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     11.1   Introduction 

 Ninety percent of all cells in the human body are not human at all, but bacterial. 
Human and other mammalian-associated bacterial populations, or microbiota, 
inhabit all exterior and interior surface niches of the body, including the skin, upper 
respiratory, and gastrointestinal (GI) tract (Blaser  2006  ) . Of these, the gut microbi-
ota are the most numerous and diverse. The typical human gut microbiota contains 
500–1,000 different species (Sonnenburg et al.  2004  )  with a collective gene pool, or 
microbiome, that harbors 100 times more genes than the human genome (Hooper 
et al.  2002  ) . 

 Gut microbiota  coevolved  with their hosts, signifying that over time those bacte-
ria that had no negative impact on (i.e. commensals) or enhanced host  fi tness (i.e. 
mutualistic) came to commonly associate with particular hosts. A growing body of 
research has shown that gut microbiota substantially enhance host digestion, energy 
turnover, and absorption of nutrients (   Bentley and Meganathan  1982 ; Canny and 
McCormick  2008 ; Dethlefsen et al.  2006  ) . Gut bacteria also provide a vital barrier 
against intestinal pathogens, regulate immune development and response, and may 
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facilitate gut–brain communication (MacDonald and Monteleone  2005 ; Mazmanian 
et al.  2005 ; Neufeld et al.  2011 ; Noverr and Huffnagle  2004 ; Savage  1977  ) . However, 
these bene fi cial bacteria constantly compete with other bacteria in the host environ-
ment for predominance in the gut. At any given time, gut microbial populations are 
sensitive to host diet (Maslowski and Mackay  2011  )  and perturbations from other 
invading bacteria (Dethlefsen et al.  2006  ) . The presence and relative proportions of 
individual species and bacterial groups in the gut may therefore vary greatly across 
individuals and throughout the lifespan, with varying consequences for host health 
(Ley et al.  2006a  ).  

 In primates, the dynamic host–bacterial relationship begins at birth, when mater-
nal and environmental bacteria colonize sterile infant GI tracts. Major shifts in 
microbial composition continue over infancy with the introduction of solid foods 
and broader exposure to environmental bacteria (Palmer et al.  2007  ) . During infancy, 
maternal milk is vital in promoting the growth of bene fi cial bacteria through both 
direct transmission and multiple biochemical and immunological factors that favor 
their establishment. The development and integrity of gut microbial communities 
during infancy may have implications for primate developmental trajectories after 
weaning, particularly in relation to metabolic and immune functioning later in life. 

 Across primates, vast differences in ecologies, diets, and duration of lactation 
(and in humans, differences in birth, breastfeeding, and hygienic practices) may 
lead to substantial interspecies and intraspecies variation in microbial development 
and community structure. While research on variation in primate gut microbiota 
owing to differences in phylogeny, ecology, diet, and pathogen exposure has 
increased in recent years (e.g., McKenna et al.  2008 ; Yildirim et al.  2010  ) , these 
studies are still limited. Most of our knowledge on variation in mammalian gut 
microbial composition comes from clinical research on humans and mice (including 
experimental studies with germ-free and conventionally raised mice) and epidemio-
logical studies of different human populations and risk groups—particularly for-
mula vs. breast-fed infants, and Cesarean- vs. vaginally delivered infants. These 
models, despite their evolutionary novelty, have revealed complex relationships 
among early microbial exposure, lactation, diet, gut microbial community structure, 
and host metabolic and immune functioning. The emerging research suggests that 
alterations in gut microbial composition owing to modern dietary, hygienic, and 
medicinal practices are associated with a number of chronic diseases and conditions 
in industrialized populations, including obesity (Bäckhed et al.  2004 ; Turnbaugh 
et al.  2006  ) , diabetes (Neu et al.  2010  ) , in fl ammatory and immune disorders (Penders 
et al.  2007 ; Round and Mazmanian  2009 ; Shorter et al.  1972  ) , and cancer (Zhang 
et al.  2011  ) . Studies of variation in human gut microbiota therefore provide impor-
tant insight into the impact of evolutionarily novel conditions on host health. 

 In this chapter, we review the current research on primate gut microbial composi-
tion and function, with a particular focus on humans and the role of maternal milk 
and weaning patterns in mediating infant microbial development. Throughout our 
discussion, we examine conditions associated with variation in microbial establish-
ment and composition, and their associated health outcomes.  



23511 Infant Gut Microbiota: Developmental In fl uences and Health Outcomes

    11.2   Overview of Primate Gut Microbiota: Composition 
and Function 

 The mammalian GI tract can be understood as a vast ecosystem harboring different 
bacterial niches, and mammalian gut microbiota as a vast organ performing multiple 
functions essential to host  fi tness (Hooper et al.  2002 ; Xu and Gordon  2003  ) . The 
mouth, esophagus, stomach, and small and large intestines are inhabited by distinct 
microbial communities, with the most diverse and densely populated community 
inhabiting the distal gut (distal ileum, ascending colon, and rectum) (Mei Wang 
 2005 ; Savage  1977  ) . As this microbial diversity increases, so does the number of 
associated metabolic and protective functions performed by them (Guarner and 
Malagelada  2003  ) . Within primate species, gut microbial composition is fairly con-
sistent at higher taxonomic levels, indicative of long coevolutionary histories, but 
substantially more varied at the species and strain level (Andersson et al.  2008  ) . In 
humans, more than 99% of bacteria phylogenetic types (or phylotypes) in the distal 
gut belong to just  fi ve phyla: Firmicutes, Bacteroidetes, Actinobacteria, and to a 
lesser degree, Proteobacteria and Fusobacteria (Table  11.1 ). In humans, Firmicutes 
dominate, represented principally by the Clostridia class, which includes the 
 Ruminococcus ,  Clostridium , and  Eubacterium  genera (Andersson et al.  2008 ; 
Dethlefsen et al.  2006  ) . Bacteroidetes is generally the second most predominant 
group (Bäckhed et al.  2004 ; Bäckhed et al.  2005 ; Eckburg et al.  2005  )  represented 
primarily by  Bacteroides  genus, including  B. vulgatus ,  B. thetaiotaomicron ,  B. dis-
tanosis , and  B. fragilis . Actinobacteria is dominated by the  Bi fi dobacterium  genus. 
Anaerobic bacteria (which use fermentation rather than oxygen for cellular respira-
tion) are the most abundant bacteria across all phylotypes. Facultative anaerobes 
(which can use either oxygen or fermentation for respiration) are present to a lesser 
degree (Marteau et al.  2001  )  and include  Escherichia ,  Lactobacillus , and 
 Streptococcus  species.  

   Table 11.1    Major bacteria and functions of human gut microbiota   

 Major phyla  Common genera  Functions 

 Firmicutes   Clostridium  
  Lactobacillus  
  Eubacterium, Staphylococcus, 

Ruminococcus, Streptococcus, 
Enterococcus  

 Protect gut surface tissue; carbohy-
drate and amino acid fermentation 

 Carbohydrate fermentation; inhibit 
growth of pathogens; antidiarrheal 

 Carbohydrate fermentation 
 Bacteroidetes   Bacteroides   Carbohydrate and amino acid 

fermentation; immunoregulation 
 Actinobacteria   Bi fi dobacterium   Carbohydrate fermentation; bind to 

and inhibit growth of pathogens 
 Proteobacteria   Escherichia   Vitamin K synthesis 
 Fusobacteria   Fusobacterium  
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 Firmicutes and Bacteroidetes also dominate the gut microbiota of mice and 
macaques (McKenna et al.  2008  ) , suggesting a long coevolutionary history of these 
phyla in mammals. Across primate species, gut microbial communities are distinct 
(McKenna et al.  2008 ; Yildirim et al.  2010  ) , although phylogenetic differences 
strongly overlap with dietary adaptations. In fact, mammalian gut microbial compo-
sitions are better predicted by host dietary classi fi cation (i.e., carnivore, herbivore, 
omnivore, frugivore, folivore) and gut physiology (i.e., foregut or hindgut fermenta-
tion) than by phylogeny (Ley et al.  2008  ) . Among humans and captive nonhuman 
primates, gut microbial compositions cluster by classi fi cation as omnivore/frugi-
vore (humans, chimpanzees, baboons, spider monkeys, lemurs), hindgut fermenting 
omnivore/folivore (gorillas and orangutans), or foregut herbivore (colobines) (Ley 
et al.  2008  ) . Interestingly, sex differences in microbial composition have been 
observed for macaques and mice, but not humans, the reasons for which are as yet 
unclear (McKenna et al.  2008  ) . 

 Gut bacteria perform numerous critical functions for primate hosts, including 
enhanced energy extraction, protection against invading gut pathogens, and aiding 
of immune development and regulation. First, through the fermentation process, gut 
bacteria break down certain dietary-derived molecules, including some non-digestible 
food  fi bers, polysaccharides, oligosaccharides, and polyphenols, which hosts are 
otherwise unable to digest or absorb. Bacterial fermentation also produces short-
chain fatty acids (SCFAs), such as acetate and butyrate, which are then used as 
energy sources by host cells and other bene fi cial bacteria (Gibson and Roberfroid 
 1995 ; Guarner and Malagelada  2003  ) . Gut bacteria have also been shown to directly 
mediate lipid absorption and fat tissue deposition (Bäckhed et al.  2004  ) . The extra 
energy harvested from gut bacteria provides a substantial advantage to hosts: for 
example, rats raised without gut bacteria require 30% more calories to maintain the 
same body mass as their conventionally raised counterparts (Wostmann et al. 
 1983  ) . 

 The metabolic byproducts of gut bacteria are essential to other aspects of host 
 fi tness as well; for example,  Lactobacillus  bacteria degrade lactose into lactic acid 
(Sanders  1994  ) , which increases the acidity of the gut and inhibits growth of harm-
ful bacteria. Certain gut bacteria are mutualistic because they produce vitamins that 
considerably bene fi t the host. For example,  Escherichia coli  synthesizes vitamin K 
(Bentley and Meganathan  1982  ) , important in blood clotting, bone growth, and 
maintenance of bone density. 

 Finally, gut microbiota form a critical barrier along intestinal surfaces that pro-
tect hosts from pathogens invading the intestinal tract, and are some of the  fi rst 
 antigens  (non-host molecules, Box  11.1 ) to stimulate the naïve infant immune sys-
tem. As will be discussed in greater detail further on, this early bacterial stimulation 
in fl uences the development and maintenance of immune system organs, cells, and 
responses, and “primes” the immune system to effectively and appropriately respond 
to pathogenic and nonpathogenic substances (Díaz Ropero et al.  2007 ; Macpherson 
and Harris  2004 ; Newburg and Walker  2007 ).  

 Before proceeding, it should be noted that much of our current knowledge of 
primate microbial diversity and function has emerged only in the last decade, aided 
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   Box 11.1    Overview of the immune    system   

  The immune system is  an integrated system of specialized cells and molecules 
that recognize, eliminate, and contain damage resulting from invading 
pathogens and harmful antigen 

  Pathogen : a microorganism capable of colonizing host sites and causing 
disease. Includes  microparasites  (bacteria, virus, fungi, protozoa) and 
 macroparasites  (intestinal worms, ectoparasites) 

  Antigen : any foreign substance (e.g., bacterial cell membrane protein, 
bacterial toxin, pollen) capable of eliciting an immune response 

  Pathobiant : intestinal bacteria with pathogenic potential 

  Immune cells  
  Lymphocytes : white blood cells with antigen receptors that circulate in blood 

and lymph; the two major classes are T and B cells 
  T cells : mediate cytotoxic responses against virus-infected cells; activate B cells 

and phagocytic cells that ingest harmful particles and microorganisms. Upon 
activation by speci fi c antigen, T cells may differentiate into T helper cells 
(e.g., T 

H
 1, T 

H
 2, T 

H
 10, T 

reg
 ) that promote targeted immune responses 

  B cells : secrete speci fi c antibodies that mediate pathogen clearance 
  Dendritic cells : phagocytic cells that recognize and ingest infectious agents, 

then migrate to lymphoid tissues to present infectious antigen to T cells, 
activating immune responses 

  Toll-like receptors  ( TLRs ): receptors on dendritic and other immune cells that 
recognize molecules from common pathogens (e.g., lipopolysaccharide on 
bacteria cell membranes) 

  Pathogen associated molecular patterns (PAMPS) : molecular patterns that 
occur on pathogens, but not mammalian cells; recognition by dendritic 
cell TLRs initiates immune responses 

  Immune cell products  
  Immunoglobulins (Ig) : antibodies secreted by B cells that bind to antigen 

and aid in pathogen clearance 
  IgG : present in breast milk, crosses the placenta during pregnancy to protect 

the fetus 
  IgM : present in breast milk, prevents pathogens from attaching to mucosal 

surfaces 
  IgA : its secretory form (sIgA) is the major immunoglobulin in breast milk, 

stays largely intact in the infant intestine, and transfers maternal immu-
nity against many viral and bacterial pathogens to infants 

  IgE : protective against macroparasites, mediates immune responses (e.g., 
histamine production) that can produce symptoms of allergy, asthma, and 
hypersensitivity 

  Cytokines : proteins that are produced by and target immune cells in order to 
mediate immune responses 

(continued)
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by recent advances in gene sequencing techniques. These techniques have shown 
that the majority of intestinal bacteria actually belong to unknown, uncultured 
 lineages (Dethlefsen et al.  2006  ) . Extensive longitudinal and comparative sampling 
across human populations and captive and wild nonhuman primate species has also 
been limited (Ley et al.  2008  ) . As both molecular technologies and population 
 sampling continue to advance and broaden, so will our knowledge of the scope of 
primate microbial diversity and function. In the following sections, we draw on 
existing research from this dynamic  fi eld to highlight four key topics of gut micro-
biota relevant to infant development: the development of gut microbial communities 
during infancy, the in fl uence of gut microbiota on immune development, environ-
mental in fl uences on microbiota development and composition, and the role of gut 
microbiota in metabolic and immune functioning from infancy to adulthood. 

    11.2.1   Development of Gut Microbiota During Infancy 

 Infant gut microbial communities are distinct from adult pro fi les in key aspects related 
to infant diet (especially maternal milk); they also undergo pronounced shifts in com-
position over the course of weaning and with increased environmental bacteria expo-
sure (Edwards and Parrett  2002  ) . Shortly after birth, full-term, vaginally delivered 

Box 11.1 (continued)

  INF- g :  secreted by T 
H
 1 cells and activates phagocytic cells and 

in fl ammatory responses 
  IL-4, IL-5, IL-13 : promote T 

H
 2 activity, including antibody production and 

wound repair 
  IL-10  and  TGF-  b  : associated with T 

reg
  activity and have immunosuppressive 

effects 

  Lymphoid tissues and organs  
  Lymph nodes  and  spleen : sites of lymphocyte maturation;  fi lter and present 

foreign antigens to T and B cells, aiding in immune cell activation and 
proliferation 

  Germinal centers : region in lymph nodes and spleen where B cell activation 
occurs 

  T and B cell zones : sites of B- and T-cell differentiation in lymphoid tissues, 
important in immune cell memory and antibody production 

  Gut-associated lymphoid tissues (GALT) : innermost layer of the gastrointes-
tinal wall. Contains immune cells and structural components that 
function dually to respond to invading pathogens and maintain nonre-
sponsiveness to host cells, commensal bacteria, and food antigens 

  Peyer’s patches : lymphoid compartments within the GALT specialized to 
sample foreign antigen 
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infants are colonized by facultative anaerobes (e.g.,  Lactobacillus  and  Streptococcus  
species). Thereafter,  Bi fi dobacterium  often come to dominate the gut microbiota of 
breast-fed infants (Favier et al.  2002  ) . With advancing age and weaning, the number 
of facultative anaerobes decreases and the number of obligate anaerobes (e.g., 
 Bacteroides  and  Clostridium  species) increases (Magne et al.  2006 ; Zhang et al.  2005  ) . 
Introduction of solid foods and full cessation of breastfeeding are associated with 
major shifts in the infant microbiota (Favier et al.  2002  ) . In industrialized populations, 
infant gut microbiota converge toward stable, adult-like phylotypic compositions (i.e., 
domination by Firmicutes and Bacteroidetes) by the  fi rst year of life, although com-
munity structure at the species and strain level remains highly variable among indi-
viduals (Palmer et al.  2007  ) . Studies in nonindustrialized populations, however, have 
shown that microbial composition may  fl uctuate throughout childhood (Balamurugan 
et al.  2008 ; Hopkins et al.  2002  ) . Substantial cross-cultural variation in the establish-
ment of adult microbial pro fi les is expected because breastfeeding and weaning pat-
terns are highly divergent across human populations, and maternal milk and the 
weaning process are major determinants of microbial compositions during infancy 
(McClellan et al.  2008 ; Obermeyer and Castle  1996 ; Sellen  2001  ) .  

    11.2.2   Maternal Milk and the Establishment 
of Bene fi cial Gut Microbiota 

 Milk contains  antimicrobial ,  prebiotic , and likely  probiotic  factors that function 
dually to promote the growth of bene fi cial gut bacteria and inhibit pathogenic  bacteria 
from establishing and replicating in the infant GI tract (Table  11.2 ).  Antimicrobial  
and other immune factors in milk mediate establishment of bene fi cial and pathogenic 
bacteria. Factors in milk such as epidermal growth factor, SCFAs, lactoferrin, and 
casein stimulate the growth of bene fi cial bacteria and support growth and repair of 
epithelial (surface tissue) cells (Edwards and Parrett  2002 ; Edwards et al.  1994 ; 
Hamosh  2001 ; Lawrence and Pane  2007 ; Petschow et al.  1999  ) .  Lactoferrin  binds to 
gram-negative bacteria surfaces and opens membrane pores allowing  lysozyme  to 
enter and attack the bacterial cell interior (Ellison  1991  ) . Lactoferrin also has a high 
af fi nity for iron, which decreases the amount of iron circulating in hosts that could be 
used by pathogenic bacteria for growth and replication (Lawrence and Pane  2007  ) . 
Free fatty acids in milk have antimicrobial properties (Hamosh  2001  ) , while mater-
nal antibodies ( sIgA , and to a lesser extent,  IgG  and  IgM ) (Box  11.1 ) secreted in milk 
bind to and facilitate killing of multiple pathogens, including pathogenic  E .  coli , 
 Shigella ,  Salmonella ,  Vibrio cholerae ,  Hemophilius in fl uenzae, Clostridium dif fi cile , 
 Giardia , and  Candida albicans  (Goldman  1993  ) .  

  Probiotics  are bene fi cial bacteria that directly establish in the gut (Lawrence 
and Pane  2007  ) . Collectively, they produce nutrients for hosts (e.g., arginine, 
glutamine, SCFAs), compete with pathogens for intestinal colonization, increase 
production of mucas and sIgA, and stimulate mucosal cell immune responses 
and peristalsis (contractions of the intestinal tract) (Lawrence and Pane  2007  ) . 
Bacteria commonly isolated from breast milk samples include  Bi fi dobacterium , 
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 Lactobacillus ,  Staphylococcus ,  Streptococcus ,  Bacteoides ,  Clostridium , 
 Micrococcus ,  Enterococcus , and  Escherichia  (Díaz Ropero et al.  2007 ; Martín 
et al.  2003,    2004,   2009  ) . These bacteria have been isolated in fresh milk from 
women across different countries, and appear to be natural components of milk, 
not contaminants (Martín et al.  2004  ) . The exact pathway by which these bacte-
ria reach the mammary glands, however, has yet to be determined. Bacteria may 
be taken up by  dendritic cells  (DCs) (Box  11.1 ) in the gut lumen and then carried 
by DCs throughout the mucosal-associated lymph tissue (MALT), ultimately 
reaching mammary glands (Martín et al.  2004,   2009  ) . 

  Prebiotics  are polymers of carbohydrates that are not broken down or absorbed 
by the host, but are instead consumed by gut microbiota through fermentation 
(Gibson and Roberfroid  1995  ) . The fermentation process produces numerous 
byproducts essential to host energy intake and other physiological processes, and 
in addition lowers gut pH levels (Bongers and van den Heuvel  2003 ), making the 
GI environment more inhospitable to invading pathogens. Prebiotics also prevent 
pathogens from adhering to mucosal surfaces (Newburg  1997  )  and stimulate pro-
duction of the anti-in fl ammatory cytokine  IL-10  (Box  11.1 ) and other mucosal 
immune defenses (Roller et al.  2004  ) . The primary prebiotics in milk are oligosac-
charides, although some proteins (e.g., casein), peptides, and nucleotides may also 
have prebiotic functions (Lawrence and Pane  2007  ) . 

 Oligosaccharides are the third most abundant solid component in human milk 
following lactose and lipids, with approximately 200 different structures identi fi ed 
to date. Milk oligosaccharides are complex sugars composed of the monosaccha-
rides (simple sugars) glucose, galactose,  N -acetylglucosamine, fucose, and sialic 
acid, a sugar derivative. These components are linked together in short chains by 13 
potential  a  and  b  glycosidic linkages (covalent bonds between the sugars), resulting 
in a multitude of possible structural combinations containing 3 to 30 sugar residues. 
Given the number of possible combinations, it is somewhat surprising that only 
about 200 structures have been found, suggesting a structural constraint for bioac-
tive functions. (Ninonuevo et al.  2006 ; Zivkovic et al.  2010  ) . 

 Despite their abundance, human milk oligosaccharides (HMOs) are indigestible 
and instead act as prebiotics by furnishing nutrient substrates for bene fi cial bacte-
ria. The  b -glycosidic linkage between  N -acetylglucosamine and galactose is of 
particular importance in this regard. Humans are incapable of splitting this bond, 
allowing HMO to reach the colon with minimal digestion (Gnoth et al.  2000 ; 
Chaturvedi et al.  2001  ) . Bacteria require speci fi c enzymes to ferment HMO, espe-
cially sialidase,  a - l -fucosidase,  N -acetyl- b - d -hexosaminidase, and  b - d -galactosi-
dase. While many intestinal bacterial species produce the enzymes galactosidase 
and hexosaminidase, bacterial fucosidases (Katayama et al.  2005  )  and sialidases 
are less prevalent, and may be associated with bacteria that have coevolved with 
HMO delivered to the breast-fed infant gut. For instance, acidic oligosaccharides 
(i.e., those decorated with sialic acid) are speci fi cally metabolized by 
 Bi fi dobacterium infantis  (   Sela  2011  ) , which is enriched in the breast-fed infant GI 
tract (Matsuki et al.  1999  ) . In fact, among bacteria tested to date, only  Bi fi dobacterium  
and  Bacteriodes  species are able to consume HMO as a sole carbon source 
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(Marcobal et al.  2010  ) .  B. infantis  contains several unique gene clusters that permit 
it to transport and metabolize milk oligosaccharides within the cell (Sela et al. 
 2008  ) , suggesting a coevolutionary relationship between this bacterium, milk, and 
the human host (Zivkovic et al.  2010  ) . 

 The structural characteristics and diversity of milk oligosaccharides also directly 
inhibit the establishment of multiple pathogens. Acidic oligosaccharides help pre-
vent pathogenic bacteria from adhering to the epithelial surface (   Guggenbichler 
et al.  1997  )  and provide protection against rotavirus diarrhea (Ciarlet et al.  2001  ) . 
Meanwhile, oligosaccharides decorated by fucose confer protection against patho-
genic  Campylobacter , cholera,  E. coli  toxin, and some caliciviruses (Newburg 
et al.  2004  ) . 

 Interestingly, like gut microbial compositions themselves, the probiotic and prebi-
otic compositions of primate milks show some interspeci fi c variation. For example, 
while human and macaque milks both contain a high abundance of  Streptococcus  
and  Lactobacillus  bacteria, they differ in the presence and abundance of particular 
species in these genera (   Jin et al.  2011  ) . However, it is unknown whether differ-
ences in milk bacteria composition across primates are speci fi cally adaptive or 
merely re fl ect individual differences in the maternal gut bacteria from which they 
may be derived. 

 Generally, as compared to other mammalian milks, primate milks have more 
complex and diverse oligosaccharides. Speci fi c compositions and concentrations 
of oligosaccharides vary across species (including among the great apes), but not 
necessarily by phylogeny (Tao et al.  2011 ; Urashima et al.  2009  ) . Human milk, 
however, appears to be unique among other primate milks (including those of more 
closely related great apes) in both overall oligosaccharide diversity and the pre-
dominance of type I oligosaccharides, which facilitate the growth of  Bi fi dobacterium  
in the infant gut (Urashima et al.  2009  ) . The differences in milk oligosaccharide 
composition across primates, and particularly between humans and nonhuman pri-
mates, may re fl ect differences in pathogen exposure and infection risk associated 
with increased sociality and group size (Tao et al.  2011  ) . As stated earlier, because 
milk oligosaccharides bind to and inhibit the establishment of pathogens in the 
infant intestine, milk oligosaccharide diversity may track species-speci fi c parasite 
prevalence and richness. Individual variation in milk oligosaccharide composition 
also appears to be greater within humans than within other primate species, and 
may re fl ect additional variation in human environments, diets, age, and blood types 
(Tao et al.  2011  ) .   

    11.3   Gut Microbiota, Immune Development, 
and Immunoregulation 

 Gut microbiota interact with the immune system throughout life, providing both 
barrier protection against pathogens and ongoing “crosstalk” with the immune 
 system that aids in the normal development of immune tissues and regulation of 
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immune responses. Alterations in microbial communities and subsequent immune 
signaling—which may begin at birth—may be a key component in the rising 
 incidence of immune-mediated chronic diseases in industrialized nations (e.g., 
allergic hypersensitivity, in fl ammatory bowel disorder). 

 The link between gut microbiota and early immune function is readily apparent 
in experiments with “germ-free” mice, which are born and bred without gut bacteria 
(Macpherson and Harris  2004 ; Round and Mazmanian  2009  ) . As compared to con-
ventionally raised mice, germ-free mice have weaker immune responses and are 
more likely to die when challenged with bacterial pathogens (Macpherson and 
Harris  2004 ; Sprinz et al.  1961  ) . The absence of gut microbiota in germ-free mice 
also results in a number of immune system abnormalities, including poorly devel-
oped gut-associated  lymphoid tissues  (Box  11.1 ), reduced production of  immuno-
globulin A  ( IgA ), reduced  T cells  in intestinal tissues, and fewer  germinal centers  
and  T and B cell zones  in the spleen (Macpherson and Harris  2004 ; Round and 
Mazmanian  2009  ) . Strikingly, these developmental abnormalities are reversed once 
germ-free mice are exposed to environmental bacteria and subsequently colonized 
(Hrncir et al.  2008 ; Macpherson and Harris  2004  ) . Of course no animals are “germ-
free” in their natural environments; nonetheless, these experiments demonstrate 
how tightly coupled microbial exposure and colonization are to multiple facets of 
immune system development. 

 Experimental research has elicited some speci fi c pathways by which gut micro-
biota maintain immune regulation and integrity of the  gut epithelium  (the tissue 
lining intestinal surfaces). During infancy, gut bacteria stimulate the expression of 
 toll-like receptors  ( TLRs ) on intestinal epithelial cells and  DCs  in the GI tract 
(Lawrence and Pane  2007  ) . Throughout the life, commensal bacteria continuously 
signal gut epithelial TLR  ligands  (surface molecule complexes), triggering the pro-
duction of immune factors involved in tissue repair, cell protection, and stimulation 
of pro-in fl ammatory and anti-in fl ammatory immune activity (Rakoff-Nahoum and 
Medzhitov  2006  ) . In infancy, TLRs on DCs are activated by commensal gut micro-
biota and invading pathogens, and subsequently “learn” to discriminate among dif-
ferent  pathogen-associated molecular patterns  ( PAMPs ). Effective discrimination 
then results in appropriate  T-helper cell  activation and differentiation (i.e.,  T  

 H 
  1, T  

 H 
  2, 

T  
 H 
  17, and T  

 Reg 
 ) (Forchielli and Walker  2005  ) . These T-helper cells stimulate the 

production of different  cytokines  and  immunoglobulins  (antibodies) to combat 
speci fi c pathogens. 

 In brief, T 
H
 1- and T 

H
 17-associated cytokines ( IFN- g   and  IL-17 ) stimulate 

in fl ammatory and cell-killing activity important in bacterial and viral clearance. 
T 

H
 2-associated cytokines ( IL-4, IL-5, IL-13 ) stimulate antibody production, particu-

larly  IgE , and proliferation of  basophils ,  eosinophils , and  mast cells , which are 
important in clearance of macroparasites (Kaiko et al.  2008  ) . Balanced immune 
responses should clear pathogens, but limit in fl ammatory damage to hosts and “tol-
erate” (or not react to) nonpathogens. Unbalanced, excessive T 

H
 1 and T 

H
 17 activity 

is associated with autoimmunity (in which the immune response attacks host cells 
and tissues, e.g., Coeliac disease) and intestinal in fl ammation (e.g., in fl ammatory 
bowel disease, or IBD). Excessive T 

H
 2 responses are associated with atopic and 
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allergic reactions (Rook  2009 ; Round and Mazmanian  2009  ) . Vitally, intestinal 
microbiota continually stimulate T 

Reg
  cells to release regulatory cytokines ( IL-10 , 

 TGF- b  ), which suppress T 
H
 1, T 

H
 2, and T 

H
 17 activity, and are thus essential to bal-

ancing T-cell responses and limiting epithelial damage caused by immune activa-
tion (Rook  2009 ; Round and Mazmanian  2009  ) . Throughout the host life, gut 
bacteria promote and maintain immune homeostasis by  fi rst educating immune cells 
to distinguish among pathogenic and nonpathogenic bacteria, and later by continu-
ally stimulating T 

Reg
  activity. 

 Importantly, infant GI tracts at birth are sterile and immune responses are T 
H
 2 

biased; colonizing bacteria may initiate production of IFN- g , IL-12, and IL-10 and 
balance neonatal T 

H
 2 biasing (Hrncir et al.  2008  ) . This immune priming may involve 

speci fi c bacteria and their biochemical properties, suggesting that the type of colo-
nizing bacteria may be vital in mediating normal immune function later in life. For 
example, in studies with mice, unique surface polysaccharide structures on  B. fragi-
lis  appear to selectively stimulate T 

H
 1 cell proliferation and IFN- g  production fol-

lowing colonization (Mazmanian et al.  2005  ) .  B .  infantis, Lactobacillus salivarius , 
and  Enterococcus faecalis  have all been shown to induce T 

Reg
  cytokine responses 

through activation of DCs and transcription factors in the intestinal epithelium (Are 
et al.  2008 ; O’ Mahony et al.  2008  ) . Different  Lactobacilllus  strains isolated from 
human breast milk have also been shown to exert separate immunostimulatory and 
immunoregulatory cytokine responses (Díaz Ropero et al.  2007  ) .  

    11.4   Environmental In fl uences on Infant Microbial 
Composition 

 Throughout human evolution and recent human history, infants have been immedi-
ately exposed to and colonized by bacteria originating from maternal vaginal  fl uids, 
feces, and skin, as well as the surrounding non-sterile environment (commonly 
 E. coli ,  S. aureus ,  Lactobacillus , and  Streptococcus  species). In contrast, infants 
delivered in hospitals and especially via Cesarean section are  fi rst exposed to envi-
ronmental bacteria that persist under more sanitary conditions (e.g.,  Clostridium , 
 Enteroccocus ) (   Adlerberth and Wold  2009  ) . As compared to vaginally delivered 
infants, Cesarean-delivered infants have delayed acquisition of  Bacteroides , 
 Bi fi dobacterium , and nonpathogenic  E. coli , higher abundances of  Clostridium , 
 Klebsiella , and  Enterobacter  species (excluding  E. coli ), and lower ratios of anaero-
bic to facultative bacteria at 1 year of age (Adlerberth et al.  2006 ; Penders et al. 
 2006  ) . The gut microbiota of prematurely born infants, who are placed in neonatal 
intensive care units at birth, are dominated by antibiotic-resistant bacteria and yeast 
(Adlerberth and Wold  2009 ; Ell-Mohandes et al.  1993  ) . The combined effects of 
prolonged hospitalization, antibiotic use, incubation, and formula feeding on 
extremely low birth weight infants are associated with delayed colonization of 
anaerobes, diminished presence of  Lactobacillus  and  Bi fi dobacterium , and decreased 
species richness overall (Gewolb et al.  1999  ) . 
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 Less sanitary conditions during birth and infancy may actually promote the colo-
nization and growth of bene fi cial bacteria. For example, acquisition of bene fi cial 
bacteria such as  Bacteroides and Bi fi dobacterium  proceeds at a slower rate among 
infants birthed in industrialized as compared to nonindustrialized populations 
(Adlerberth and Wold  2009  ) . And in a large Dutch cohort, infants vaginally birthed 
at home had higher counts of  Bi fi dobacterium  and lower counts of  E. coli  and 
 C. dif fi cile  at 1 month, as compared to infants vaginally birthed in a hospital (Penders 
et al.  2006  ) . In the same study, infants with older siblings also had slightly higher 
 Bi fi dobacterium  counts than did singletons (Penders et al.  2006  ) . 

 The above conditions may re fl ect greater exposure to fecal bacteria in the envi-
ronment, but may also re fl ect differences in access to and frequency of antibiotic 
use. In both infants and adults, antibiotic usage results in immediate shifts in com-
munity composition (Dethlefsen et al.  2008 ; Palmer et al.  2007  ) , including signi fi cant 
decreases in community richness (Manichanh et al.  2010  ) , reduced abundance of 
 Bi fi dobacterium ,  Faecalibacterium , and Enterobacteriaceae (Bartosch et al.  2004  ) , 
and subsequent overgrowth of  E. faecalis  and  C. dif fi cile  (Bartosch et al.  2004 ; 
Waaij  1989  ) . Antibiotic treatment has also been linked to overgrowth of 
 Campylobacter  bacteria in captive macaques (McKenna et al.  2008  ) . While studies 
have shown that gut microbial diversity in subjects using antibiotics rebounded to 
pretreatment states within 4 weeks to 3 months following treatment (Dethlefsen 
et al.  2008 ; Jernberg et al.  2007  ) , several species had not recovered at all by 6 months 
(Dethlefsen et al.  2008  ) , and Bacteroidetes diversity was dramatically reduced at 
2 years post treatment (Jernberg et al.  2007  ) . 

 Negative in fl uences on gut microbial development may also originate early in 
life through formula feeding, although this subject is intensely debated. The pres-
ence of bene fi cial bacteria in milk may be expected to promote the growth of those 
species in breast-fed infants, but research has not consistently shown a higher preva-
lence or abundance of either  Bi fi dobacterium  or  Lactobacillus  in breast-fed vs. 
formula-fed infants (Adlerberth and Wold  2009 ; Fanaro et al.  2003 ; Harmsen et al. 
 2000  ) . However, con fl icting results across studies could re fl ect changes in formula 
composition, as pre- and probiotics have been added to infant formulas in recent 
years (Adlerberth and Wold  2009  ) . Indeed, infants fed oligosaccharide-enriched 
formulas harbor higher counts of  Bi fi dobacterium  than do infants fed non-enriched 
formulas, and do not signi fi cantly differ from exclusively breast-fed infants in 
 Bi fi dobacterium  abundance or prevalence (Penders et al.  2006  ) . More consistently, 
however, research has shown that microbiota of breast-fed infants are dominated by 
 Bi fi dobacterium  (Favier et al.  2002 ; Kleessen et al.  1995  ) , whereas microbiota of 
formula-fed infants are more varied, with a generally greater abundance of 
 Bacteroides , Clostridia, and Enterobacteriaceae (Balmer and Wharton  1989 ; Benno 
et al.  1984 ; Penders et al.  2006 ; Tullus et al.  1989  ) . 

 Factors in milk other than bacteria may account for the difference in 
 Bi fi dobacterium  dominance in breast-fed and formula-fed infants (Edwards and 
Parrett  2002 ; Lawrence and Pane  2007  ) . While some modern infant formulas are 
enriched with synthetic oligosaccharides to promote  Bi fi dobacterium  growth, 
HMOs are unique in their ability to bind to and competitively inhibit the growth of 
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other bacteria in the infant gut, thus serving as independent receptors for a variety 
of different pathogens, and further contributing to  Bi fi dobacterium  dominance 
(Edwards and Parrett  2002 ; Newburg  1997  ) . Lower iron content and lactoferrin in 
milk also decrease the availability of circulating iron in the infant (Kunz and Rudloff 
 2006 ; Newburg  1997  ) . Iron is not needed for  Bi fi dobacterium  or  Lactobacillus  
growth, but is required by other bacteria. The greater availability of iron in formula 
may therefore account for the increased presence of  Bacteroides , Enterobacteriaceae, 
and Clostridia in formula-fed infants (Edwards and Parrett  2002  ) . 

 The extended weaning process and weaning diet exert additional in fl uences on 
microbial development by introducing more complex carbohydrates into the intestinal 
ecology. In the  fi rst year of life, infants do not digest carbohydrates well, due to limited 
chewing ability and low production of digestive enzymes (i.e., salivary and pancreatic 
amylase). Amylase and lipase in breast milk may aid in the digestion and absorption of 
starch in the small intestine, but the majority of fermentable carbohydrates and dietary 
 fi ber pass through undigested to the colon (Edwards and Parrett  2002  ) . In breast-fed 
infants, the rate of carbohydrate fermentation by gut bacteria slowly increases from 
early to later weaning (from 1 month to 1 year after initial introduction of solid food). 
In contrast, the carbohydrate content in infant formula promotes early and increased 
growth of fermenting bacteria (Armstrong et al.  1992 ; Edwards and Parrett  2002  ) . This 
shift in microbial composition results in an earlier and increased rate of energy extrac-
tion, and may explain in part why formula-fed infants have faster growth rates and an 
increased risk of obesity later in life (Owen et al.  2005  ) . 

 To date, few studies have directly examined changes in gut microbial composi-
tion induced by the timing and type of solid foods introduced. However, in a recent 
analysis of European infants both pre- and post-introduction of solid foods, research-
ers found that while gut microbial populations were more diversi fi ed 4 weeks post-
introduction, the timing of solid food introduction had no effect on postweaning 
composition (Fallani et al.  2011  ) . At the same time, the in fl uence of  preweaning  
feeding method (breast milk or formula)—along with birth method and country of 
origin—continued to signi fi cantly in fl uence postweaning microbial compositions. 
In particular,  Bi fi dobacterium  continued to dominate the gut microbiota of breast-
fed infants, while formula-fed infants had higher proportions of  Bacteroides  and 
 Clostridia  species. Thus, the earliest in fl uences on infant gut microbiota (environ-
ment, birth method, and breast- or formula feeding) appear to have lasting effects on 
gut microbial development and maturation (Fallani et al.  2011  ) . 

 The effects of prolonged mixed-feeding strategies (breast milk with solid food 
supplementation) on infant gut microbiota have also not been well studied (Edwards 
and Parrett  2002  ) . In many nonindustrialized populations in which traditional 
breastfeeding practices are still observed, weaning foods are introduced around 
3 months, but infants may continue to nurse well past the  fi rst year of life (Sellen 
 2001  ) . With mixed feeding, early introduction of carbohydrates could facilitate ear-
lier maturation of gut microbiota and fermentation capacity, while ongoing nursing 
would provide infants with continued access to bene fi cial probiotic, prebiotic, and 
antimicrobial factors in milk. The quantitative and qualitative composition of such 
factors, however, varies across individual mothers and with the frequency and stage 
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of lactation (Chaturvedi et al.  2001 ; Prentice et al.  1983,   1984  ) . More longitudinal 
studies with diverse populations are needed to better ascertain the role of comple-
mentary feeding and prolonged mixed-feeding strategies on infant gut microbial 
development. 

 Finally, animal studies have shown that psychological stress during infancy may 
also induce changes in GI tract activity—including mucus secretion, motility (move-
ment of fecal matter through the GI tract), and the presence of in fl ammatory cytok-
ines and stress hormones—which in turn in fl uence the growth and adherence of 
particular bacteria species and strains (   Collins and Berick  2009  ) . In one experiment, 
inducing stress in weaned infant macaques by experimentally separating them from 
their mothers resulted in reductions in  Lactobacillus  populations and enhanced 
growth in  Campylobacter jejuni —a commensal bacteria with pathogenic potential 
(a  pathobiont ). The decrease in  Lactobacillus  signi fi cantly correlated with increased 
displays of stress behavior (Bailey and Coe  1999  ) . At present though, it is not known 
whether differences in maternal–infant interactions across human populations or 
primate species in fl uence phylogenetic differences in gut microbial communities. 

 Interestingly, early perturbations in microbial composition may also induce 
changes in host behavior. Researchers have demonstrated that the release of adreno-
corticotropic hormone (ACTH)—a stress hormone that increases cortisol produc-
tion—is reduced in young mice that are experimentally stressed and selectively 
colonized by  B. infantis , but is increased when the mice are colonized by  E. coli  
(Sudo et al.  2004  ) . This relationship was only observed in very young mice, sug-
gesting there may be a critical window during infancy when development of the 
brain’s response to stress is sensitive to input from speci fi c bacteria (Collins and 
Berick  2009  ) . 

 In sum, it is apparent that infant gut microbial compositions are highly sensitive 
to early environmental, dietary, and perhaps even psychological conditions. But 
does the resulting variation in gut microbial composition negatively affect host 
health? We next brie fl y review emerging experimental and cross-sectional evidence 
suggesting that indeed certain bacterial compositions—particularly those associ-
ated with modern diet and hygiene—may be an important factor in the rising inci-
dence of immune and metabolic disorders. 

    11.4.1   Gut Microbiota and Metabolic Disorders 

 While it is clear that variation in environmental exposure and host diet in fl uence the 
presence and relative abundance of certain bacteria in the gut, it is also increasingly 
apparent that functional attributes associated with certain microbial compositions 
may greatly affect host metabolism. In particular, higher ratios of Firmicutes to 
Bacteroidetes have been widely observed in studies of subjects from industrialized 
populations and are further associated with obesity. In a recent comparative study 
(De Filippo et al.  2010  ) , Bacteroidetes was shown to dominate the microbiota of 
children from a rural African village, while Firmicutes dominated the microbiota of 
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European children. The diets of the two populations appeared to be of greater 
signi fi cance in determining microbial composition than were ethnicity, sanitation, 
hygiene, geography, or climate (De Filippo et al.  2010  ) . Additional studies have 
demonstrated that the microbiota of obese mice exhibit higher ratios of Firmicutes 
to Bacteroidetes and lower overall diversity as compared to their lean counterparts 
(Ley et al.  2006b ; Turnbaugh et al.  2006 ; Turnbaugh et al.  2009b  ) . Finally, in a 
comparison of the microbiota between obese and lean human adult twins, func-
tional microbial groups associated with distinct metabolic pathways were shown to 
be correspondingly enriched or depleted in lean and obese subjects (Turnbaugh 
et al.  2009a  ) . The majority of microbial genes associated with obesity-promoting 
pathways (“obesity-enriched”) belonged to the Actinobacteria (75%) and Firmicutes 
(25%) groups, with none belonging to the Bacteroidetes group. In contrast, 42% of 
“lean-enriched” genes belonged to the Bacteroidetes group (Turnbaugh et al.  2009a  ) . 
In a striking follow-up study, switching mice from a “traditional” low-fat/high- fi ber 
diet to a “Westernized” high-fat/high-sugar/low- fi ber diet led to a shift in microbial 
composition and corresponding metabolic pathways in just 1 day, and increased 
adiposity in just 2 weeks (Turnbaugh et al.  2009b  ) . 

 The comparative and experimental evidence suggests that high- fi ber diets (typi-
cal of hunter-gatherer, horticulturalist, and rural agricultural populations) enrich the 
presence of Bacteroidetes — in essence “selecting for” those species that break down 
tough plant  fi bers (Maslowski and Mackay  2011  ) . Conversely, the caloric excess of 
industrialized diets (which is evolutionarily novel) appears to enrich the presence of 
Firmicutes and associated “obesity-enriched” microbiomes. Thus, while excess fat 
and sugar (without an equivalent increase in energy output) may alone be expected 
to induce weight gain, the nutritional and caloric excess of typical industrialized 
diets favor obesity-enriched microbiomes—which, in a vicious cycle, promote 
increased energy harvesting and fat deposition. 

 Fortunately, owing to the very dynamic nature of gut microbiota, these 
 obesity-enriched microbial populations may be malleable. In humans, the relative 
abundance of Bacteroidetes has been shown to increase following reductions in caloric 
or fat intake (Ley et al.  2006b  )  and the relative abundance of Firmicutes has been 
shown to decrease following gastric bypass surgery (Zhang et al.  2009  ) . However, 
more research is needed to assess if therapeutic altering of the Firmicutes to Bacteroidetes 
ratio (i.e., through targeted administration of probiotics or antibiotics) is effective in 
inducing weight loss in obese individuals, or if such changes in composition merely 
follow alterations in the selective environment induced by dietary change.  

    11.4.2   Gut Microbiota and Immune Disorders 

 As previously discussed, gut microbiota form a barrier to protect vulnerable infant 
hosts from invasive pathogens, while initiating early immune “crosstalk” (signaling 
and activation among immune system components) that attenuates the development 
of the naïve infant immune system (Dimmitt et al.  2010  ) . Because of the vital 



24911 Infant Gut Microbiota: Developmental In fl uences and Health Outcomes

immunoregulatory effects of gut bacteria, dysbiosis (alterations in gut microbial 
composition) may lead to immune dysfunction and disease (Round and Mazmanian 
 2009  ) . For example, infants who are earlier colonized by  E. coli  and  C. dif fi cile  and 
only belatedly colonized by  Bi fi dobacterium  and  Lactobacillus  have a higher risk of 
developing allergies later in life (Kalliomäki and Isolauri  2003 ; Penders et al.  2007  ) . 
Among children and adults, gut microbial compositions of individuals with 
in fl ammatory bowel disorder (IBD), allergy, and asthma differ from those of non-
affected individuals (Noverr and Huffnagle  2004 ; Penders et al.  2007 ; Round and 
Mazmanian  2009  ) . Higher abundances of  pathobionts , including  Clostridia  and 
 Enterococcus  species, have been associated with IBD risk in adults (Round and 
Mazmanian  2009  ) . Similarly for nonhuman primates, a higher prevalence of 
 Campylobacter  species has been associated with severe intestinal in fl ammation in 
captive macaques (McKenna et al  2008  ) . 

 The exact mechanisms by which altered gut microbiota in infancy may predis-
pose hosts to abnormal immune responses in child or adulthood are unknown. Nor 
has it been conclusively demonstrated how immune development proceeds when 
certain bene fi cial bacteria are absent during infancy (or found at very low preva-
lence), or what effects many other common infant-associated bacteria have on 
early immune development. However, a central tenet of the “Hygiene” or “Old 
Friends” Hypothesis is that host immune systems evolved in concert with tolerated 
symbionts, including commensal microbiota and common intestinal parasites such 
as helminths. Without early and regular exposure to these “old friends”—which 
promote and attenuate immunoregulatory responses—hosts ultimately produce 
skewed in fl ammatory and/or hypersensitive responses to harmless environmental 
antigens (Rook and Brenet  2005 ; Rook  2009  ) . 

 While the mechanisms of the hygiene hypothesis continue to be explored and 
debated, there is growing clinical interest in the use of  probiotics  (directly ingested 
bene fi cial gut bacteria) in treating gut-associated immune disorders. For example, 
research has shown that immune-associated gut in fl ammation (Round and 
Mazmanian  2009  )  and diarrhea (Resta-Lenert and Barrett  2003 ; Verna and Lucak 
 2010  )  may be alleviated through administration of antibiotics and probiotics to 
induce changes in gut microbial communities. Most promisingly, numerous 
 controlled studies have demonstrated that probiotic supplements (primarily 
 Bi fi dobacterium ,  Lactobacillus , and  Streptococcus  species) given to preterm and 
very low birth weight infants are highly effective in reducing their risk of mortality 
and necrotizing enterocolitis (death of intestinal tissues) (Deshpande et al.  2010  ) . 

 Still, gut-mediated immune dysfunction has not been de fi nitively linked to the 
absence or presence of any particular species. For example, speci fi c pathobionts that 
trigger episodes of IBD are found in both healthy and unhealthy individuals, suggest-
ing that these bacteria alone may not induce disease, but may trigger in fl ammatory 
conditions in susceptible individuals following dysbiosis or damage to the gut epi-
thelium (Round and Mazmanian  2009  ) . Probiotic therapy also appears to be ineffec-
tive in limiting the overgrowth of  C. dif fi cile  and reducing the incidence or risk of 
remission of Crohn’s disease; probiotics may even aggravate in fl ammatory condi-
tions among severely immunocompromised subjects (Verna and Lucak  2010  ) . 
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Thus, more research is needed to better distinguish which candidates most bene fi t 
from probiotic therapy, as well as establish the particular bacterial species, strains, 
and dosages needed to effectively target speci fi c disorders. Finally, although host 
factors in fl uencing the presence of bene fi cial microbiota are likely relevant at every 
life stage, the use of probiotics and prebiotics during infancy may emerge as an 
important measure to counter negative environmental in fl uences on gut microbial 
colonization, and promote the early and continued establishment of bene fi cial gut 
microbiota.   

    11.5   Conclusions: Human Gut Microbiota and Health 
from Infancy to Adulthood 

 For all primates, the origins of individual gut microbial diversity begin early in life, 
when microbial compositions are most dynamic owing to a number of dietary and 
environmental factors. Early colonization patterns may persist over time (Dethlefsen 
et al.  2006  ) , as earlier-established bacteria continually outcompete newly intro-
duced ones (Zoetendal et al.  2004  ) . For humans in particular, this may increase the 
risk that altered gut microbiota associated with novel conditions during infancy 
(i.e., Cesarean birth, formula feeding, hygiene and antibiotic use) will have lasting, 
negative in fl uences on later community structure and microbial-mediated meta-
bolic and immune functioning. 

 While more research is needed to fully understand the relationship between early 
microbial development and later host health, promoting the establishment of 
bene fi cial microbiota during infancy should remain a goal of clinical practice and 
health research. The factors associated with key “healthy” and “less healthy” micro-
bial phylotypes during infancy and adulthood have been fairly well identi fi ed and 
primarily re fl ect the in fl uence of modern medicine, hygiene, diet, and even stress. 
During infancy, Cesarean births, premature delivery, and antibiotic administration 
promote colonization by bacteria that persist in hospital environments and may dis-
rupt normal immune development, while formula feeding promotes colonization by 
bacteria that enhance carbohydrate digestion and may increase risk of obesity. In 
adulthood, the cumulative effects of antibiotic use and industrialized diets appear to 
reduce microbial diversity and favor microbial compositions associated with 
immune-induced in fl ammation and obesity. In contrast, factors more re fl ective of 
ancestral conditions in which humans and gut microbiota coevolved (e.g., vaginal 
birth, prolonged breastfeeding, non-sterile environments, and high- fi ber/low-fat/
low-sugar intake) appear to promote early dominance of maternally transmitted 
bacteria, slower maturation of carbohydrate digestion, and increased microbial 
diversity in adulthood. These microbial pro fi les in turn appear to promote healthy 
immune regulation and limit the presence of obesity-promoting bacteria. 

 As research on gut microbial development and composition has increased in 
recent years, the role of bene fi cial gut microbiota in mediating health outcomes 
has become a central tenet of the so-called “hygiene” or “old friends” hypothesis 
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(Rook and Brunet  2005 ; Rook  2009  ) , and should be of vital interest to researchers 
in human health and evolutionary medicine. Evolutionary health researchers can 
promote clinical and public awareness of the various factors that in fl uence gut 
microbial composition and the health outcomes they mediate, particularly at critical 
periods of microbial transition—at birth, during infancy, and following courses of 
GI distress or antibiotic administration. It is, of course, not feasible to unilaterally 
advocate for vaginal births, exclusive breastfeeding, and avoidance of antibiotics, as 
risks to health and maternal work demands often necessitate the alternatives. 
However, researchers can continue to promote public awareness of the relationship 
between hosts and their gut microbiota, the links between gut microbial integrity 
and health outcomes, and the varied in fl uences of host behavior and diet on micro-
bial populations at all stages of life.      
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