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Abstract

The human gastrointestinal tract contains distinct microbial communities that differ in

composition and function based on their location, as well as age, sex, race/ethnicity, and diet of

their host. We describe the bacterial taxa present in different locations of the GI tract, and their

specific metabolic features. The distinct features of these specific microbial communities might

affect human health and disease. Several bacterial taxa and metabolic modules (biochemical

functions) have been associated with human health and the absence of disease. Core features of

the healthy microbiome might be defined and targeted to prevent disease and optimize human

health.
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History and Background

The human microbiome comprises diverse microbiologic ecosystems and is composed of a

variety of bacteria, archaea, microeukaryotes (e.g., fungi), and viruses. Although we have

appreciated the diversity of our microbial world for decades, scientists were constrained by

the inability to culture many bacteria in the laboratory. Paradigms in biomedical science and

medicine are changing in a fundamental way as we explore potential contributions of

human-associated microbes to health and expand our understanding of disease susceptibility

and pathogenesis. In the early 1900s, scientists studied the abilities of microbes to promote

longevity (1) and bacteriophages (bacterial viruses) to treat infections (2, 3). During the

twentieth century, scientists led military-style assaults on the biosphere with its war on

microbes and global campaigns to eradicate infectious diseases. Great progress was made in
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the discovery and development of novel antimicrobial agents and vaccines to treat and

prevent infectious diseases.

In the 21st century, we are attempting to develop a more balanced mindset as we seek to

understand the role of the human microbiome in physiology and manipulate it to optimize

health and prevent or treat disease. In recent years, we have increased our understanding of

microbial communities and their corresponding metagenomes at different human body sites

greatly (4). Here, we review the bacterial component of the human gastrointestinal (GI)

microbiome in healthy individuals and discuss what we have learned about its role in health

(i.e., the condition of being free from disease).

Defining the GI Microbiome in Health

How should biomedical research scientists and gastroenterologists define health and a

healthy human microbiome? The microbiome may contribute to human health by increasing

relative fitness, resilience, or optimal functioning of the body. The human microbiome has

been defined by global ecological parameters such as richness, diversity, and evenness of its

microbial communities. Microbial richness and diversity are commonly defined by studies

of microbial composition using 16S rRNA gene sequencing or whole-genome sequence-

based metagenomic analyses; various indices of richness, diversity, and evenness have been

used to compare bacterial populations from stool and intestinal biopsy specimens. Greater

richness and diversity of bacterial species in the human intestine may be an indicator of

health. Reduced bacterial diversity has been observed in the fecal communities of preterm

infants who develop necrotizing enterocolitis, compared with those who do not (5), and

reduced GI bacterial diversity during infancy has been associated with increased risk of

allergic disease later in life (6). In contrast, greater bacterial richness and diversity were

found to correspond with better nutritional status, fewer co-morbidities, and greater overall

health in a cohort of elderly individuals (7).

In addition to bacterial species counts and estimates of taxonomic diversity, richness of the

human GI microbiome has also been characterized on the basis of microbial functional gene

richness, determined by metagenomic DNA sequencing (8). Using this approach,

researchers have been able to categorize individuals as either high gene count (HGC) or low

gene count (LGC), and these gene counts appear to have implications for health. In a survey

of 123 non-obese and 169 obese Danish individuals, LGC and HGC individuals had mean

quantities of 380,000 and 640,000 bacterial/phage genes, respectively. HGC individuals are

generally considered to have a greater repertoire of microbial metabolic functions, a

functionally more robust gut microbiome, and greater overall health, including lower

prevalence of obesity and metabolic disorders (9).

Beyond microbial richness and diversity, a healthy gut microbiome can be defined by the

presence of classes of microbes that enhance metabolism, resilience to infection and

inflammation, resistance to cancer or autoimmunity, endocrine signaling, and brain function

(brain–gut axis). The microbiome may mediate these effects via secretion of factors that

modulate intestinal permeability, the mucus layer, epithelial cell function, innate and

adaptive immunity, intestinal motility, and neurotransmission (Figures 1, 2). The presence of
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representative core bacterial genera or species, or core metabolic functions/modules, could

help to define a healthy microbiome at a given site in the human body, including the GI

tract. Examples of bacterial taxa that have been associated with human health and proper GI

function include Bacteroides, Bifidobacterium, Clostridium clusters XIVa and IVa (butyrate

producers), Eubacterium, Faecalibacterium, Lactobacillus and Roseburia. Bacterial species

that might protect against weight gain and are enriched in HGC individuals include

Anaerotruncus colihominis, Butyrovibrio crossotus, Akkermansia spp., and

Faecalibacterium spp. (9). Core metabolic modules may include pathways involved in

central carbohydrate metabolism and cofactor/vitamin biosynthesis. Metabolic pathways that

were consistently present in the intestinal microbiome of healthy adults included spermidine

biosynthesis and methionine degradation (4). Among HGC adults, who are relatively

healthy, the relative abundance of genes belonging to pathways involved in hydrogen and

methane production increased, whereas pathways involved in hydrogen sulphide production

decreased (9). These metabolic activities might someday serve as markers of microbiome

functionality and be used in routine GI health evaluations.

Defining the Gut Microbiome - Practical Aspects and Environmental

Factors

The human GI microbiome comprises diverse microbial communities that differ based on

their location along the length of the GI tract (esophagus, stomach, small intestine, and large

intestine or colon). Most human intestinal microbiome studies have relied on stool

specimens. Although easily acquired, stool specimens do not provide reliable information

about nonpathogenic microbes in the esophageal or gastric microbiome, and, likewise, are

considered to be poorly representative of the upper (proximal) GI tract and the mucosa-

associated microbiota. The composition of the esophageal and gastric microbiomes is

distinct from the microbiome of the colon (4, 10, 11); studies have demonstrated differences

in the microbial compositions of biopsy and stool specimens (12). Esophagogastroduodenal

endoscopy can be used to collect samples from the proximal gut, but it is a challenge to

perform these medical procedures in healthy control populations. Future advances in capsule

endoscopy could improve methods for collecting samples from the upper GI tract and small

intestine of healthy populations.

In addition to the longitudinal axis, the healthy human microbiome differs axially, from

lumen to the mucosal surface. Biopsy or surgical specimens are required to carefully

evaluate the composition of mucosa-associated microbiota. Several studies have compared

microbial compositional data derived from intestinal biopsy specimens with those from

colon content or stool, and reported differences in mucosa-associated microbiota samples

collected via un prepped colonoscopy (13, 14). Although these studies are limited by the

small numbers of healthy individuals from whom un-prepped colonoscopy and biopsy

samples were collected, bacterial composition of the mucosa-associated microbiota in

healthy adults seems to differ markedly from that of the luminal microbiome. The phylum

Firmicutes was greatly enriched in the mucosa-associated microbiota vs the luminal (largely

stool) microbiota (14). One practical consideration is whether individuals have undergone

bowel cleansing or colonic lavage prior to sampling. Standard colonic lavage diminishes the
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diversity of the mucosaassociated microbiota, in addition to the obvious impact on the

luminal or less adherent microbiota in the fecal stream (14). As an example, the mucosa-

associated genus Mucispirillum consistently vanished following colonic lavage, and this

genus is known to colonize the mucus layer of the GI tract in mammals (15).

Practical considerations in any evaluation of the healthy GI microbiome should include age,

sex, race/ethnicity, and diet. The Human Microbiome Project documented the importance of

considering sex and race/ethnicity in evaluating differences between microbiomes of

individuals. In various body sites, several taxonomic clade differences were apparent in

microbiota of healthy men vs women (4, 16), although the number of differences attributable

to sex in stool was limited. Race and ethnicity were also associated with differences in

bacterial composition at multiple body sites. Age appears to be a particularly important

consideration with respect to GI microbial community composition. Prime examples of

changes in GI microbiome composition with age may be found in the rapid development of

the intestinal microbiome early in human life (e.g.,(17)), as well as in comparisons of infant

GI communities with those of adults (18).

Diet has also been shown in several studies to shape the composition of the GI microbiome.

There are large-scale differences (i.e., detectable at the bacterial phylum level) between fecal

microbiomes of children in northern Italy and children in Burkina Faso (19). Healthy

children in Burkina Faso consume diets rich in fiber and complex plant carbohydrates;

correspondingly, the genera Prevotella and Xylanibacter are detected in greater proportions

in African than Italian children. Likewise, the quantities of vegetables, fruit, and meat

consumed by elderly individuals correspond with the composition of their fecal

microbiomes and their overall health status (7). Changes in diet can produce relatively rapid,

reproducible alterations in the composition of the gut microbiome (20), but overarching

community features, such as enterotype, remained stable during a 10 day dietary

intervention (21).

Studies of mice have suggested that diet helps determine the receptivity of a gut community

to modulation and manipulation. When mice are co-housed, their coprophagic habits allow

GI microbiota and microbiome-induced phenotypes to be shared with one another. Obese

mice fed low-fat diets high in plant polysaccharides readily acquired microbiota

characteristic of lean mice when they were co-housed with lean mice (22). Microbial

composition was less likely to shift in obese mice fed a high-fat, low-plant-polysaccharide

diet and co-housed with lean mice. Likewise, the use of the low-fat, high-plant-

polysaccharide diet alone did not result in as great a shift toward a lean microbiome as did

the low-fat, high-plantpolysaccharide diet plus co-housing with lean individuals (22).

Together, a growing body of evidence, some of which we have highlighted here, indicates

that diets of healthy children and adults shape their intestinal microbiome—any specification

of a healthy human gut microbiome must be placed in the context of basic dietary patterns. It

is also important to note that most published studies of the human microbiome have lacked

careful evaluation of dietary history.

Microbiome studies are often performed using specimens collected at a single time point.

Temporal stability or variability of the GI microbiome is a primary consideration in healthy
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individuals. The gut microbiome appears to be stable over time in healthy adults, despite the

presence of symptoms such as abdominal pain or bloating (23). However, antibiotics,

overseas travel, and temporary (acute) illness can cause variations in the composition of the

intestinal microbiome of healthy adults. Most core GI bacterial phylotypes (70% of 288

bacterial taxa) identified by DNA microarray-based hybridization varied less than 10% in

terms of relative abundance during a 7 week sampling period (23).

Changes in Bacterial Composition Along the GI Tract

Esophagus, Stomach, and Small Intestine

Although there have been few studies of the microbiota of the proximal esophagus, a variety

of bacterial species pass through this tube, which connects the oral cavity and stomach.

Insufficient data have been gathered about the stable microbial populations in the proximal

esophagus. Distal esophageal microbiome studies (10) have documented a microbial

ecosystem that is relatively limited in diversity and dominated by Streptococcus species. In

contrast to other body sites, where greater microbial diversity is associated with human

health, increased microbial diversity in the distal esophagus has been associated with

chronic inflammation and dysplasia (24). Limited diversity and the presence of a few

dominant genera, such as Streptococcus, could be important features of the healthy

esophagus. Other genera such as Prevotella, Actinomyces, Lactobacillus, and

Staphylococcus have been detected in the distal esophagus; these bacterial genera might

provide complementary health-associated functions and ecological resilience. Bacterial

groups such as streptococci could include strains that extend their habitats from the oral

cavity to the esophageal mucosa.

The microbial diversity of the human stomach, like that of the esophagus, is limited. The

low pH of the gastric lumen limits the types of microbes that can live there, selecting for

acidresistant bacterial populations. The presence or absence of the gastric pathogen

Helicobacter pylori strongly affects the composition of the gastric microbiome. When H

pylori infection is present, the diversity of the stomach microbiome is severely limited, with

H pylori accounting for the vast majority of the taxa detected (25). H pylori can be a

commensal species or a pathogen. Martin Blaser was the first to propose that eradication of

H pylori by antimicrobial therapy increased susceptibility of individuals to esophagitis and

neoplasia (26). Alternatively, the presence of H pylori in the gastric microbiome has been

linked with peptic ulcer disease and gastritis; because of this association, antimicrobial

therapy to eradicate H pylori has become widely accepted in medical practice. The most

prevalent genera in the gastric microbiome, besides H pylori, include several species often

found in the oral cavity and esophagus. A total of 10 genera comprise the most predominant

genera in the human stomach—these include Prevotella, Streptococcus, Veillonella, and

Rothia. Streptococcus is the most dominant genus in distal esophagus and stomach in the

absence of H pylori infection (11).

The human small intestine remains a frontier for exploration of healthy human

microbiology. It is generally accepted that bacterial communities increase in relative

diversity and complexity in the proximal–distal direction, from duodenum through jejunum

and ileum. Based on routine microbiology and early molecular studies, the genus
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Streptococcus appears to be a dominant genus in the duodenum and jejunum (27–29). Small

intestinal metagenomic studies in healthy individuals are lacking. Ileostomy studies provide

limited information about the healthy small bowel.

Large Intestine (Colon), Distal Gut, and Feces

The Human Microbiome Project, funded by the US National Institutes of Health, included a

total of 300 subjects recruited from St. Louis and Houston. Five hundred fifty-four

individuals were screened for inclusion in the study. Many criteria were considered in

selecting the adults for the final cohort (16). The mean age of these individuals was 26

years, and the mean body mass index was 24 kg m−2. Specimens were collected from a total

of 18 body sites, but the human GI tract was represented by a single stool specimen,

collected by each individual him or herself.

In the end, analyses of data from 242 healthy participants (18–40 years old) in the Human

Microbiome Project were presented in 2 landmark reports, published in 2012 (4, 30).

Microbial composition was determined by 16S rRNA gene sequencing and metagenomic

profiles were generated by whole-genome shotgun sequencing. Based on the taxonomic

profiles of the whole-genome shotgun sequencing, the healthy GI microbiome contains

between 70–100 known bacterial species (4, 31). However, 16S rRNA gene-based

approaches suggest that the numbers of bacteria in the healthy human gut likely exceed 1000

species (30, 32), particularly when rare, low-abundance, and uncultivated or unclassified

bacterial taxa are considered. Microarray-based studies with signals generated by known

bacterial taxa reported an average of 470 phylotypes per healthy adult subject; this number

represents a likely underestimate of total bacterial taxa per individual (23).

In terms of bacterial composition, the healthy human GI microbiome is dominated by the

phyla Firmicutes and Bacteroidetes, followed distantly by Actinobacteria and

Verrucomicrobia. The phylum Proteobacteria accounts for only a small proportion of GI

bacteria in healthy individuals, but Proteobacteria often account for higher proportions in

patients with GI diseases (reviewed in (33)). Firmicutes and Bacteroidetes are the

predominant phyla in the large intestine. Although some evidence suggests that the ratio of

Firmicutes:Bacteroidetes can be used to determine predisposition to obesity and metabolic

syndromes (34), it varies significantly among healthy individuals. As such, the significance

of the ratios of Firmicutes:Bacteroidetes remains controversial and its implications for

human health are unclear. Less than 0.1% of the human GI microbiota comprises primary,

overt pathogens such as Campylobacter jejuni, Salmonella enterica, and Vibrio cholerae.

Opportunistic pathogens are also present; 56 of 327 pathogens from the PATRIC database

were detected in healthy adults. Species such as Bacteroides thetaiotamicron and the

potential pathogen Bacteroides fragilis were detected in 46% and 16% of stool specimens of

health adults, accounting for 0.1% or more of the microbiota, respectively (4). Escherichia

coli accounted for 0.1% or more of the microbiota in only 15% of stool specimens, although

61% of stool specimens had levels of E coli above the lower limit of detection. Some

bacterial species such as Prevotella copri were detected in stool specimens but rarely in

samples from other body sites. Because of this, they can be considered signature GI species.

The relative abundances of signature commensal taxa (e.g., Bacteroides, Prevotella,
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Ruminococcus) and low proportions of canonical pathogens and Proteobacteria may serve as

key indicators of GI microbiome wellness should be considered in analyses of GI

microbiomes with respect to human health.

If the healthy gut microbiome is defined based on total number of bacterial genes, the

Human Microbiome Project catalogued 5,140,472 non-redundant bacterial genes in healthy

individuals. However, the sum total from the more-recent Human Microbiome Project and

MetaHIT studies estimated that there are more than 10 million non-redundant genes in the

human microbiome. To extend the relevance of microbial genes in human metagenomes, the

MetaHIT European cohort was stratified into HGC and LGC groups. Several features of the

HGC microbiome have been reported to indicate digestive health (9). These include a

methanogenic/acetogenic ecosystem, increased proportions of butyrate-producing bacteria,

increased ratio of Akkermansia (Verrucomicrobia):Ruminococcus torque/gnavus, increased

potential for hydrogen production, reduced potential for production of hydrogen sulphide,

and reduced numbers of Campylobacter/Shigella.

Three basic enterotypes have been described in healthy adults. Enterotype 1 contains a high

proportion of genera Bacteroides, enterotype 2 a high proportion of Prevotella, and

enterotype 3 a high proportion of Ruminococcus (35). These enterotypes were also

characterized based on proportions of specific metabolic modules. For example, genes

belonging to the biotin and riboflavin biosynthesis pathways were detected with greater

frequency in enterotype 1, whereas genes involved in the thiamine and folate biosynthesis

pathways were detected with greater frequencies in enterotype 2. The concept of enterotypes

in healthy humans has been challenged by alternative concepts, such as that of

enterogradients (36). Enterogradients could be a useful model to explain the relative

distributions of different classes of gut bacteria in different individuals.

The GI Microbiome in the Context of Development and Aging

From our initial colonization through old age, our GI microbiome has important roles in

digestion, acquisition of nutrients, and immune regulation (37–40). The microbial

communities that inhabit the human GI tract are shaped by multiple environmental

influences, including lifestyle, life events, and importantly, the aging process. As studies of

the microbiome have expanded in focus beyond healthy adults, we have begun to gain

insight into the communities of infants, children, and the elderly. This growing body of

research indicates that the gut microbiome changes with development and maturation of its

host. However, neither is a discretely linear process; distinct phases of development occur in

both the host and its GI microbiome.

It was long believed that humans were sterile before birth, but recent studies have shown

that the gut microbiome can be seeded in utero. Bacteria have been cultured successfully

from the first meconium of full-term, healthy neonates (41), and 16S rRNA gene surveys of

meconium depict a relatively simple community, dominated by genera such as Escherichia-

Shigella, Enterococcus, Leuconostoc, Lactococcus, and/or Streptococcus (42). There is

additional evidence that mode of birth (vaginal delivery vs Caesarean section) may affect the

composition of the early microbiome. Infants who are delivered vaginally have initial
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microbiomes that contain large numbers of lactobacilli and resemble those of the mothers’

vaginal tract, whereas those delivered by Caesarean section have initial microbiomes

containing Staphylococcocus, Corynebacterium, and Propionibibacterium, largely

resembling the microbiome the mothers’ skin (43, 44). Notably, these studies included

relatively small subject cohorts, so no firm conclusions can be made.

Following birth, the GI microbiome develops rapidly. Bifidobacteria, specialized in the

metabolism of milk oligosaccharides, are frequently among the earliest post-birth colonizers.

As dietary richness and environmental exposures increase during the first year of life, the

richness and complexity of the GI microbiome also increase (17, 18, 44, 45). This process is

often characterized as chaotic (46), but cohort and longitudinal studies of the GI microbiome

suggest that bacterial community richness increases steadily during the first year of life (17,

18).

Infancy is a distinctive stage in the GI microbiome, based not only on the types of taxa that

are present and the rapid rate at which the community develops, but also in terms of its

functional repertoire. The infant microbiome appears to be specialized (relative to that of

adults) with respect to the acquisition of nutrients, including B complex vitamins and

multiple amino acids (18); much of this specialization is rooted in dietary acquisition of

nutrients vs de novo synthesis by gut microbes. For example, infant GI communities are

enriched with genes that regulate de novo synthesis of folate, whereas the adult microbiome

contains greater numbers of genes involved in dietary folate utilization (18). In contrast, the

adult microbiome contains greater numbers of genes involved in vitamin B12 (cobalamin)

synthesis than that of infants (18).

By the time a child reaches ~3 years of age, his or her GI microbiome is 40%–60% similar

to that of a healthy adult (18). This is the same level of similarity as among adults (18, 47),

supporting the concept that by the time a child reaches 3 years of age, his or her GI

microbiome has reached an adult-like state (17, 46). Evidence to the contrary, however, has

been reported for young children (1–4 years old) (48) and adolescents (49). Although the GI

microbiomes of children and teens contain many of the same taxa as adults, significant

differences in proportions of Bacteroides spp. and Bifidobacterium spp., as well as members

of the clostridia, have been reported.

It has been proposed that the adult GI microbiome remains stable from the third through

seventh decades of life (50); the composition of the GI microbiome of young adults (25–40

years old) has high degree of similarity to with that of older adults (63–76 years old). More

recent studies suggest that even during this relatively stable period of microbiome

development, important taxa and their functions could be decreasing. As we age, the

proportions of bifidobacteria, Faecalibacterium prausnitzii, and multiple members of the

Firmicutes typically decrease, whereas proportions of E coli, other members of the

Proteobacteria, and Staphylococcus often increase (50–52). The GI microbiomes of older

adults can also be differentiated from those of younger adults based on the reduced potential

for vitamin B12 biosynthesis and activities of microbial reductases, as well as increased

potential for DNA damage, stress response, and immune system compromise (53). These
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findings suggest that the GI microbiomes of older adults may represent a pro-inflammatory

phenotype.

Aging and inflammation are co-mingled processes, and key hallmarks of aging include

declines in gastrointestinal function and host immune response, and the development of

chronic, low-grade inflammation. Older age (65–100 years) brings more important

transitions in the composition, function, and stability of the GI microbiome (50, 54). The

elderly have greater inter-individual variation in their GI microbiomes than younger adults

(7). Much of this variation appears to be diet-driven, and it correlates strongly with

indicators of relative health, including markers of frailty and inflammation (7).

The Bacterial Metagenome and Functional Connections to Human Health

Carbohydrate Metabolism

Complex carbohydrates and simple sugars provide abundant food sources and substrates for

microbial metabolism in the human gut. The influx of carbohydrates from the diet helps to

shape the composition and function of the human microbiome in healthy individuals.

Comparisons of pediatric populations found large differences in bacterial composition, even

at the phylum level, among healthy children who consume diets dominated by plant

carbohydrates vs those who consumed a typical Western diet (19). The phylum

Bacteroidetes was dominant among children who consumed the plant-rich diets. This

phylum contains the members of the genus Bacteroides, many of which are enriched with

genes that encode carbohydrate-active enzymes (CAZyme). CAZymes include

glycosyltransferases, which assemble carbohydrates, and glycoside hydrolases and

polysaccharide lyases, which are involved in carbohydrate catabolism.

The species Bacteroides thetaioatamicron was found in 46% of healthy adults. The genome

of this bacterium encodes more than 260 glycoside hydrolases, compared with the 97

glycoside hydrolases encoded by the entire human genome (www.cazy.org/b135.html). Less

than 20 human enzymes have been shown to use complex dietary carbohydrates as

substrates for hydrolytic degradation. Intestinal bacteria encode a greater number and variety

of CAZymes than do the microbes found at other body sites in healthy adults (55). These

findings reveal the importance of the intestinal microbiome (vs the human genome) in the

metabolism of dietary carbohydrates.

The types of carbohydrates in the human diet can also affect the composition of the bacteria

in the human intestinal microbiome. Conversely, the composition of the community can

affect its ability to metabolize dietary carbohydrates. Plant starch, which is rich in

amylopectin or amylose and a common component of today’s diet, can be metabolized by

colonic bacteria such as Bifidobacterium, Bacteroides, and Fusobacterium spp. (56).

Individuals who consume diets rich in plant carbohydrates appear to have larger proportions

of Prevotella species (21), whereas those who consume animal fat and protein have higher

proportions of Bacteroides species. Likewise, relative consumption of vegetables, fruit, and

meat has been reported to be an important factor driving the composition of the GI

microbiome and health in the elderly (7).
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The relative abilities of GI bacteria to metabolize molecules from various food groups may

provide opportunities for dietary modification and functional optimization of the

microbiome. The original purpose of probiotics was to provide microbial lactase, in dairy

microbes, to facilitate digestion of lactose by humans (reviewed in (57)). By-products of

carbohydrate metabolism could provide additional opportunities for intestinal microbes to

provide health benefits. Carbohydrate oxidation and microbial metabolism in the intestine

can lead to production of oxalate; calcium oxalate is the most common form of renal stones.

GI bacteria such as Oxalobacter formigenes, Lactobacillus spp., and Bifidobacterium spp.

can metabolize oxalate in the intestine and might reduce risk for kidney stones (58, 59). O

formigenes is a strict colonic anaerobe that provides one of the few clearly demonstrated

health benefits of the intestinal microbiome. Catabolism of resistant starch or indigestible

carbohydrates by the microbes eventually yields short chain fatty acids such as butyrate,

acetate, and propionate (60). These promote health and provide resistance to infection. Other

bacterial populations associated with a healthy intestine include active butyrate-producing

microbes (12). Butyrate production can regulate the differentiation of colonic T regulatory

cells and influence inflammatory and allergic responses (61). The ability to generate acetate

was associated with resistance to damage by Shiga toxin-producing E coli (62).

Protein and Amino Acid Metabolism – Luminal Conversion

GI microbes can catabolize protein to amino acids and participate in the luminal conversion

of amino acids to biogenic amines, immunomodulatory compounds, and other signaling

molecules (Figure 2). Proteins from the diet may be catabolized by microbial proteinases

and peptidases in cooperation with human proteinases. The generation of free amino acids

by protein catabolism in the stomach and small intestine provide substrates for luminal

conversion of amino acids.

Amino acids can be converted by decarboxylation reactions and catalyzed by GI bacteria to

form different signaling molecules. L-histidine can be converted to the biogenic amine,

histamine, by histidine decarboxylases (encoded by bacterial hdcA genes) produced by GI

bacteria; histamine can then be transported to the intestinal lumen by the histidine:histamine

anti-porter. Histamine can suppress production of inflammatory cytokines by signaling

through the histamine type 2 receptor, which is present on intestinal epithelial cells (63, 64).

Other examples of microbiome-mediated amino acid decarboxylation include the conversion

of glutamate to gamma-aminobutyric acid (GABA), tyrosine to tyramine, and phenylalanine

to β-phenylethylamine. Bacterial gadB genes encode glutamate decarboxylases, which can

generate the neurotransmitter and potential immunomodulin GABA in the intestine (65).

Each of these luminal conversion systems include amino acid transporters that facilitate

entry of amino acid from the lumen to the bacterial cells, and promote the extrusion of

signaling compounds generated by amino acid decarboxylation.

In addition to the generation of small signaling molecules, bacteria can produce

antimicrobial peptides or bacteriocins that confer resilience or resistance to infection by

enteric pathogens (66). The production of anti-microbial compounds by commensals in the

microbiome might prevent expansion of enteric pathogens or indigenous pathobionts (67).

The generation of anti-microbial peptides, immunomodulatory compounds, and
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neurotransmitters by the microbiome could therefore affect the performance of the mucosal

immune system and enteric nervous system, and be used in microbiome-mediated therapies.

Summary and Future Directions

The healthy GI microbiome can be described in terms of global parameters (richness,

diversity), compositional features (bacterial phyla, taxa), and functional features (metabolic

modules and pathways). Animal models of human disease, including gnotobiotic animals,

and advances with organoids (and enteroids) will provide opportunities for scientists to

determine the functions and specific health benefits provided different features of the GI

microbiome. As more multi-‘omics studies of the human microbiome are completed,

scientists may define additional features associated with a healthy microbiome.

Microbiomes of healthy individuals vary with sex, race/ethnicity, and age; and personalized

microbiome information can be given broader context when compared with databases such

as that of the American Gut project (http://americangut.org). Strategies to prevent disease

and interventions to improve health might be directed towards a new setpoint for any

individual’s intestinal microbiome (68). Dietary modulation, fecal microbiome

transplantation, or other efforts to manipulate microbial communities may leverage

beneficial features of healthy microbiomes to define treatment goals.
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Figure 1. The Intestinal Microbiome and its Effects in the Intestinal Mucosa
The intestinal microbiome (top) lies adjacent to the intestinal epithelium. Specific effects are

described in text boxes.
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Figure 2. Immunomodulation by the Intestinal Microbiome
Microbial metabolites regulate the mucosal immune system in the intestine through pro-

inflammatory and antiinflammatory mechanisms. Immunostimulation can occur in response

to the release of proinflammatory cytokines from epithelial cells, mononuclear cells, and

lymphocytes, antiinflammatory responses are driven by the production of TGF-β and IL-10

from epithelial and mononuclear cells.

Reprinted from (69).
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