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The gastrointestinal (GI) tract is teeming with an extremely abundant and diverse microbial 

community. The members of this community have coevolved along with their hosts over 

millennia. Until recently, the gut ecosystem was viewed as black box with little knowledge of 

who or what was there or their specific functions. Over the past decade, however, this ecosystem 

has become one of fastest growing research areas of focus in microbial ecology and human and 

animal physiology. This increased interest is largely in response to studies tying microbes in the 

gut to important diseases afflicting modern society, including obesity, allergies, inflammatory 

bowel diseases, and diabetes. Although the importance of a resident community of 

microorganisms in health was first hypothesized by Pasteur over a century ago (Sears, 2005), the 

multiplicity of physiological changes induced by commensal bacteria has only recently been 

recognized (Hooper et al., 2001). The term “ecological development” was recently coined to 

support the idea that development of the GI tract is a product of the genetics of the host and the 

host’s interactions with resident microbes (Hooper, 2004).  

The search for new therapeutic targets and disease biomarkers has escalated the need to 

understand the identities and functions of the microorganisms inhabiting the gut. Recent studies 

have revealed new insights into the membership of the gut microbial community, interactions 

within that community, as well as mechanisms of interaction with the host. This chapter focuses 

on the microbial ecology of the gut, with an emphasis on information gleaned from recent 

molecular studies.  

 

MEMBERSHIP (WHO IS THERE) 

In most animals studied to date, the microbial community in the most densely populated regions 

of the GI tract is dominated by bacteria with total cell counts reaching as high as a hundred 
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billion cells per gram of digesta (Hooper and Gordon, 2001a). In humans, this number is 

equivalent to approximately 1 kg of the human mass. The gut is also colonized by microbes from 

the domain Archaea and eukaryotes including protozoa, yeast, and fungi. However, only an 

estimated 20% to 25% of the gut inhabitants have been cultured to date. Therefore, most recent 

studies have used molecular approaches to identify community members in the gut. This research 

area has resulted in the terms microbiome (referring to collective microbial genes in the 

community) and microbiota (referring to the collective microorganisms present in the 

community). Most attention has been devoted to bacterial components of the gut microbiota and, 

thus, they are the focus of this chapter.  

The indigenous microbiota that colonizes the GI tract comprise the resident, 

autochthonous members of the community and are also referred to as the commensal microbiota. 

The commensal relationship implies that one member of the association benefits while the other 

is unaffected. However, in most cases, this is a mutualistic relationship. The microbiota benefit 

from the host that provides a nutrient rich and hospitable environment, while the microbiota 

provide nutrients that would not otherwise be available to the host, regulate immune 

development, and create a barrier to infection from pathogens. There are also transient 

(allochthonous) bacteria that are regularly ingested, but are unable to colonize the gut under 

normal conditions (Berg, 1996). This is not to say that allochthonous organisms cannot have an 

effect on the host. The majority of probiotic bacteria would be considered allochthonous—when 

the host ceases to consume the live organisms they are transient and do not persist at high levels.  

 

Methods to Analyze the Microbiota 

Until the late 1990s, the microbiota of the GI tract was nearly exclusively studied using selective 
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culture techniques. The inability to culture the majority of gut microbes because of unknown 

growth requirements and potential dependence on co-colonizing bacteria or host factors 

(Zoetendal et al., 2004), spurred the establishment of molecular-based approaches as the new 

standard. Most molecular approaches utilize the 16S rRNA gene as a phylogenetic marker 

because of its genetic stability and composition of conserved and variable regions (Woese et al., 

1990). The establishment of public databases of 16S rRNA gene sequences 

(http://rdp.cme.msu.edu/ and http://www.ncbi.nlm.nih.gov/) from cultured organisms allows for 

taxonomic classification of uncultured bacteria. Because of the complexity of the bacterial 

community in the gut, the method used for its study depends on the question being asked. An 

overview of different molecular “omics” approaches to study the gut microbiota is shown in 

Figure 1. 

To examine overall changes in the microbial community a number of fingerprinting 

approaches have been developed. These techniques are also collectively referred to as 

“microbiomics,” which attempts to study the identities of members of complex microbial 

communities. Most microbiomics approaches for bacterial identification are based on sequences 

from the variable regions of the 16S rRNA gene. The most frequently used techniques include 

terminal restriction fragment length polymorphism (T-RFLP), denaturing gradient gel 

electrophoresis, and cloning and sequencing (Fig. 1). These methods take advantage of the 

conserved regions of the 16S rRNA gene as they utilize PCR primer binding sites that are present 

in all bacteria. Denaturing gradient gel electrophoresis separates PCR amplified DNA molecules 

based on their ability to migrate through a polyacrylamide gel that contains a denaturant. The 

extent of migration is dependent on the DNA sequence of amplicons produced via PCR. As the 

strands become denatured and separate, they become less mobile in the gel. One end of each 
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amplicon is held together with a GC clamp to prevent complete strand separation. The resulting 

output is a series of bands on a gel that can subsequently be excised and sequenced to determine 

the identities of the populations corresponding to individual bands. In T-RFLP, the variability in 

lengths of restriction-digested PCR products is visualized by capillary-based DNA sequencing. 

One primer, normally at the 5′ end of the amplicon, has a fluorescent label to enable the terminal 

restriction fragment to be detected by the automated sequencer. Because of its relatively high 

throughput and high reproducibility, this technique is often the method of choice for comparison 

of multiple samples over time or different treatments (Dicksved et al., 2007). Although both 

methods give insight into overall changes in the microbial population, their taxonomic resolution 

is relatively poor.  

Clone libraries of PCR amplified 16S rRNA genes have greater taxonomic resolution; 

however, they are limited by the sequencing costs, although some large studies have achieved as 

many as 10,000 to 20,000 sequences (Eckburg et al., 2005). The recently developed 454 

pyrosequencing approach, using multiple sequence tags or barcodes, allows for relatively deep 

sequencing of multiple samples in parallel at fairly high taxonomic resolution, although not at a 

level equal to that of full-length 16S rRNA sequencing (Sogin et al., 2006; Andersson et al., 

2008). The power of this method was recently demonstrated in a sequencing study of human 

fecal samples that resulted in 440,000 reads with an average read length of 59 bp (Dethlefsen et 

al., 2008). This study revealed 5,600 operational taxonomic units (OTUs) at 99% identity from 

only 3 individuals. Furthermore, advances in pyrosequencing enable longer read lengths—

approximately 250 bp on the 454 GS-FLX platform and approximately 450 bp on the 454 GS-

Titanium platform. The Roche 454 pyrosequencing technology is continuing to improve with 

longer read lengths, thus improving taxonomic resolution. Other promising second generation 
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sequencing approaches that have yet to be applied for detailed studies of the human gut include 

the Illumina Solexa platform and the SOLiD platform by Applied Biosystems. Another recent 

fingerprinting approach to assess the gut microbial community composition uses a phylogenetic 

microarray. The Phylochip is a microarray that contains oligonucleotide probes designed based 

on all environmental sample sequences submitted to the RDP website. These sequences have 

passed a quality check and are deposited in the Greengenes database, 

http://greengenes.lbl.gov/cgi-bin/nph-index.cgi (Yergeau et al., 2009). The HITChip is another 

phylogenetic microarray that specifically contains probes for sequences isolated from the human 

intestinal tract (Rajilic-Stojanovic et al., 2009). Although much improved over previous culture-

based methods, all of the microbiomics approaches introduce biases because of cell lysis and 

DNA extraction, primer design and binding, PCR, sequencing (e.g., homopolymers produced 

during 454 pyrosequencing), and/or cloning.  

For the quantification of specific bacterial groups, or species, fluorescence in situ 

hybridization (FISH) and quantitative real-time PCR have most commonly been applied. Both 

approaches utilize the variability within the 16S rRNA gene for the development of specific 

primers or probes that only amplify or hybridize to the regions of the 16S rRNA gene that 

distinguish a specified target group or species. Primers and probes for both methods can be 

generated using software such as the ARB Project (http://www.arb-home.de). FISH can also be 

used to visualize the localization of bacteria within the gut, giving insight into which bacteria are 

in close proximity with the mucosal surface (Johansson et al., 2008). Another advantage of FISH 

over other molecular approaches is that it does not depend on DNA purification or amplification, 

thus avoiding many of the biases mentioned previously. FISH, however, does have its own 

disadvantages. For example, because only a few probes can be used simultaneously, it is limited 
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in its ability to target many different bacteria in the same sample. Also, FISH is relatively 

technically demanding method and there can be problems in distinguishing fluorescent cells over 

background fluorescence in samples.  

Quantitative PCR overcomes many of the disadvantages of using FISH and can be used 

for accurate quantification of a specific 16S rRNA target. Group- or species-specific primers can 

be designed to specifically quantify certain members of the microbiota. For example, Willing et 

al. (2009a) used specific primers to quantify populations of Escherichia coli and 

Faecalibacterium sp. in fecal samples and intestinal biopsies.  

 Although the methods described here provide a means to determine the composition of 

members of the gut microbiota, there is also interest in the functional characteristics of the 

community. Although a certain level of prediction can be achieved by extrapolating to 

physiological properties of related cultured species, this approach is challenging and, in many 

cases, inaccurate. Metagenomic analysis of the microbiota gives sequence information from the 

collective genomes of all members of the microbiota (microbiome). The first metagenomic study 

of the human gut resulted in 78 million base pairs of DNA sequences from two American 

individuals (Gill et al., 2006). This study cataloged the combined gene complement of the 

microbiome, including functional genes. However, it is important to keep in mind that some of 

the DNA analyzed may have been derived from inactive, dormant, or even dead members of the 

community. Also, not all genes are expressed at any given time and condition. Therefore, 

metagenomic approaches only provide information about functions that have the potential to be 

expressed. 

Other “omics” approaches, such as metatranscriptomics, metaproteomics, and 

metabolomics, enable different levels of expression to be studied and a more direct assessment of 
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which processes are active and functioning in the gut under a given condition. Some results using 

these different approaches will be discussed later in the context of relevant subsections.  

 

Identification of Microorganisms in the Gut 

Microbiomic studies, primarily those targeting bacteria, have been used to study the composition 

of the gut microbiota in humans and some animals. A recent study examined the microbial 

composition of 60 divergent animal species found in zoos and in the wild (Ley et al., 2008). Of 

more than a 100 known bacterial phyla (divisions), representatives of only 17 were detected in 

this diverse set of fecal samples (Table 1<TAB1>). This relatively restricted representation of 

bacterial phyla suggests that the gut microbiota coevolved with their mammalian hosts. The 

Firmicutes phylum was the only phylum detected in all animal species and was also the most 

abundant, representing nearly 67% of all classified sequences. Other highly represented phyla 

included the Bacteroidetes, Proteobacteria, Actinobacteria, Verrumicrobia, and Fusobacteria. 

The remaining 11 phyla represented less than 0.5% of the classified sequences. The functions of 

most of these less prevalent species have not been specifically identified and it is not known if 

the rare members of the microbiota have important roles. Current studies suggest, however, that 

the dominant phyla are best adapted to the gut environment. Although, in the study by Ley et al. 

(2008), there were many similarities between animal species and within species—each individual 

studied also harbored at least one unique OTU (at 96% similarity) that was not found in any 

other sample. On average, 62% of the OTUs from a given animal species were unique to that 

species. 

 There have been additional studies of the bacterial composition of the gut in other 

animals, including chickens (Dumonceaux et al., 2006), mice (Yap et al., 2008), pigs (Hill et al., 
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2005), and cows (Hernandez et al., 2008). These studies have revealed that each animal species 

has a gut microbiota that is unique and representative of that species. This is exemplified by a 

recent study of the horse microbiota that found that less than 33% of 16S rRNA clones had 

matches in databases at the species level, with a species being defined at 98% 16S rRNA 

sequence homology (Willing et al., 2009b). Because it is not feasible to discuss the microbiota of 

all mammals in the scope of this chapter, we will focus on the GI microbiota of humans, 

including specific examples from other species that have been relatively well studied, such as the 

mouse and pig.  

The human fecal microbiota is dominated by two bacterial phyla: the Firmicutes and 

Bacteroidetes (Eckburg et al., 2005). Approximately 800 to 1,000 different bacterial species and 

more than 7,000 strains inhabit the human GI tract, based on estimates of 16S rRNA libraries 

from fecal samples (Backhed et al., 2005). The application of second generation sequencing 

approaches, such as 454 pyrosequencing of 16S rRNA genes, has provided a greater depth of 

view of the composition of the gut microbiota (Andersson et al., 2008). One pyrosequencing 

study revealed as many as 3,300 unique OTUs in a single individual (Dethlefsen et al., 2008). As 

fecal samples from more individuals are being sequenced, it is becoming apparent that each 

individual has a relatively unique gut microbiota. This, in turn, presents a major challenge when 

trying to design studies and trying to apply general ecological rules to better understand the 

functional roles of the gut microbiota.  

 

Core Microbiome 

Given the great variability in gut microbiota between individuals, a question has been raised 

whether there is a “core microbiome,” or a set of microorganisms that is found in all individuals. 
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One study of 17 subjects looking to define the phylogenetic core found that there were no OTUs, 

defined at 2% dissimilarity, that could be found in all subjects sampled, suggesting that the 

concept of a core microbiome is likely invalid (Tap et al., 2009). However, other sequencing 

studies suggest that a core microbiome exists at the gene level, including important components 

of various metabolic functions (Turnbaugh et al., 2009). However, a “functional core” can be 

potentially defined. Although the study by Turnbaugh et al. (2009) revealed substantial variation 

in the relative amounts of the key phyla—Firmicutes, Bacteroidetes, Actinobacteria, and 

Proteobacteria—there was very little variation in function, based on the categories of gene 

function, in the same samples analyzed (Fig. 2). These results suggest that, although the 

composition of the gut microbiota is variable, there likely remains functional redundancy in the 

community, which may be a protective mechanism to perturbation.  

 

The Archaea 

Members of the Archaea, particularly methanogens, have been found in the intestinal tract of 

many vertebrate species (Lin and Miller, 1998). In humans, methanogens can represent as much 

as 10% of the anaerobic microorganisms in the adult colon and are dominated by a single 

species, Methanobrevibacter smithii (Eckburg et al., 2005). The genome sequence of this 

microbe has revealed that it is specifically adapted to the human gut environment (Samuel et al., 

2007). Other minor representatives of Archaea in the gut include Methanosphaera stadtmanae 

and the Crenarchaeotes (Rieu-Lesme et al., 2005). These methanogens play a vital role in the gut 

by removal of H2 via anaerobic metabolic processes. However, not all humans produce methane 

gas in their intestines but, rather, utilize other H2 disposal routes, as discussed later (Walker, 

2007).  
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The gut environment from other hosts—including the horse, pig, cow, rat and goose—

have been shown to contain Archaea in the genus Methanobrevibacter that have high sequence 

similarity to the 16S rRNA gene from M. smithii. This suggests that methanogens inhabiting the 

gut environment share a common descent. However, sheep isolates from one study were 

sufficiently divergent to suggest a separate line of descent within the genus Methanobrevibacter 

(Lin and Miller, 1998). Methanogens are of particular importance in ruminant microbiology. The 

production of methane by gut fermentation reactions results in reduced metabolic efficiency, 

with up to 13% of the energy from the diet being lost to methane production, as well as an 

environmental concern because of the role of methane as a greenhouse gas (Ohene-Adjei et al., 

2008). Efforts are currently underway to limit the abundance and activity of methanogenic 

Archaea to reduce the impact of beef production on global warming (Hook et al., 2009).  

 

Intestinal Fungi 

Recent studies have begun to reveal the identities of fungi in the intestinal tract. One study 

identified a wide variety of fungi in mouse feces, but it was not determined whether they were 

colonizing commensals or simply transient organisms attached to dietary particles (Scupham et 

al., 2006). Repeated sampling of the human gut indicated that some fungi were temporally stable 

and actually colonized the intestine (Scanlan and Marchesi, 2008). Similar to bacteria, there is a 

great disparity between what can be cultivated and what can be detected using DNA-based 

methods. The cultivable fraction of the fungal microbiota in human feces is dominated by 

Candida spp. strains (Scanlan and Marchesi, 2008), whereas culture-independent analysis 

revealed that members of the genera Gloeotinia/Paecilomyces and Galactomyces were the most 

abundant (Scanlan and Marchesi, 2008). However, the diversity and abundance of fungi in the 
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GI tract is quite low relative to that seen with the bacteria. Although relatively unexplored, 

specific fungal populations may play important roles in the gut. This is suggested by a recent 

study that found an increased abundance of host antibodies specific to Saccharomyces cereviceae 

in patients with Crohn’s disease (Dossopoulos et al., 2007).  

 

LOCALIZATION OF GUT MICROBIOTA 

Microbes survive within many microhabitats in the digestive tract, including the intestinal lumen, 

the mucus layer lining, and other varying compartments of the GI tract (Mackie et al., 1999). The 

bacterial population of the GI tract increases in density and complexity from proximal to distal 

regions, with the exception of the mouth, and changes composition with location and time (Fig. 

3). The stomach and duodenum have a relatively low microbial density, with 103 to 105 CFUs 

per gram of contents, and a population dominated by the Lactobacillus, Streptococcus, and 

Enterococcus genera. This community is limited in density and diversity because of an acidic 

environment and the presence of bile secretions. Because the rate of digesta passage is rapid 

through this region, the ability to attach to and colonize the mucosal layer appears to be 

important in the proximal small intestine (SI). The rate of digesta passage slows in the distal SI 

and bacterial counts increase to 108 to 109 CFU per gram of contents accordingly. Phylogenetic 

representation in the distal SI also increases and includes those genera indicated previously, plus 

members of genera within the Clostridiales and Bacteriodetes families (Hill et al., 2004; 

Richards et al., 2005). Complexity of the microbial community is greatest in the large intestine, 

where the density increases to 1010 to 1012 CFU per gram and the community is dominated by 

gram-positive genera, including Clostridium, Bacillus, Ruminococcus, and Fusobacterium (Hill 

et al., 2002; Leser et al., 2002). Variation within bacterial species among locations in the GI tract 
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also substantially contributes to overall gut microbial diversity and function (Dixit et al., 2004). 

For example, fermentation of carbohydrates and amino acids are functions that become more 

prominent in the distal locations of the gut than in proximal regions (Cummings and Macfarlane, 

1991). 

The mucous layer covering the epithelial layer is made up of two distinct layers, referred 

to as loosely and firmly bound mucous layers. In situ hybridization studies have revealed that 

bacteria do not reside in the firmly bound mucous layer (Johansson et al., 2008). In contrast, the 

loosely bound mucosal layer contains abundant bacteria (Fig. 3). Attachment to the mucosa has 

been shown to be dependent on a variety of bacterial cell surface ligands (Sillanpaa et al., 2000; 

Roos and Jonsson, 2002), as well as specific receptors such as sugar chains of glycolipids or 

glycoproteins produced by host cells. The firmly bound mucous layer is extremely important for 

animal health as evidenced by studies of mice lacking the MUC2 gene, the major mucin of the 

colon mucus. These mice have bacteria in direct contact with the epithelial layer that results in 

inflammation and cancer development (Johansson et al., 2008). Although potentially not in 

continuous direct contact with the intestinal epithelium, substantial bacterial populations live in 

close proximity in the mucin layer and likely have intermittent direct contact. The abundance of 

bacteria in close proximity to the intestinal epithelium has been demonstrated by measuring 

microbial populations present in homogenized whole tissues after the intestinal contents have 

been eradicated by washing (Frece et al., 2005). The discrepancy observed between attachment 

in vitro and in vivo may be a consequence of the static nature of in vitro cell lines and the fact 

that tissue cultures lack other important host factors that keep the intestinal microbiota at bay. 

Conversely, the recent observation that bacteria are not directly associated with the intestinal 

epithelium may be a consequence of tissue collection conditions and assay sensitivity. Although 
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the extent to which commensal bacteria come in direct contact with the intestinal epithelium is 

not clear, these bacteria clearly have major effects on the host.   

 

SUCCESSIONAL CHANGES 

At birth, the neonate leaves the sterile environment of the uterus and is immediately introduced 

to a population of bacteria in the vaginal tract and, subsequently, in the surrounding environment 

(Tannock et al., 1990a, 1990b). Analogous to the gradual establishment of pioneer 

microorganisms and species succession after a forest fire, there are early colonizers that quickly 

colonize the vacant system. These early colonizers are facultative anaerobes that create a reduced 

environment that is more favorable to growth by anaerobic species (Stark and Lee, 1982) and are 

eventually supplanted by their successors. The ecological succession of the commensal 

microbiota is relatively poorly understood in most species. The distal colon of the pig is 

colonized with 109 to 1010 bacteria per gram of digesta within 12 h of birth (Swords et al., 1993). 

Clostridium spp. become dominant after 5 days of age, begin to decline at weaning, and are 

eventually replaced by Bacteroides spp., the dominant adult colonic microbiota in the pig 

(Swords et al., 1993). The diversity and activity of a given genera also change through time, 

particularly at weaning (Janczyk et al., 2007).  

It is not clear whether microbial succession patterns in the proximal SI mirror those 

observed in the colon and feces. However, molecular based profiling studies in the pig have 

demonstrated marked differences in microbial composition between proximal and distal 

intestinal locations (Konstantinov et al., 2004; Hill et al., 2005; Richards et al., 2005).  

There have also been some studies of succession in humans. However, they are limited to 

the fecal microbiota for obvious reasons. As discussed in the section about diet, some dramatic 
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differences have been observed in the gut microbiota of infants that are fed formula compared to 

infants that are breast-fed (Harmsen et al., 2000). Other factors affecting succession patterns of 

the microbiota include method of delivery (vaginal vs. Caesarean section), postnatal hygiene, 

environment, and antibiotic use (Gronlund et al., 1999; Schwiertz et al., 2003; Lofmark et al., 

2006).  

 

IMPACT OF ANTIBIOTICS 

Although there is great variation in the composition of the gut microbiota between individuals, 

within a given individual the composition is relatively stable and resilient over time. However, 

antibiotic administration can cause major disruptions in the gut microbiota. Of course, the reason 

that antibiotics are administered in the first place is to reduce levels of pathogenic populations 

that are detrimental to the host. Different specific bacterial populations may be targeted 

depending on the antibiotic that is administered. However, antibiotics also have a positive or 

negative impact on other nontarget members of the commensal microbiota. Microbes that are 

resistant to the antibiotic used have a selective advantage and may increase in numbers relative 

to susceptible strains. Alternatively, nontarget susceptible populations may be reduced in 

numbers upon antibiotic treatment.  

In general, the diversity of the gut microbiota is reduced following administration of 

antibiotics (Jernberg et al., 2007), but this reduction is short lived and usually lasts only a matter 

of weeks or days. Relatively soon after antibiotic treatment is discontinued the commensal gut 

microbiota present before disruption return, for the most part, relatively quickly (Dethlefsen et 

al., 2008). However, some members of the bacterial community remain disrupted for long 

periods of time, even several years after antibiotic treatment (Jernberg et al., 2007). This is 
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particularly the case for bacterial populations that are targeted by clindamycin (Lofmark et al., 

2006; Jernberg et al., 2007). For example, a conventional 7-day administration of clindamycin 

was found to alter the ecology of the gut microbiota up to 2 years posttreatment (Jernberg et al., 

2005; Lofmark et al., 2006; Jernberg et al., 2007). Our recent 454 pyrosequencing studies have 

also shown that the gut microbiota is dramatically perturbed for up to 4 years posttreatment after 

taking the common triple therapy for Helicobacter pylori (clarithromycin, metronidazole, and 

omeprazole) (Jakobsson et al., submitted). 

In addition to disturbances in the ecology of the microbiota, antibiotics can also select for 

persistence of antibiotic resistance genes in the host. Studies have shown that several antibiotic 

resistance genes are stably maintained in the GI tract once they are acquired (Shoemaker et al., 

2001). These genes are often carried on conjugative elements and, under selection pressure, they 

have the potential to be transferred between different species within the densely populated gut 

microbial community. Jernberg et al. (2007) used real-time PCR to quantify different resistance 

genes in DNA extracted from feces. They reported that clindamycin exposure led to significant 

increases of erm(F), erm(G), and erm(B) in feces. High levels of these resistance genes could 

still be detected 2 years after the antibiotic treatment had ceased. This is disconcerting 

considering the growing problem with increasing prevalence of antibiotic-resistant strains that 

are not susceptible to current arsenals of antibiotics.  

 

ADAPTATIONS OF THE COMMENSAL MICROBIOTA TO THE GUT 

ENVIRONMENT 

Increasing evidence suggests that the human gut, no matter the diet or region of the world, is 

consistently colonized by the same bacterial phyla and only a single division of Archaea. This 
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indicates that only certain divisional members have evolved close associations with the human 

gut (Eckburg et al., 2005). What are the mechanisms that govern membership of the community 

as well as relative abundances of the members? Microbes colonizing the GI tract are not simply 

there as a matter of chance. Based on studies of a wide variety of animal species, it is apparent 

that the microbiota has truly coevolved along with the mammalian host and is highly specialized 

to thrive in the gut environment. The complement of genes represented in the gut microbiome is 

estimated to be 100 times the number of genes found in the host (Backhed et al., 2005) and is 

enriched in genes for glycan, amino acid, and xenobiotic metabolism; methanogenesis; and 

synthesis of vitamins and isoprenoids (Gill et al., 2006). The gut microbiome also has a diverse 

repertoire of environmental sensors and cognate regulators (Xu et al., 2007). Interestingly, 

motility and chemotaxis are two characteristics that seem to be underrepresented among gut 

microbiota (Turnbaugh et al., 2009; Verberkmoes et al., 2009).  

Recently, the proteins in the feces of two healthy individuals were determined using a 

community proteomics, or “shotgun metaproteomics” approach (Verberkmoes et al., 2009). 

Thousands of microbial and host-produced proteins were identified using this technique. A group 

of approximately 700 equally abundant proteins in the two individuals were suggested to 

represent the core proteome. This core contained proteins for housekeeping functions, 

translation, energy production, protein turnover, and carbohydrate metabolism. The proteins 

present in the core were also representative of common gut bacteria, such as Bacteroides, 

Bifidobacterium, and Clostridium.  

Another key feature of the microbiota that exemplifies coevolution is communication 

with the host. Some bacteria are able to shape the host to fit their ecological requirements. For 

example, some bacteria in the gut produce specific effector molecules that function to stimulate 
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targeted host functions that benefit the bacteria. Although relatively little is understood about 

effector molecules secreted by commensal bacteria, the use of effector molecules by pathogenic 

bacteria has been intensely studied and serves a variety of functions in pathogen establishment. 

For example, enteropathogenic E. coli inject effector proteins into enterocytes causing actin 

rearrangement in the host that leads to the formation of a pedestal-like structure thereby allowing 

intimate microbial-host contact (Dean and Kenny, 2009). Some commensal bacteria secrete 

effector molecules that stimulate the host to provide a nutrient source, as well as inhibit the 

inflammatory response (Hooper and Gordon, 2001a, 2001b; Sougioultzis et al., 2003).  

 The gut environment is also the site of specific intimate metabolic interactions between 

the host and the microbiota. For example, some members of the gut microbiota have evolved to 

take advantage of specific host-derived substrates, such as fucose, which is produced by 

epithelial cells in the gut lining. The best known example of bacterial signaling the host to create 

a beneficial nutrient environment is demonstrated by Bacteroides thetaiotaomicron. This 

bacterium signals the host to manufacture fucosylated glycans in place of sialylated glycans 

because it uses fucose as a main energy source. Segmented filamentous bacteria and a normal 

microbiota are also able to induce the expression of this glycolipid (Umesaki et al., 1995). The 

mechanism by which fucosylated glycan production is up-regulated is not yet clear, although the 

signaling molecule produced by B. thetaiotaomicron has been found and termed control of signal 

production. It has been established that transcription of fucosyltransferase genes are activated by 

this molecule (Hooper and Gordon, 2001b).  

 

FACTORS AFFECTING THE GUT MICROBIOME 

Major factors affecting microbial number and composition along the length of the intestine 
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appear to be age, diet, and host genotype (van der Wielen et al., 2000; Apajalahti et al., 2001; 

Hill et al., 2005). Comparisons between the zoo animals described previously revealed that diet 

was the strongest determining factor in shaping microbial composition, where animals were 

grouped based on whether they were carnivores, herbivores, or omnivores. Gut microbial 

diversity is generally highest in herbivores, intermediate in omnivores, and lowest in carnivores 

(Ley et al., 2008). There were, however, intriguing similarities between animal species that 

indicate the importance of lineage. For example, pandas and bears had relatively similar 

microbiotas, although their diets are extremely different (Ley et al., 2008). Some of these factors 

will be discussed in more detail later.  

 

Effect of Diet  

The nutrient requirements for bacteria are highly variable. Therefore, it is not surprising that the 

composition of the diet is very important in shaping microbial composition. This is particularly 

true for components of the diet, such as fiber, that escape digestion and absorption by the host in 

the proximal part of the intestine. The composition of the gut microbiota can change dramatically 

in response to changes in diet; however, these changes do not always happen quickly. It can take 

several weeks for activators of microbial degradation enzymes, such as xylanase and cellulose, to 

adjust to a new diet (Castillo et al., 2006). In the case of omnivores and herbivores, the 

introduction of plant carbohydrates favors the growth of species that are adapted to the 

fermentation of dietary fiber. One of the most dramatic changes in microbial composition occurs 

during the weaning process, where there is a switch from a highly digestible simple liquid diet 

(milk) to a solid diet that is much more complex and less digestible (Jensen, 1998). Components 

of human milk contain nonabsorbable oligosaccharides, nucleotides, and gangliosides, which 
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affect colonization by bifidobacteria (Kunz and Rudloff, 1993; Balmer et al., 1994; Rueda et al., 

1998). It has been shown that bifidobacteria are dominant in feces of breast-fed infants, 

compared to a more diverse fecal microbiota dominated by Bacteroides spp. in formula-fed 

infants (Stark and Lee, 1982; Harmsen et al., 2000).  

Several studies have examined the impact of obesity on the gut microbiota. The overall 

diversity of the microbiota is reduced in obese individuals that have an increased food intake 

(Turnbaugh et al., 2009). There is an intriguing relationship between obesity and composition of 

the microbiota. By analyzing the microbiota of obese mice ob/ob, lean ob/+, and wild-type 

siblings, and their ob/+ mothers, Ley et al. (2005) found that ob/ob mice have a reduced 

abundance of Bacteroidetes and an increase in Firmicutes. The efficiency of fermentation may 

also be improved in ob/ob mice because of an increased abundance of methanogenic Archaea, 

which were discussed previously, are responsible for H2 removal (Turnbaugh et al., 2006). 

Some specific lifestyle factors can also impact the composition and diversity of the gut 

microbiota. For example, an anthroposophic lifestyle that entails the consumption of organically 

produced and fermented foods and the restricted use of antibiotics and vaccinations were 

correlated with a higher bacterial diversity as compared to a conventional lifestyle or to being 

raised on a farm (Dicksved et al., 2007). It is, however, difficult to define a causal relationship 

between diet and microbial composition because many lifestyle factors that coincide with diet 

also play a role in influencing the microbial composition in the gut. Similar observations have 

been made in studies examining the effect of diet on cultivable bacteria (Mai, 2004).  

 

The Host Interaction with the Gut Microbiome  

There remains a high variability in the composition of the gut microbiota between individuals, 
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even with similar diets and lifestyles. An individual’s microbiota is, however, surprisingly stable. 

The host itself is thus one of the contributing factors in the ecology of the fecal microbiome. It 

not only creates the abiotic environment, including temperature, pH, and moisture, it also 

provides nutrients that are utilized by the members of the microbiota and is active in regulating 

the microbial abundance and composition.  

Paneth cells of the SI are known to produce α-defensins that protect the proliferative stem 

cell compartment of the intestinal crypt from colonization (Ayabe et al., 2000). The expression 

and secretion of RegIIIγ, a bacteriocidal protein effective against only gram-positive bacteria, is 

induced by host recognition of gram-negative bacteria (Cash et al., 2006). A proteomic study of 

feces revealed that the third most abundant group of human proteins, after digestive enzymes and 

structural cell adhesion and cell-cell interaction proteins, were human innate immunity proteins. 

These included antimicrobial peptides, intellectin, resistin, and others (Verberkmoes et al., 

2009). These data therefore provided a glimpse into the protein arsenal that is involved in host-

microbe interactions in the gut. 

An interesting example of the importance of host physiology in shaping the composition 

of the microbiota was shown in reciprocal transplantations of gut microbiota between mice and 

zebrafish (Rawls et al., 2006). These authors found that when the microbiota from a mouse was 

introduced to a germ-free zebrafish, the relative abundance of community members shifted so as 

to resemble the normal microbial composition of the zebrafish.  

Recently, it was shown that the composition of a recipient’s fecal microbiota could be 

altered by fecal transplantation from a donor (Khoruts et al., in press). This particular example 

involved the case of a woman who suffered from severe diarrhea caused by Clostridium difficile-

associated disease. The patient had undergone a series of antibiotic treatments, all of which were 
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unsuccessful. As a last resort the attending physician prescribed a fecal transplantation from a 

healthy donor. Interestingly, not only did this cure the disease, but the patient adopted the fecal 

microbial composition of the donor, at least for several weeks. These results indicate that the 

host programmed microbiome may be altered in some cases, at least temporarily, and suggest a 

therapy for severe cases of C. difficile-associated disease. 

Studies comparing the microbial composition of twins, related individuals, and unrelated 

individuals indicate an important role of host genotype in shaping microbial composition. Twins 

living in different environments share a more similar microbiota than do twins and their spouses 

who share the same environment and diet (Zoetendal et al., 2001). A more recent study that 

examined the gut microbiota of obese and lean twins and their mothers, using clone libraries and 

pyrosequencing, revealed that related individuals had more bacterial species in common and a 

more similar bacterial community structure than unrelated individuals, regardless of obesity 

status (Turnbaugh et al., 2009). We have performed extensive studies on a Swedish twin cohort 

that include healthy individuals and individuals with different inflammatory bowel diseases (see 

more detail later). Our initial T-RFLP data revealed a high degree of similarity in the gut 

microbiota of identical twins, even when they lived apart for decades (Dicksved et al., 2008). 

More recently, 454 pyrosequencing data revealed that, although the healthy twins shared some 

degree of similarity at an OTU/species level, the similarity was much more apparent at the genus 

level (Willing et al., unpublished data). 

 

Impact of Disease 

There is increasing evidence linking the composition of the gut microbiota to the health of the 

host, both positively and negatively. Some examples of diseases where the gut microbiota is 
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implicated to have a role, although still largely undefined, include inflammatory bowel diseases 

(IBDs) such as irritable bowel syndrome, Crohn’s disease (CD), ulcerative colitis, and colon 

cancer. In this chapter we primarily discuss CD because of the large number of recent reports 

that have focused on the correlation of the gut microbiota to this particular disease. 

 Different molecular fingerprinting techniques, including T-RFLP (Dicksved et al., 2008; 

Willing et al., 2009a), TGGE (Seksik et al., 2005), qPCR (Willing et al., 2009a), and 454 

pyrosequencing (Willing et al., unpublished data), have revealed that the gut microbiota is 

different in individuals with CD compared to healthy individuals. This altered gut microbiota has 

been referred to as a state of “dysbiosis” (Seksik et al., 2005; Tamboli et al., 2004). The theory of 

dysbiosis is that there is a breakdown in the balance between species of protective versus 

harmful intestinal bacteria that is either a cause, or a consequence, of disease (Tamboli et al., 

2004).  

 Recent findings have honed in on specific members of the gut microbiota that are more or 

less prevalent in individuals with CD. For example, a T-RFLP study of identical twins that were 

discordant for CD found that there were differences in relative amounts of some Bacteroides 

species in the twins with CD, compared to healthy twins (Dicksved et al., 2008). Individuals with 

CD in the ileum also had a lower bacterial diversity in the mucosal lining of the intestine, 

compared to those with disease localized in the colon (Willing et al., 2009a). Several studies 

have implicated E. coli (Darfeuille-Michaud et al., 2004; Baumgart et al., 2007; Willing et al., 

2009a) or Mycobacterium paratuberculosis (Naser et al., 2004) as potential virulent species that 

may have a specific role in the pathogenesis of CD, but these microbes remain to be confirmed. 

One striking example of dysbiosis is the dramatic reduction in abundance of some members of 

the Clostridium leptum group (Cluster IV), such as Faecalibacterium prausnitzii, in fecal 
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samples and biopsies of individuals with CD (Swidsinski et al., 2008; Willing et al., 2009a). F. 

prausnitzii is considered to be a beneficial member of the commensal microbiota because of its 

ability to produce butyrate and provide therapeutic properties in a mouse IBD model (Sokol et 

al., 2008). One hypothesis is that a reduction in F. prausnitzii would result in a reduced amount 

of butyrate that could trigger gut inflammation, or even induce the expression of antimicrobial 

peptides, thus allowing pathogenic E. coli to proliferate. Recent 454 pyrosequencing data 

(Willing et al., unpublished data) have revealed that the situation is even more complex and that 

several additional bacteria differ in individuals with different IBD phenotypes. These 

differentiating populations might serve as diagnostic targets of IBD in the future and obviate the 

current need for invasive endoscopic tests.  

 

Methods to Alter the Microbiota 

In animal production, the search for a means to manipulate the microbiota to promote growth and 

prevent disease has been a major focus of animal nutritionists. Antibiotics have been used to 

regulate the GI microbiota of livestock for the last half of the 20th century. The development of 

antibiotic resistance and “superbugs,” however, has resulted in a ban of in-feed antibiotics in the 

European Union. The growing awareness of the importance of the microbiota in health and 

disease has also resulted in an increased interest in manipulating the microbiota in human 

nutrition. Alternative strategies to regulate the microbial population that have become 

commonplace include the use of prebiotics and probiotics as supplements. Prebiotics are dietary 

additives that are directed at promoting health through their effects on the microbiota (Gibson 

and Roberfroid, 1995), whereas a probiotic is defined as a live microbial feed supplement that 

beneficially affects the host by improving its intestinal balance (Fuller, 1989). The majority of 
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probiotic organisms used are lactic acid bacteria, which include a variety of lactobacilli, 

enterococci, and bifidobacteria. Other probiotics include bacteria within the genus Bacillus and 

yeasts such as Saccharomyce cerevisiae. The probiotic mode of action is generally accredited to 

competitive exclusion of pathogens and strengthening of the mucosal barrier (Servin, 2004; 

Saxelin et al., 2005). In contrast, prebiotics are largely concentrated on the use of indigestible 

carbohydrates that can be utilized by bacteria in the large bowel. The effect of these 

carbohydrates on the microbiota is dependent on how available they are to bacterial 

fermentation, which is dependent on water solubility and the degree of polymerization and 

lignification. The prebiotics inulin and fructooligosaccharides have been shown to stimulate the 

growth of beneficial gut bacteria, such as bifidobacteria and lactobacilli (Van Loo, 2004).  

 

MICROBIAL METABOLISM IN THE GUT 

The different microbes residing in the gut carry out specific metabolic processes that can directly 

or indirectly impact the host. Metabolites produced by gut microbiota can be transferred across 

the epithelial barrier and reach systemic sites of the host. This was evident, for example, when 

comparing the plasma metabolic profiles of germ-free and conventional mice. Numerous 

circulating metabolites were only present when the mice were colonized by microorganisms and 

there were significant differences in the abundance of several metabolites in germ-free and 

conventional mice (Claus et al., 2008; Wikoff et al., 2009). Claus et al. (2008) found that the 

microbiome has an impact on the metabolism of bile acids and kidney homeostasis. These data 

confirm that microbes modulate the expression of metabolites both locally in the gut and in other 

body sites. 

One of the goals of current research is to identify metabolites, including those of 
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microbial origin, that are diagnostic biomarkers of health or disease of the host. This goal may 

soon be realized because the availability of new and advanced technologies that produce detailed 

information about the metabolic composition in human samples, including feces, urine, and 

blood. These technologies include gas chromatography-mass spectrometry (GC-MS), 1H nuclear 

magnetic resonance (NMR) spectroscopy, and ion cyclotron resonance Fourier transform mass 

spectrometry (ICR-FT/MS). These methods have recently been used to determine hundreds to 

thousands of metabolites in human samples, collectively referred to as the “metabolome” and the 

field of “metabolomics” or “metabonomics” (Nicholson et al., 2005; Jansson et al., 2009).  

 

Beneficial Metabolites 

In return for a hospitable environment and provision of nutrients, the microbiota provide the host 

with major services. The cumulative microbiota has a vast capacity to mediate a diverse set of 

beneficial roles for the host (Marchesi and Shanahan, 2007). These roles include synthesis of 

vitamins, degradation of xenobiotics, metabolism of bile and host hormones (Hooper et al., 

1998), immune development, and the competitive exclusion of pathogens.  

One of the most important roles that the microbiota provides is the provision of energy 

for the host’s colonic epithelium. The energy provided is primarily in the form of short chain 

fatty acids (SCFAs) that are produced by bacterial fermentation of undigested carbohydrates and 

fiber (Karaki et al., 2006). Accordingly, SCFA production is highly affected by diet. Depending 

on the animal species and the nature of the diet, SCFA can make up as much as 70% of the 

energy that the host derives from the diet and, of these, butyrate is the preferred energy source 

for colonocytes (Bergman, 1990). Interestingly, different types of SCFAs are produced in the gut 

of bottle- versus breast-fed infants. The SCFAs produced by the gut microbiota in formula-fed 
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babies have less lactic acid and more propionic acid than in breast-fed babies (Edwards et al., 

1994). Not all populations of bacteria are equal in their ability to liberate energy from the diet. A 

reduction in Bacteroidetes and an increase in Firmicutes, for example, has been shown to 

increase SCFA production resulting in increased energy for the host and, in some cases, 

contribute to obesity (Turnbaugh et al., 2006). 

The fermentation of undigested dietary components results in the production of an 

extensive combination of metabolites, many of which remain to be characterized. Studies 

comparing the blood metabolites of germ-free to conventional animals indicate that the 

metabolites produced by bacteria can have systemic effects (Wikoff et al., 2009). Modifying the 

composition of the microbiota using nutritional changes can modulate host lipid, carbohydrate, 

and amino acid metabolism (Martin et al., 2009). These effects may improve health because, for 

example, some bacteria cause reduced plasma lipoproteins (Martin et al., 2009). The composition 

of the microbiota has been shown to correlate with components of the fecal metabolome as well 

as metabolites found in the urine (Marchesi et al., 2007; Jansson et al., 2009). The variation in 

abundance of Faecalibacterium prausnitzii has been associated with the modulation of at least 

eight urinary metabolites of diverse structure (Li et al., 2008).  

 

Biomarkers of Disease 

Shifts in the gut microbiota and their metabolites have been correlated to several diseases, 

including diabetes, obesity, and IBD. Because fecal extracts of patients with IBD have reduced 

levels of butyrate, acetate, methylamine, and trimethylamine, changes in metabolite profiles 

associated with changes in microbial populations likely play an important role in intestinal health 

(Marchesi et al., 2007). Using ICR-FT/MS, we recently found that the situation is even more 

27



complex—thousands of metabolites differentiated individuals with different CD phenotypes and 

healthy individuals (Jansson et al., 2009). Pathways with differentiating metabolites include 

those for metabolism of amino acids, fatty acids, bile acids, and arachidonic acid. The mass 

spectrum corresponding to glycocholic acid in the bile acid biosynthesis pathway was more 

prevalent in individuals with CD than in healthy individuals. Increased bile in the feces may be 

one of the causes leading to symptoms associated with inflammation in CD. This example 

illustrates the important contribution of the metabolic processes carried out by the gut microbiota 

on human health. In addition to the mass spectra that could be identified using this large 

metabolic survey, there were several hundred that could not be identified because of their 

absence in current metabolic databases. Therefore, there remains a tremendous amount to be 

discovered about the metabolic processes occurring in the gut.  

 

Toxic Metabolites  

The intestinal microbiota can also produce a variety of metabolites such as NH3, H2S, and 

deconjugated bile and phenolics, which are toxic to the host both locally in the small intestine 

and systemically. The deamination of amino acids by microorganisms leads to the production of 

ammonia, a toxic metabolite that has been considered in the etiology of IBD. This was 

hypothesized because in vitro studies have shown that the microbiota of IBD patients produce 

more ammonia compared to those from healthy individuals (Van Nuenen et al., 2004). Perfusion 

of ammonia into the rat colon showed that the life span of colon cells is shortened by ammonia 

and it also induces proliferation of mucosa (Lin and Visek, 1991). Because ammonia is used as a 

preferential nitrogen source by carbohydrate-fermenting bacteria (Bryant, 1974), ammonia 

concentration in the feces can be reduced by feeding fermentable carbohydrates (Awati et al., 
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2006).  

 Hydrogen sulfide (H2S) is produced by bacteria as a result of the fermentation of sulfur-

containing amino acids and other dietary and host-derived sulfur sources, including sulfur-

containing mucins (Florin et al., 1991; Magee et al., 2000). H2S reduces overall metabolic 

activity of the intestinal epithelial cells leading to a reduction in the oxidation of glutamine, 

butyrate, and acetate (Leschelle et al., 2005). This reduction in overall metabolic activity and 

slow down of all cell cycle phases leads to a reduction in mitotic activity.  

Deconjugation of bile may affect fat digestion and fat soluble vitamin absorption 

(Knarreborg et al., 2002a) and production of lithocholic acid may be toxic to enterocytes 

(Knarreborg et al., 2002b; Wanitschke and Ammon, 1978). Lactobacilli are responsible for the 

majority of bile salt hydrolysis, although Bacteroides, Bifidobacterium, and Clostridium spp. all 

have bile salt hydrolase activity (Gaskins, 2001). Changes in the microbiota have been correlated 

to increased dehydroxylation of cholic acid, a main bile acid, to deoxycholic acid (Kitahara et al., 

2004). Increased levels of bile acid metabolites have also been detected in Crohn’s patients, 

which may play a role in disease progression (Jansson et al., 2009). 

 Microbial production of phenolics can also lead to the production of toxic metabolites, 

although this is highly variable between individuals, most likely because the variation in the 

composition of gut microbiota (Van Nuenen et al., 2004). For example, metabolism of tyrosine 

leads to the production of several toxic compounds including ρ-cresol (Bakke and Midtvedt, 

1970). The ρ-cresol is absorbed and conjugated to ρ-cresylsulphate, which has been shown to 

increase the percentage of leukocytes displaying oxidative burst activity (Schauser and Larsson, 

2005). It has been suggested that microbiologically produced phenolics reduce growth in 

weanling pigs and antibiotic treatment reduces urinary and fecal excretion of aromatic 
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compounds (Yokoyama et al., 1982). Bacteroides, Lactobacillus, Clostridium, and 

Bifidobacterium species strains are major producers of phenolic compounds from aromatic 

amino acids (Macfarlane and Macfarlane, 1995).  

 

Bioactive Metabolites 

Bacteria along with digestive enzymes break down dietary proteins, converting them into 

peptides, some of which are bioactive. The extent of in vivo production of bioactive peptides by 

luminal bacteria has yet to be directly studied. It is known, however, that bioactive peptides have 

diverse effects on the host, ranging from local effects in the intestine (such as mucin production) 

to systemic effects (such as reduced blood pressure). Many of the effects of bioactive peptides 

are receptor-mediated and, although some of those receptors have been identified, there still 

remains much to be defined.  

β-casomorphin-7, a bioactive peptide that is a product of milk fermentation, causes a 

dramatic increase in mucin production in rat intestinal cells (Trompette et al., 2003). This 

bioactive peptide acts directly on the intestinal epithelium by activation of specific receptors 

(Zoghbi et al., 2006). This interaction likely leads to improved intestinal protection and may 

have implications for improved intestinal health.  

Some probiotic microbes, such as Lactobacillus casei (Thoreux et al., 1998) also produce 

bioactive metabolites that specifically interact with the host epithelial cells in the intestine. L. 

johnsonnii appears to produce a metabolite that lowers blood pressure via a histaminergic 

receptor present in the intestinal epithelium (Tanida et al., 2005). These different metabolites 

may, at least in part, be responsible for some of the beneficial properties of ingestion of probiotic 

bacteria.  
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Immune Development and Protection 

The effects of the microbiota on the mucosal immune system are vast, ranging from the 

enhancement of barrier integrity by stimulating the expression of tight junction proteins 

(Danielsen et al., 2007), to the balancing of the T-helper (Th) cell population (Mazmanian et al., 

2005). For example, B. thetaiotaomicron colonization leads to differential transcription of host 

genes responsible for nutrient absorption, mucosal barrier fortification, xenobiotic metabolism, 

angiogenesis, and intestinal maturation (Hooper et al., 2001).  

A healthy microbiota is important not only in the development of immunity, but also in 

maintained protection against specific pathogens, such as Salmonella. A normal mouse 

microbiota confers resistance to Salmonella-induced gastroenteritis and shifting of the normal 

microbiota creates increased susceptibility to Salmonella (Sekirov et al., 2008). This function is 

not simply a matter of total bacterial abundance. The type of bacteria present is important 

because disruption of the composition of the microbiota without a reduction in total levels led to 

increased susceptibility to enteric infection by Salmonella and other enteric pathogens (Sekirov 

et al., 2008). The mechanistic explanation for this is yet to be defined; however, it is expected 

that it is either the result of competitive exclusion by commensal bacteria or the result of immune 

regulation by other bacteria.  

In a separate study, Brandl et al. (2008) reported that the normal microbiota seemingly 

inadvertently prevented infection by enterococci by causing the host to secrete the antimicrobial 

peptide, RegIIIγ. When the normal microbiota was removed by use of antibiotics, the expression 

of this peptide dropped, and the host became susceptible to infection. However, protection could 

be maintained by adding bacterial lipopolysaccharide (LPS) during the course of antibiotic 
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treatment, indicating the importance of maintaining appropriate immune stimulation. The ability 

of the microbiota to regulate the host immune system is extremely important because, if the 

homeostasis established between the host and microbiota is disrupted, overt inflammation can 

occur leading to IBD as discussed previously.  

 

MICROBIAL INTERACTIONS 

Syntrophy  

Bacterial dependency on co-colonizers is exemplified by cross-feeding. Synergism can be 

exemplified by the relationship between Eubacterium hallii and Anaerostipes caccae. These 

organisms cannot grow separately on starch; however, they are able to do so when co-cultured 

with Bifidobacterium adolescentis. B. adolescentis provides these organisms with lactate to grow 

and to produce butyrate. A second mechanism is demonstrated by the inability of Roseburia sp. 

A2-183 to grow on fructooligosaccharides (FOS). When co-cultured with B. adolescentis, 

Roseburia is able to utilize the partially degraded FOS (Belenguer et al., 2006). The syntrophic 

interactions between bacteria in the metabolism of carbohydrates are shown in Fig. 4.  

 The removal of reducing units (H2) is very important for overall microbial community 

dynamics and is a key process in many syntrophic interactions. As mentioned previously, about 

30% to 50% of individuals in the Western population dispose of hydrogen via methanogenesis. 

These individuals can be identified using a simple breath test for methane production. The 

remaining human population use different H2 disposal routes, via sulfate reduction or reductive 

acetogenesis. Gut metagenome studies of two American individuals (Gill et al., 2006) found that 

the genes involved in methanogenesis were abundant, suggesting that methanogenesis in their 

gut environments occurred via the H2 disposal route. By contrast, the metagenomes of Japanese 
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individuals (Kurokawa et al., 2007) and the proteomes of Swedish individuals (Verberkmoes et 

al., 2009) contained genes and proteins, respectively, that were typical of the acetogenic H2 

disposal route.  

In most animal species, H2-utilizing organisms are dominated by methanogens (Morvan 

et al., 1996). Other known H2-utilizing organisms found in the gut include homoacetogens and 

sulfate-reducing bacteria (Christl et al., 1992; Strocchi et al., 1994). In an experiment where M. 

smithii and B. thetaiotaomicron were used to inoculate mice alone or together, co-colonization 

resulted in a 100- to 1,000-fold increase in the abundance of both organisms. This increased 

colonization indicated that the methanogen was more successful with a source of H2 and that the 

accumulation of H2 in the environment was inhibiting the growth of B. thetaiotaomicron. 

Because there is a great deal of competition for H2 in the gut between acetogens, sulfate-reducing 

bacteria, and methanogens, it seems likely that in a normal gut environment there is never a 

buildup of H2 to inhibit bacterial NADH dehydrogenases. 

 

Bacteriocins 

One bacterial competitive tactic is to produce bacteriocins that kill neighboring bacterial cells. 

This mechanism, however, does not always result in the expected outcome so that it remains 

competitive. For example, one might expect that, in a system where there is a bacteriocin 

producing bacterium and one susceptible to that bacteriocin, the producing strain would have a 

growth advantage. In a simple system this would likely be the case, but, as described previously, 

the gut microbiota is extremely complex. The complexity of this situation was demonstrated by 

introducing three E. coli strains that included an isolate that produced colicins (narrow-spectrum 

antibiotics produced by and active against E. coli), one that was susceptible to colicins, and 
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another that was resistant to colicins (Kirkup and Riley, 2004). The result of this experiment was 

a bacterial game of “rock-paper-scissors,” where each strain took its turn at being the dominant 

E. coli found in the mouse gut.  

 

Interacting Through the Host 

The host also plays an important role in the competition between bacteria. B. thetaiotamicron 

(gram-negative) stimulates host expression of genes responsible for antimicrobial activity 

targeting gram-positive bacteria, whereas Bifidobacterium longum (gram-positive) suppresses 

the expression of these same genes (Sonnenburg et al., 2006). Another interaction through the 

host immune system is indicated by a mechanism where the commensal microbiota protects the 

host from Enterococcus infection by inducing host expression of a c-type lectin that kills gram-

positive bacteria (Brandl et al., 2008).  

 

Model Systems 

There are two in vivo model systems that have been employed to study microbial interactions in 

the intestine. In the first system, a germ-free (or gnotobiotic) animal is used as a host for a 

defined bacterial population or community. An alternate approach is to remove individual 

components of the indigenous microbiota and to observe losses of function or changes in 

response microbial loss. A number of attempts have also been made to model the GI microbiota 

in vivo (Kovatcheva-Datchary et al., 2009), but this is challenged by the inability to accurately 

mimic the contributions of the host.  

 A recent study demonstrated the complexity of the relationships in the GI ecosystem by 

creating a model system made up of single representatives from each of the two main phyla 
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present in the human GI tract (Mahowald et al., 2009): Eubacterium rectale, a prominent 

member of Firmicutes, and B. thetaiotaomicron, a common and well-characterized organism of 

Bacteroidetes. These two bacteria were then introduced into germ-free mice alone (mono-

association) and together (di-association). Transcriptional profiling of both bacteria and the host 

revealed that these two bacteria changed their behavior depending on whether they are 

colonizing the host alone or with other bacteria. Host response to these bacteria was not simply 

additive and revealed that the interactions between bacteria resulted in amplified and modified 

microbial-host interactions (Willing and Finlay, 2009) (Fig. 5). Co-colonization with E. rectale 

caused B. thetaiotaomicron to increase the expression of glycan-degrading enzymes, presumably 

as a consequence of competition for dietary carbohydrate. As a result of the lack of nutrients, B. 

thetaiotaomicron also began sending signals to the host to produce glycans that it, but not E. 

rectale, could utilize. Based on genome analysis of B. thetaiotaomicron and other sequenced 

Bacteroidetes, these bacteria appear to have a surplus of glycan degrading enzymes compared to 

members of Firmicutes. The ability of B. thetaiotaomicron to utilize host-drived glycans in the 

face of competition by Firmicutes may therefore be a common adaptation used by Bacteroidetes 

to remain competitive. Although B. thetaiotaomicron increased its ability to degrade 

carbohydrate in the face of competition, E. rectale decreased expression of glycan-degrading 

enzymes and increased expression of a number of amino acid and peptide transporters. Results of 

this study also demonstrated that there were synergistic interactions between these two bacteria. 

Although E. rectale was able to produce butyrate from the metabolism of carbohydrates, this 

bacterium was able to produce much more butyrate when co-colonized with B. thetaiotaomicron. 

Moreover, butyrate was more efficiently produced in a situation where acetyl-CoA produced by 

B. thetaiotaomicron was utilized and converted to butyrate by E. rectale. As discussed 
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previously, butyrate regulates many host functions. Therefore, the increased production of 

butyrate resulted in greater host responses to colonization. Although this model gave some new 

insights into the complex ecology of the gut microbiota, it is yet unclear whether the interactions 

observed between E. rectale and B. thetaiotaomicron are representative of common interactions 

between Bacteroidetes and Firmicutes.  

 

CONCLUSION 

Although we are gaining increasing appreciation of the important role that the gut microbiota 

play in health and disease, we are also becoming aware of the complexity of the gut ecosystem. 

The advent of “omics” tools has enabled us to obtain vast amounts of data about species, genes, 

proteins, and metabolites in the gut. However, we are lagging behind in the development of 

bioinformatics and biostatistics tools that enable us to mine these enormous data sets and to 

perform correlations between them. It is currently a massive puzzle to determine which microbial 

species and/or processes are essential for normal gut function, for different disease states, and 

other physiological conditions, such as obesity. These puzzles are further confounded by the 

large variation in microbial species composition among individuals that makes generalizations 

difficult. The study of genetically matched twins and defined model systems are examples of 

approaches that have promise to help define diagnostic targets and disease biomarkers. 

Eventually, we will need to combine information gleaned from molecular approaches with 

detailed biochemical and physiological studies of the effects of specific microbes, proteins, and 

metabolites on health (e.g., in a gnotobiotic animal model) to fulfill the requirements of Koch’s 

postulates. Current evidence also suggests that these simple models will need to be modified to 

take into account interactions that occur between microbes and the host in the gut. The hope for 
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the future is that we will be able to design diet plans and drugs that optimize beneficial microbial 

functions in the gut and that these will result in health benefits to individuals.  
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<TN>TABLE 1<TT> Representation of classified bacterial phyla from 60 mammalian speciesa 

<T-1>Phylum % of classified sequences

<TB>Firmicutes 65.7 

Bacteroidetes 16.3 

Proteobacteria 8.8 

Actinobacteria 4.7 

Verrucomicrobia 2.2 

Fusobacteria 0.67 

Spirochaetes 0.46 

DSS1 0.35 

Fibrobacters 0.13 

TM7 0.13 

Cyanobacteria 0.1 

Planctomycetes 0.08 

Deferribacteres 0.05 

Lentisphaerae 0.04 

Chloroflexi 0.005 

SR1 0.005 

Deinococcus-Thermus 0.005 

<TFN>aAdapted from Ley et al., 2008. 
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FIGURE 1. Overview of “omics” approaches to study the gut microbiota. 

FIGURE 2. Functional redundancy of the gut microbiota suggested by large variations in 

community composition between individuals: (A) compared to community functions or (B) 

categories of gene function. Reprinted from Turnbaugh et al. (2009), with permission. 

FIGURE 3. Bacterial colonization of the GI tract. Bacterial numbers increase in abundance from 

proximal to distal regions. Bacteria reside in close proximity to the intestinal epithelium. A 

firmly adherent layer of mucous keeps bacteria at a safe distance so as to prevent continual 

mucosal stimulation and inflammation and a loosely adherent layer provides a habitat for 

abundant microbial colonization.  

FIGURE 4. Synergistic action of bacteria in degradation of carbohydrates. Different bacterial 

species work together in the metabolism of dietary carbohydrate, each contributing to the 

process.  

FIGURE 5. A representation of B. thetaiotaomicron and E. rectale colonizing the 

gastrointestinal tract of the mouse alone (A, B) or together (C). Interactions between bacteria 

result in changes in bacterial physiology and how they affect the host. Competition with E. 

rectale for nutrients causes B. thetaiotaomicron to stimulate the production of glycans from the 

host that it, but not E. rectale, can utilize. E. rectale utilizes acetylCoA produced by B. 

thetaiotaomicron resulting in an increased production of butyrate. The interactions between 

bacteria, including competition and synergistic interactions, result in an amplified host response. 

Adapted from Willing and Finlay (2009). 
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2008). This study revealed 5,600 operational 
taxonomic units (OTUs) at 99% identity from 
only 3 individuals. Furthermore, advances in 
pyrosequencing enable longer read lengths—
approximately 250 bp on the 454 GS-FLX 
platform and approximately 450 bp on the 
454 GS-Titanium platform. The Roche 454 
pyrosequencing technology is continuing to 
improve with longer read lengths, thus im-
proving taxonomic resolution. Other promis-
ing second generation sequencing approaches 
that have yet to be applied for detailed studies 
of the human gut include the  Illumina Solexa 
platform and the SOLiD platform by Applied 
Biosystems. Another recent fi ngerprinting ap-
proach to assess the gut microbial community 
composition uses a phylogenetic microarray. 
The Phylochip is a microarray that contains 
oligonucleotide probes designed based on all 
environmental sample sequences submitted 
to the RDP website. These sequences have 

different treatments (Dicksved et al., 2007). 
Although both  methods give insight into over-
all changes in the microbial population, their 
taxonomic resolution is relatively poor. 

 Clone libraries of PCR amplifi ed 16S 
rRNA genes have greater taxonomic reso-
lution;  however, they are limited by the se-
quencing costs, although some large studies 
have achieved as many as 10,000 to 20,000 
sequences  (Eckburg et al., 2005). The recently 
developed 454 pyrosequencing approach, us-
ing multiple sequence tags or barcodes, al-
lows for relatively deep sequencing of multiple 
samples in parallel at fairly high taxonomic 
resolution, although not at a level equal to that 
of full-length 16S rRNA sequencing (Sogin 
et al., 2006; Andersson et al., 2008). The 
power of this method was recently demon-
strated in a sequencing study of human fecal 
samples that resulted in 440,000 reads with an 
average read length of 59 bp  (Dethlefsen et al., 

 FIGURE 1 Overview of “omics” approaches to study the gut microbiota. 
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44 WILLING AND JANSSON

 The Archaea 
 Members of the Archaea, particularly metha-
nogens, have been found in the intestinal tract 
of many vertebrate species (Lin and Miller, 
1998). In humans, methanogens can represent 
as much as 10% of the anaerobic microorgan-
isms in the adult colon and are dominated 
by a single species,  Methanobrevibacter smithii  
 (Eckburg et al., 2005). The genome sequence 
of this microbe has revealed that it is specifi cally 
adapted to the human gut environment (Sam-
uel et al., 2007). Other minor representatives 
of Archaea in the gut include  Methanosphaera 
stadtmanae  and the  Crenarchaeotes  (Rieu-Lesme 
et al., 2005). These methanogens play a vital 
role in the gut by removal of H 2  via anaerobic 
metabolic processes. However, not all humans 
produce methane gas in their intestines but, 
rather, utilize other H 2  disposal routes, as dis-
cussed later (Walker, 2007). 

 The gut environment from other hosts—
including the horse, pig, cow, rat and 
goose—have been shown to contain Archaea 
in the genus  Methanobrevibacter  that have high 
 sequence similarity to the 16S rRNA gene 
from  M. smithii.  This suggests that methano-
gens inhabiting the gut environment share a 

 Core Microbiome 
 Given the great variability in gut microbiota 
between individuals, a question has been raised 
whether there is a “core microbiome,” or a 
set of microorganisms that is found in all in-
dividuals. One study of 17 subjects looking to 
defi ne the phylogenetic core found that there 
were no OTUs, defi ned at 2% dissimilarity, 
that could be found in all subjects sampled, sug-
gesting that the concept of a core microbiome 
is likely invalid (Tap et al., 2009). However, 
other sequencing studies suggest that a core 
microbiome exists at the gene level, including 
important components of various metabolic 
functions (Turnbaugh et al., 2009). However, 
a “functional core” can be potentially defi ned. 
Although the study by Turnbaugh et al. (2009) 
revealed substantial variation in the relative 
amounts of the key phyla— Firmicutes, Bacteroi-
detes, Actinobacteria, and Proteobacteria— there was 
very little variation in function, based on the 
categories of gene function, in the same samples 
analyzed (Fig. 2). These results suggest that, al-
though the composition of the gut microbiota 
is variable, there likely remains functional re-
dundancy in the community, which may be a 
protective mechanism to perturbation. 

 FIGURE 2 Functional redundancy of the gut microbiota suggested by large variations 
in community composition between individuals: (A) compared to community functions 
or (B) categories of gene function. Reprinted from Turnbaugh et al. (2009), with 
permission. 
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46 WILLING AND JANSSON

2008). Although potentially not in continuous 
direct contact with the intestinal epithelium, 
substantial bacterial populations live in close 
proximity in the mucin layer and likely have 
intermittent direct contact. The abundance of 
bacteria in close proximity to the intestinal ep-
ithelium has been demonstrated by measuring 
microbial populations present in homogenized 
whole tissues after the intestinal contents have 
been eradicated by washing (Frece et al., 2005). 
The discrepancy observed between attachment 
in vitro and in vivo may be a consequence of 
the static nature of in vitro cell lines and the 
fact that tissue cultures lack other important 
host factors that keep the intestinal microbiota 
at bay. Conversely, the recent observation that 

bacteria do not reside in the fi rmly bound 
mucous layer (Johansson et al., 2008). In con-
trast, the loosely bound mucosal layer contains 
abundant bacteria (Fig. 3). Attachment to the 
mucosa has been shown to be dependent on a 
variety of bacterial cell surface ligands (Sillan-
paa et al., 2000; Roos and Jonsson, 2002), as 
well as specifi c receptors such as sugar chains 
of glycolipids or glycoproteins produced by 
host cells. The fi rmly bound mucous layer is 
extremely important for animal health as evi-
denced by studies of mice lacking the  MUC2  
gene, the major mucin of the colon mucus. 
These mice have bacteria in direct contact with 
the epithelial layer that results in infl amma-
tion and cancer development (Johansson et al., 

 FIGURE 3 Bacterial colonization of the GI tract. Bacterial numbers increase in abundance 
from proximal to distal regions. Bacteria reside in close proximity to the intestinal epithelium. A 
fi rmly adherent layer of mucous keeps bacteria at a safe distance so as to prevent continual mucosal 
stimulation and infl ammation and a loosely adherent layer provides a habitat for abundant microbial 
colonization. 
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56 WILLING AND JANSSON

methanogen was more successful with a source 
of H 2  and that the accumulation of H 2  in the 
environment was inhibiting the growth of  B. 
thetaiotaomicron . Because there is a great deal 
of competition for H 2  in the gut between ac-
etogens, sulfate-reducing bacteria, and metha-
nogens, it seems likely that in a normal gut 
environment there is never a buildup of H 2  to 
inhibit bacterial NADH dehydrogenases. 

et al., 1996). Other known H 2 -utilizing organ-
isms found in the gut include homoacetogens 
and sulfate-reducing bacteria (Christl et al., 
1992; Strocchi et al., 1994). In an experiment 
where  M. smithii  and  B. thetaiotaomicron  were 
used to inoculate mice alone or together, co-
colonization resulted in a 100- to 1,000-fold 
increase in the abundance of both organisms. 
This increased colonization indicated that the 

 FIGURE 4 Synergistic action of bacteria in degradation of carbohydrates. Different 
bacterial species work together in the metabolism of dietary carbohydrate, each 
contributing to the process. 
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58 WILLING AND JANSSON

 B. thetaiotaomicron  was utilized and converted to 
butyrate by  E. rectale . As discussed previously, 
butyrate regulates many host functions. There-
fore, the increased production of butyrate re-
sulted in greater host responses to colonization. 
Although this model gave some new insights 
into the complex ecology of the gut micro-
biota, it is yet unclear whether the interactions 
observed between  E. rectale  and  B. thetaiotaomi-
cron  are representative of common interactions 
between  Bacteroidetes  and  Firmicutes . 

of glycan-degrading enzymes and increased 
expression of a number of amino acid and 
peptide transporters. Results of this study also 
demonstrated that there were synergistic inter-
actions between these two bacteria. Although 
 E.  rectale  was able to produce butyrate from the 
metabolism of carbohydrates, this bacterium 
was able to produce much more butyrate when 
co-colonized with  B. thetaiotaomicron . More-
over, butyrate was more effi ciently produced 
in a situation where acetyl-CoA  produced by 

 FIGURE 5 A representation of  B. thetaiotaomicron  and  E. rectale  colonizing the 
gastrointestinal tract of the mouse alone (A, B) or together (C). Interactions between 
bacteria result in changes in bacterial physiology and how they affect the host. Competition 
with  E. rectale  for nutrients causes  B. thetaiotaomicron  to stimulate the production of 
glycans from the host that it, but not  E. rectale,  can utilize.  E. rectale  utilizes acetylCoA 
produced by  B. thetaiotaomicron  resulting in an increased production of butyrate. The 
interactions between bacteria, including competition and synergistic interactions, result 
in an amplifi ed host response. Adapted from Willing and Finlay (2009). 
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