of low-dose penicillin, mice 

displayed altered microbial phenotypes and higher ratios of fat mass, with a decrease in fat 

mass attributed to later exposure to the antibiotic (Cox et al., 2014). Further, both pathogenic 

and normal microbial profiles have been linked to altered physical, behavioral, and memory 

functioning in recent animal models (Bilbo et al., 2005; Heijtz et al., 2011). The negative 

impact of antibiotic exposure on newborn intestinal flora should be recognized and 

considered in clinical decision making for laboring women. These considerations should 

inform the development of guidelines for risk management in laboring women requiring 

antibiotics.

Infant-Feeding Patterns

The most dramatic changes in the composition of the intestinal microbiome begin during the 

first year of life with the rapid microbial colonization of the newborn intestinal tract 

(Palmer, Bik, DiGiulio, Relman, & Brown, 2007). Research suggests that the microbial 

population that develops during the early months of a newborn’s life varies highly from 

infant to infant (Palmer et al., 2007; Stark & Lee, 1982), and that the newborn diet 

represents an essential extrinsic factor related to the establishment of the gut microbiota 

(Fanaro et al., 2003).

Diet Composition

Many studies suggest that the gut microbial profile of breastfed infants is dominated by 

Bifidobacterium (Bezirtzoglou, Tsiotsias, & Welling, 2011; Harmsen et al., 2000; Kleessen, 

Bunke, Tovar, Noack, & Sawatzki, 1995; Knol et al., 2005; Stark & Lee, 1982), with the 

addition of a few other anaerobes and small numbers of facultative anaerobic bacteria (Stark 

& Lee, 1982). It is thought that the colonization of Bifidobacterium and Bacteroides 

(another commonly found organism in the breastfed infant gut) is stimulated by the presence 

of human milk oligosaccharides (HMOs), the most abundant carbohydrate component in 
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breast milk. Infants lack the enzymes necessary to digest HMOs causing them to pass into 

the lower intestinal tract where they are thought to function as a prebiotic, stimulating the 

growth of Bifidobacterium and Bacteroides (Marcobal & Sonnenburg, 2012). In addition to 

Bifidobacterium and Bacteroides, Streptococcus, and Lactobacillus have been found in 

breastfed infants (Harmsen et al., 2000).

Formula-fed infants exhibit a more diverse flora with the presence of species of 

Staphylococcus, anaerobic Streptococcus, and Clostridium in addition to Bifidobacterium 

(Harmsen et al., 2000; Stark & Lee, 1982). Some studies have shown that exclusively 

formula-fed infants are more often colonized with E. coli, C. difficile, B. fragilis group, and 

Lactobacilli than those that are exclusively breastfed (Penders et al., 2006; Penders et al., 

2005).

The expectation of a dominance of Bifidobacterium spp. in breastfed infants, however, has 

been challenged by the results of more recent studies that show that both breastfed and 

formula-fed infants have similar counts of this genus (Adlerberth & Wold, 2009; Penders et 

al., 2005). Adlerberth and Wold (2009) reviewed 34 studies from the last 30 years and found 

that Bifidobacterium are found equally often in breast and formula-fed infants in most 

studies after 1980. Penders et al. (2005) suggest that this discrepancy may be due to changes 

in formula content and/or microbial identification techniques. Most studies over the last 

several decades are in agreement, however, that numbers of Clostridium are lower in 

breastfed infants. Additional trends observed included an increased prevalence of 

Bacteroides, Enterococci, and Enterobacteriaceae in formula-fed infants and increased 

Staphylococci in breastfed infants (Adlerberth & Wold, 2009).

The greater abundance of Clostridium spp., and in particular, C. difficile in the gut 

microbiota of formula-fed infants has implications for subsequent development of atopy. 

Penders, Stobberingh, van den Brandt, and Thijs (2007) demonstrated that infants colonized 

with C. difficile were at higher risk of developing several atopic symptoms, including 

eczema, recurrent wheeze, allergic sensitization, and diagnosis of atopic dermatitis.

Diet continues to play a primary role in generating compositional change and diversity in the 

microbiome as dietary patterns progress over the first three years. Studies have shown that 

major shifts in the taxonomic groups of the microbiome have been observed with changes in 

diet such as weaning to solid foods (Koenig et al., 2011). The introduction of table food to 

the breastfed infant causes a rapid rise in the number of enterobacteria and enterococci, 

followed by progressive colonization by Bacteroides spp., Clostridium, and anaerobic 

Streptococcus. In formula-fed infants, however, the transition to solid food does not have as 

great an impact on gastrointestinal flora (Stark & Lee, 1982). As the amount of solid food in 

the diet increases, the bacterial flora of both breast and bottle-fed babies approach that of 

adults (Stark & Lee, 1982) with a sustained increase in the abundance of Bacteroidetes, 

elevated fecal short chain fatty acid levels, enrichment of genes associated with 

carbohydrate utilization, vitamin biosynthesis, xenobiotic degradation, and a more stable 

community composition characteristic of the adult microbiota (Koenig et al., 2011).

Yang et al. Page 8

Nurs Res. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Beyond the transition to table foods, we know that types of food and dietary habits influence 

the gut microbiome (Kau, Ahern, Griffin, Goodman, & Gordon, 2011). In a comparison of 

rural African and European children, rural African children who consumed a low-fat, 

predominantly vegetarian diet had more of the Bacteroides enterotype and less Firmicutes. 

The European cohort, however, demonstrated the opposite with a significantly increased 

Firmicutes to Bacteroidetes ratio (De Filippo et al., 2010). The ratio of Firmicutes to 

Bacteroidetes (F/B) differs between obese and lean humans, with obese people having fewer 

Bacteroidetes and more Firmicutes than their lean counterparts (Ley, Turnbaugh, Klein, & 

Gordon, 2006). It has been theorized, therefore, that the increase in the F/B ratio in children 

in the European Union, probably driven by their high-calorie diet, might predispose them to 

future obesity (De Filippo et al., 2010). In addition, the gut microbiome in the rural African 

children contained an abundance of two bacterial species (Prevotella and Xylanibacter) 

absent from the Western cohort’s microbiome. These two species have enzymes necessary 

for the hydrolysis of starchy fibers (De Filippo et al., 2010). The fermentation of these 

starchy fibers produces large amounts of short-chain fatty acids which have been shown in 

preclinical studies to be critically important for immune-regulation (Scheppach & Weiler, 

2004).

In summary, diet composition and patterns during the first three years of life may impact the 

diversity and functional capacity of the gut microbiome with potential downstream effects 

(as detailed below) on infant development and disease risk (Johnson & Versalovic, 2012). 

Understanding the colonization patterns of the gut microbiota during infancy and early 

childhood, the factors that influence colonization (see Figure 3), and the mechanisms 

through which the gut microbiota interact with immune regulation, the endocrine system, 

and metabolism may help in the development of strategies to guide the formation of health-

promoting microbiotas that could then be maintained throughout the lifespan (Koenig et al., 

2011).

Preterm Birth

Because of the relationship between each of the above-described factors and preterm birth, 

premature infants and those at a very low birth weight are at risk for gut microbial dysbiosis. 

Premature infants most likely have come into the world by rapid vaginal birth or surgical 

birth. Both of these delivery modes reduce their exposure to maternal enteric and vaginal 

flora. They are more likely to have both in utero and neonatal antibiotic exposure, and are 

more likely to be formula fed and given human nutrition fortifiers. All of these prenatal and 

postnatal factors may affect the development of the premature infant’s gut microbiome. In 

addition, preterm birth is associated with several inflammatory factors: prenatal maternal 

illness, infections, smoking, and stress. After birth, these infants are more likely to have 

increased exposure to invasive procedures, flora of the environment of the newborn 

intensive care unit, medications that alter the pH of the intestinal environment, and 

decreased exposure to maternal and home microbial environments (Groer et al., 2014).

The Microbiome-Gut-Brain Axis and Implications for Infant Development

The first years of life are a time of rapid change in both the gut microbiome and the 

developing infant CNS. As a result, the microbiome has increasingly become a focus of 
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clinical and preclinical studies of neurocognitive and emotional development. While studies 

in humans are just beginning, research on rodents indicate that through perturbation of the 

three psychoneuroimmune pathways described previously (immune, HPA axis, and vagus 

nerve), the gut microbiome modulates brain development, neurotransmitter systems, 

canonical signaling pathways, synaptic related proteins, and behavior (Clarke, O’Mahony, 

Dinan, & Cryan, 2014). As a result, growing evidence suggests the gut microbiome exerts 

influence over a range of developmental indices, from cognition to anxiety, mood, and 

sociability (Borre et al., 2014; Moloney, Desbonnet, Clarke, Dinan, & Cryan, 2014). An 

enhanced understanding of how the microbiome-gut-brain axis operates during infancy may 

thus provide novel insights into early-life neurocognitive and emotional development.

Rodent studies have identified deficits in social functioning (Desbonnet, Clarke, Shanahan, 

Dinan, & Cryan, 2014) and working memory (Gareau et al., 2011) in animals born 

microbiota-free. Notably, in these animals, postweaning microbial colonization of the gut 

resulted in a reversal of the previous social deficits (Desbonnet et al., 2014), suggesting that 

microbiome-associated developmental delays might be modifiable through treatment. In 

humans, correlational studies have linked the neurodevelopmental disorder autism to an 

abnormal gut microbiome composition (Mulle, Sharp, & Cubells, 2013). However, these 

studies have been completed on previously diagnosed individuals making it difficult to 

control for confounders such as antibiotic use and diet that may have impacted the 

microbiome.

Both animal and human studies also have demonstrated that high levels of glucocorticoids 

negatively impact brain structure and function in areas relevant to cognitive and emotional 

development (Carrion & Wong, 2012; Gunnar, 1998), and, as described previously, studies 

of germ-free animals have demonstrated the importance of the microbiome in regulating the 

HPA axis (Dinan & Cryan, 2012). One largely unexplored, but potentially important 

influence on the HPA axis and the infant microbiome, is maternal prenatal stress. Animal 

(Bailey et al., 2011; Wenzl, Schimpl, Feierl, & Steinwender, 2003) and more recent human 

studies (Zijlmans, Korpela, Riksen-Walraven, de Vos, & de Weerth, 2015) have shown a 

positive association between maternal stress levels and levels of pathogenic strains of 

Escherichia and Enterobacter, and an inverse association with levels of beneficial bacteria 

such as Lactobacillus or Bifidobacteria in the infant gut microbiome. These stress-induced 

changes in gut microbial composition are significantly related to increased production of 

pro-inflammatory cytokines like IL-6 (Bailey et al., 2011; Bailey, Lubach, & Coe, 2004; 

Galley et al., 2014), and exposure to these pro-inflammatory cytokines has been associated 

with damage to the developing brain, interfering with white matter and brain plasticity 

(Dammann & O’Shea, 2008).

In summary, the gut microbiome plays a major role in key systems that have the capacity to 

influence CNS development. Although the field of microbiome-gut-brain axis is still new, 

growing evidence suggests the gut microbiome plays a key role in brain functioning, ranging 

from cognition to anxiety, mood, and sociability (Borre et al., 2014; Moloney et al., 2014) 

and, therefore, an enhanced understanding of how the microbiome-gut-brain axis operates 

during infancy may provide novel insights into early-life neurocognitive and social-

emotional development. In addition, a better understanding and appreciation of several 
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potentially modifiable factors that influence the newborn and infant microbiome is essential, 

particularly for midwives and neonatal nurses who care for women and their infants during 

the crucial first 1,000 days of life.

State of the Science

The composition of the adult gut microbiota has been intensely studied using both classical 

culture techniques and more recently developed ribosomal DNA sequence-based methods 

(Palmer et al., 2007). Findings suggest that the adult microbial gut is made up of over 400 

bacterial species belonging to a small number of broad taxonomic divisions (Eckburg et al., 

2005; Palmer et al., 2007). There is significant interindividual variation in the adult gut 

microbial profile. However, the intra-individual profile appears to remain stable for months 

at a time (Eckburg et al., 2005; Palmer et al., 2007), although acute changes in response to 

new dietary practices, antibiotics, or infection can be seen and, in some instances, persist. By 

contrast, we know that the infant intestinal microbiota differs significantly from the adult 

microbiome. Infant gut microbiome studies have begun to elucidate the progression of 

diversity from birth to a relatively stable gut environment by the age of three. Major external 

influences on the infant gut microbiome are mode of delivery, antibiotic exposure, and 

infant feeding patterns. Animal research suggests infant stress exposure also exerts 

significant influence. Studies also suggest that, during this period, the gradual growth in 

diversity is interspersed with periods of large shifts in the relative abundance of taxonomic 

groups. These shifts are theorized to be related to life events such as drastic diet changes or 

medication intake (Koenig et al., 2011; Palmer et al., 2007). Emerging evidence also 

suggests that inadequate colonization or dysbiosis in this early period may be associated 

with several disease processes like necrotizing enterocolitis, inflammatory bowel disease, 

obesity, and atopy and asthma (Arrieta, Stiemsma, Amenyogbe, Brown, & Finlay, 2014).

The bulk of knowledge on the infant gut microbiome relies on research utilizing traditional 

culture methods. Only few, recent studies have used high throughput metagenomic analysis 

(Clarke et al., 2014). Advances in DNA methodologies now allow for more accurate 

analysis of the gut microbiota in a culture-independent way using genetic analysis. With 

techniques like fluorescence in situ hybridization (FISH) or real-time polymerase chain 

reaction (PCR), bacterial species that were previously undetectable by culture, are now able 

to be identified, giving us a better picture of the infant gut microbial profile (Adlerberth & 

Wold, 2009; Bezirtzoglou et al., 2011).

Research Priorities for Nursing Science

Given the “critical window” of development that occurs for the infant gut microbiota, there 

is a need for large cohort studies that survey the infant microbiome from birth and 

throughout the first few years of life. Understanding the microbial and metabolic changes 

that occur during this period may explain the development of later pathologies that emerge 

(Arrieta et al., 2014). Priorities for research include investigating basic questions on what 

constitutes a “healthy” gut microbial profile. Do desirable taxonomic combinations exist? Or 

is diversity of fundamental importance (Azad et al., 2013)? Other important questions 

concern variables that influence the development of the infant gut microbiome. For example, 

Yang et al. Page 11

Nurs Res. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



we know that mode of delivery, antibiotic exposure, and infant-feeding patterns impact gut 

microbial composition, but what other variables impacting colonization patterns are we 

missing? How important is the early infant environment and/or life events (family, pets, 

daycare, early childhood illness, medications, secondhand smoke exposure) (Azad et al., 

2013)? Do these variables impact the gut microbiome of term versus preterm infants 

differently? Do they interact and if so, how? Finally, the potential to longitudinally track 

relationships between early gut colonization patterns, diversity, or dysbiosis and 

neurocognitive and social-emotional development will provide critical insights for future 

interventions.

Implications for Clinical Practice and Health

The literature to date suggests important information for perinatal and pediatric healthcare 

providers to consider in order to support development of a healthy and diverse infant gut 

microbiome. This review suggests that the vertical transfer of beneficial bacteria that occurs 

with vaginal birth is preferable to the horizontal transfer of potentially pathogenic organisms 

that can occur with surgical births. The gut microbiome of vaginally delivered infants also 

displays greater diversity, which is considered health protective. Of course, surgical delivery 

is sometimes warranted. In those cases, keeping mother and baby in close physical contact 

when possible, and supporting breast rather than formula feeding, should be a priority.

Antibiotics should be used judiciously across the lifespan, but perhaps especially so during 

the first 1,000 days. In cases where antibiotic treatment is necessary, practitioners might 

consider probiotic supplements as early evidence suggests this may lessen the deleterious 

impact of antibiotics on the infant gut microbiome (Johnston, Goldenberg, Vandvik, Sun, & 

Guyatt, 2011).

Finally, perinatal and pediatric healthcare providers should support the early initiation of 

breastfeeding for all newborns since breastfed infants are less likely to be colonized by 

potentially pathogenic organisms like C. difficile. The promotion of breastfeeding may 

support the proliferation of beneficial microbes, thus providing protection from those linked 

with atopy or NEC. Emerging research on the influence of diet on the newborn gut 

microbiome lends support to the widely held belief that breastfeeding is beneficial for 

infants. Breastfed infants have reduced colonization by C. difficile and E. Coli bacteria 

(Adlerberth & Wold, 2009; Penders, Thijs, et al., 2007), both of which have been associated 

with atopic manifestations (Penders, Thijs, et al., 2007). Many of the studies linking the 

infant gut microbiota with atopic disease emphasize the first six months as a “critical 

window period” (Penders, Stobberingh, et al., 2007), suggesting that colonization of the gut 

microbiota during this period functions as an important determinant of future health status 

(Penders, Stobberingh, et al., 2007). Beyond the early months of infancy, a diet high in fiber 

is associated with a more diverse gut microbiome with potentially beneficial bacterial 

genomes. The introduction of a diet rich in complex carbohydrates may continue the 

diversification of gut microbiota with corollary benefits of protecting the young child from 

pathogenic gastrointestinal organisms (De Filippo et al., 2010).
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Conclusion

Although studies examining the human microbiome-gut-brain axis are still relatively few, 

growing evidence suggests the influence of the gut microbiome on infant development and 

health outcomes across the lifespan. One key area where the microbiome may be 

particularly important is in the development of the newborn brain, with potential outcomes 

ranging from effects on cognition, anxiety, mood, and sociability. A better understanding 

and appreciation of several potentially modifiable factors that influence the newborn and 

infant microbiome is essential, particularly for midwives and neonatal nurses who care for 

women and their infants during the crucial first 1,000 days of life.
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FIGURE 1. 
The gut-brain axis.
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FIGURE 2. 
Maternal and neonatal factors influencing the development of the infant microbiome.
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FIGURE 3. 
Timeline of factors influencing the development of the infant gut from birth to three years.
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TABLE 2

Glossary of Terms

Term Definition

16S rRNA 16S ribosomal RNA is a subunit of the ribosomal RNA containing specific
signature sequences useful for bacterial identification.

Diversity The range of different types of organisms and their relative abundance in a
particular environment.

Dysbiosis An unhealthy alteration or imbalance in microbial composition of a part of
the body.

Eubiosis An optimum balance of microflora in the gastrointestinal tract.

FISH A technique using fluorescent probes to bind to specific portions of DNA,
allowing for detection of specific DNA sequences.

Metagenomics Field of research that transcends the individual organism to look at the
collection of genomes within complex microbial communities.

Microbial profile General term to describe the diversity of a given environment; i.e.,
identified species and their relative abundance.

Microbiome Combined genetic material of microorganisms in a particular environment.
May be used interchangeably with “microbiota.”

Microbiota Microbial community in a particular environment. May be used
interchangeably with “microbiome.”

PCR A technique used to make multiple copies of DNA segments.

Taxonomy A classification of organisms.

Note. DNA = deoxyribonucleic acid; FISH = fluorescent in situ hybridization; PCR = polymerase chain reaction; RNA = ribonucleic acid; rRNA = 
ribosomal ribonucleic acid.
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