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Abstract

Immunodeficiencies can lead to alterations of the gut microbiome that render it pathogenic and 

capable of transmitting disease to naïve hosts. Here we review the role of Toll-like receptor (TLR) 

5, the innate receptor for bacterial flagellin, in immune responses to the normal gut microbiota 

with a focus its role on adaptive immunity. Loss of TLR5 has profound effects on the microbiota 

that include greater temporal instability of major lineages and upregulation of flagellar motility 

genes that may be linked to the reduced levels of anti-flagellin antibodies in the TLR5−/− host. A 

variety of human TLR5 gene alleles exist that also associated with inflammatory conditions and 

may do so via effects on the gut microbiome and altered host-microbial crosstalk.

Introduction

The gastrointestinal tract serves as one of the most dynamic interfaces between the host 

immune system and commensal, as well as pathogenic, microorganisms. Due to the vast 

diversity of the microbiota in the gut and of the potential presence of pathogens, the 

intestinal immune response must be capable of (i) maintaining a basal, appropriate level of 

antimicrobial activity without pronounced inflammation and, (ii) mounting a pro-

inflammatory response to invasive organisms when physical barriers are breached [1,2]. 

From recent studies we now know that genetic deletion of microbial sensors can lead to 

changes in cross-talk between the host and the microbiota [3–5]. Experiments in which gut 

microbiota of immunodeficient animals are transferred into germfree hosts have shown that 

alterations of gut microbial communities can be sufficient to cause disease in a new host [6–

8]. Since one of the defining characteristics of inflammatory diseases including Crohn’s 

disease and Ulcerative colitis is alteration of the microbiome [9–15], targeting gut 

microbiotas is an attractive strategy to ameliorate such microbially-mediated disease 
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phenotypes [16]. Understanding how immunity shapes the composition and behavior of gut 

microbes remains an important task if treatments targeting the microbiota are to be 

developed.

Innate immune detection of microbes occurs rapidly through specific receptors that 

recognize conserved molecular structures found on or within the microbe [17]. These pattern 

recognition receptors include two key families the gut: transmembrane Toll-like receptors 

(TLRs), and cytosolic nucleotide-binding and oligomerization domain (NOD)-like receptors 

(NLRs). TLR expression has been primarily associated with innate immune cells; however, 

non-immune cells such as intestinal epithelial cells express TLRs and are equipped to 

respond to TLR engagement through the production of antimicrobial peptides and cytokines 

[18,19]. Disruptions in NLR and TLR expression have been associated with alterations in 

the microbiota composition and intestinal dysbiosis [5,6,20,21]. These studies suggest a 

critical and highly responsive interplay between the host and the microbiota.

This mini-review focuses on TLR5, the innate immune receptor for flagellin, the principal 

protein component of bacterial flagella. TLR5 response to flagellin appears to promote both 

innate and adaptive immune functions and to interact with bacteria in ways that may be 

fundamental to gut homeostasis and health. TLR5-deficient mice can exhibit either chronic 

intestinal inflammation, or an obese, metabolic syndrome profile, although there is some 

variability in penetrance of these phenotypes between colonies [6,20,22,23]. The phenotypic 

variability may relate to differences in mouse microbiomes between facilities, and may 

result from dysregulated host-microbial interactions. When a phenotype is apparent, mice 

deficient in TLR5 are prone to developing two forms of inflammation, namely colitis and 

metabolic syndrome [6,20]. Inflammation in the TLR5-deficeint host is associated with 

alterations in gut microbial community composition in conventionally-raised animals, yet is 

completely eliminated in the germfree state [3]. Transplantation of the gut microbiome of a 

TLR5-deficient host to wildtype (WT) germfree host is sufficient to transfer metabolic 

syndrome to the new host [6].

These observations have raised several questions: How is immune homeostasis impacted by 

loss of TLR5 signaling? What aspects of the TLR5-deficient microbiome are altered and 

which are required to transfer the phenotype? How does allelic variation in TLR5 genes in 

humans relate to microbially mediated host phenotypes? Here, we review recent research on 

the interactions between TLR5, adaptive immunity and the microbiota, and we discuss how 

variation in the TLR5 gene may alter these interactions to impact host inflammatory 

phenotypes in humans.

Location and function of TLR5

TLR5 is a receptor for bacterial flagellin [24], and is structurally composed of leucine rich 

repeats in the ectodomain, a transmembrane domain, and a Toll/IL-1 Receptor-like domain 

in the cytoplasmic tail that transmits a signal to the cell [25,26]. Part of the TLR5 

ectodomain (amino acids 386–407) directly associates with recombinant flagellin [27]. The 

region of the flagellin molecule that is recognized by TLR5 is a 13 amino acid residue that 

likely participates in flagellin multimerization, and thus is not accessible for TLR5 
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recognition in the polymerized form [28]. However, flagellated bacteria, such as Salmonella 

typhimurium, shed monomeric flagellin upon infection of epithelial cells providing a 

potential source of monomeric TLR5 ligand in the intestine [29]. Similar to other TLRs [30–

33], restricted localization of TLR5 may be a mechanism to regulate cellular response 

through TLR5 and thus prevent continuous inflammatory response to bacterial flagellin in 

the gut [19]. Parenteral injection of flagellin in vivo induces a variety of immune outcomes 

including proinflammatory, Th2, IL-17/IL-22, and Treg cell activation [34–36]. In addition 

to this complex innate immune-activating capacity, flagellin is also a protein that elicits a 

flagellin-specific adaptive immune response.

The role of TLR5 in anti-flagellin antibody production

Since flagellin has both antigen and adjuvant activity, it has the capacity to drive anti-

flagellin responses (Figure 1). Dendritic cells receive an innate immune signal from flagellin 

through TLR5, and present flagellin peptides in MHC II to activate naïve flagellin-specific T 

cells [37] (Figure 1A). The activated T cells will proliferate and assist B cells in producing 

antibodies (Figure 1B). These B cells are likely stimulated in Peyer’s patches, in a T-

dependent manner, prior to trafficking to the lamina propria where they are fully 

differentiated, class-switched, plasma cells [38]. In this dendritic cell- and T cell-dependent 

scenario, B cells must also endocytose and present flagellin to receive T cell help, but there 

is no requirement for the B cell to express and respond via TLR5 since the dendritic cell 

received it and activated T cells. However, B cells could also endocytose and present 

flagellin in MHC II directly to T cells, and receive innate signaling from flagellin through 

TLR5 licensing them to activate naïve T cells (Figure 1C). The T cells will then in turn 

provide help to the B cells to make antibodies. However, other TLRs could provide the 

innate signal to B cells, and again, there is no specific requirement for the B cell to express 

TLR5 [39,40]. Both of these T cell-dependent mechanisms likely account for the majority of 

flagellin-specific IgA found in the gut.

A third mechanism to induce flagellin specific antibodies does not require dendritic cells or 

T cells. Shed, monomeric, flagellin could engage both the B cell receptor and TLR5 on the 

same B cell and elicit antigen-specific antibody production without the need for T cell help. 

This is known to occur for anti-RNA and anti-DNA antibodies through engagement of 

TLR7 and TLR9 [41] (Figure 1D). In this scenario, TLR5 must be expressed and respond to 

flagellin on the B cell. However, expression of TLR5 on B cells is controversial [42,43], and 

a role for dendritic cells in flagellin-specific antibody production has been proposed [44]. 

Therefore, it remains unknown whether flagellin-specific antibodies could be generated in 

the gut without the need for T cells. Regardless of how flagellin-specific antibody producing 

B cells are generated, these cells will home to the lamina propria and produce secretory IgA, 

which will be translocated to the lumen where it can bind to bacteria [37,45], and in the case 

of flagellin specific antibody production can lead to bacterial immobilization [46].

Loss of TLR5 is associated with impaired anti-flagellin antibody production

TLR5 deficient mice, and humans with a 75% reduction in TLR5 expression, exhibit 

reduced levels of naturally acquired systemic anti-flagellin antibodies [47]. These data 
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suggest that there is a requirement for TLR5 expression on an antigen presenting cell, likely 

B cells, or dendritic cells. In support of this, B cell deficient (μMT) mice reconstituted with 

MyD88 deficient B cells, and thus lacking TLR signaling, were unable to generate flagellin 

specific IgM and IgG1, and had much reduced levels of IgG3 [48], suggesting that there is a 

requirement TLR response, possibly TLR5, in the B cell. Systemically, the requirement for 

TLR5 in anti-flagellin antibody production can be overcome upon injection of a bolus of 

purified flagellin because the flagellin-responsive inflammasome can compensate for 

absence of TLR5 [49]. It remains possible that a similar alternative flagellin response 

pathway occurs in B cells.

TLR5-deficient mice also had reduced levels of cecal and fecal anti-flagellin IgA and IgG 

despite higher overall levels of antibodies [46]. In support of the notion that loss of TLR5 

signaling is related to the altered antibody repertoire rather than inflammation, reduced 

levels of flagellin-specific antibodies were also observed in MyD88-deficient mice but not 

in mice with chemically-induced inflammation [46]. Since the intestines of TLR5 and 

MyD88-deficient mice contain many bacteria and bacterial components such as LPS, it is 

unlikely that additional flagellin, or flagellin mixed with a TLR-stimulating adjuvant would 

increase the levels of anti-flagellin antibodies in these mice. Thus, these observations 

suggest that the adjuvant activity of flagellin is dispensable for systemic immune responses, 

but that TLR5 is critical for an appropriate antibody response against flagellin in the gut.

TLR5-deficiency can alter the nature of the microbiome

In an initial study of mouse microbiome diversity in TLR5 deficient mice, we observed a 

shift in the overall bacterial diversity present in gut [6]. In contrast, using the same method 

of analysis (UniFrac analysis of 16S rRNA gene sequence diversity), Ubeda and colleagues 

did not observe difference in composition between TLR-deficient and WT littermates and 

suggested that previously observed differences in microbiota composition were due to 

separate housing histories of the two genotypes [23]. While maternal and housing history 

can drive differences in certain aspects of microbial diversity, these factors are unlikely to 

underlie other aberrant microbiome phenotypes that have emerged with subsequent analyses 

of the TLR5-deficient mouse microbiome and that are potentially relevant inflammation.

Diversity described using 16S rRNA gene sequences derived at a single time point provides 

one snapshot of the microbiome that can be highly informative but is far from a complete 

view. To expand our understanding of the TLR5-deficient associated microbiome, we 

performed (i) time-series analysis of diversity profiles, (ii) metagenomics to characterize the 

functional gene repertoire of the microbiome, and (iii) metatranscriptomics, which provided 

a view of the gene expression of the microbiota. These analyses have revealed that loss of 

TLR5 leads to greater beta-diversity (i.e., greater between-mouse differences), reduced 

alpha-diversity (i.e., species richness), greater volatility over time, and dramatically altered 

patterns of gene expression by functionally equivalent microbiomes (patterns observed in 

data papers are summarized in cartoon form in Figure 2). Based on these observations, it is 

increasingly clear that lineage content, commonly referred to as “microbiome diversity”, 

sampled at one point in time is not the most dramatic manifestation of the TLR5-deficient 

effect on the microbiome, but that temporal dynamics of microbiome population and gene 
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expression are greatly disrupted. The aspects of the microbiome that are most impacted by 

loss of TLR5 signaling, and that could contribute to development of disease, include greater 

bacterial motility, greater production of inflammatory molecules such as flagellin and LPS, 

and possibly also temporal instability. These are discussed in more detail below.

TLR5-deficiency destabilizes the microbiome

An important aspect of microbial ecology that is disrupted in the TLR5-deficient host is the 

temporal stability of relative abundances of taxa making up the microbiome. In both TLR5-

deficient phenotypes (severe inflammation (colitic) and low-grade inflammation associated 

with metabolic syndrome), when the microbiota are sampled over time (days/weeks), a 

distinctive pattern of instability emerges that is not apparent from single snapshots (Figure 

2C) [3,50]. The fluctuations of the relative abundances of the major phyla in the TLR5-

deficient microbiome contrast to relative stable levels in WT hosts. Stability is an important 

aspect of a healthy microbiome as it confers resilience to stress [51,52]. The high volatility 

of the TLR5-deficient microbiota may, therefore, reduce its resilience and renders the host 

more susceptible to disturbances that can trigger inflammation.

Another potentially critical aspect the TLR5-deficient gut microbiome is that it exhibits 

sporadic bursts of abnormally high levels of Proteobacteria [3]. High levels of 

Proteobacteria are very often associated with inflammation [53–56]. TLR5-deficient mice 

are unable to effectively clear adherent-invasive E. coli species associated with ileal Crohn’s 

disease in human [57,58], indicating that TLR5 is essential for the control of this potentially 

harmful bacterium. When naturally IgA coated bacterial populations from TLR5-deficient 

mice were enriched by anti-IgA and FACS sorting, and examined by RNAseq, far fewer 

Proteobacteria were in the IgA-positive fraction compared to the IgA-negative fraction [46]. 

This was the opposite from WT mice where there were more Proteobacteria in the IgA 

negative fraction. The reduced representation of the Proteobacteria in the IgA-coated 

fraction of the TLR5-deficient microbiota indicates that these bacteria generally evade 

antibody coating in the TLR5-deficeint, but not the WT, gut. Evasion of IgA-coating by 

Protebacteria may relate to the reduced levels of anti-flagellin antibodies observed in the gut 

of the TLR5-deficient host, and to the transient bursts in the relative levels of these bacteria.

TLR5-deficiency is associated with upregulation of flagellin genes and 

higher flagellin protein in the gut

Shotgun metagenomic analysis, in which the genes encoded by the aggregate of microbial 

genomes in the microbiome are randomly sampled, revealed that there is little overall 

difference in the functional gene content of the microbiome between WT and TLR5-

deficient mice [46](Figure 2). In contrast the gene expression profiles of these functionally 

similar microbiomes were dramatically different (Figure 2E). Most intriguingly, flagellated 

bacteria upregulated flagellin expression more in TLR5-deficient, compared to WT, mice 

and as a result, levels of flagellin capable of eliciting a TLR5 response were also greater in 

the TLR5-deficient gut [46]. Higher levels of flagellin were present in mice raised in four 

different facilities, suggesting that this aspect of the microbiome is robust to differences in 

microbiome composition that can exist between facilities [46]. Mapping flagellin gene 
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transcripts back to reference genomes showed that multiple phyla exhibited this behavior, 

primarily Firmicutes and Proteobacteria (note that gut-dwelling Bacteroidetes do not encode 

flagella; [46]). Taken together, these results suggested that loss of TLR5 function renders the 

normal gut microbiome (i) prone to transient overgrowth of Proteobacteria, (ii) far more 

motile than normal, and (iii) a source of a high load of the pro-inflammatory protein 

flagellin in the gut.

Gut bacteria downregulate flagellin gene expression in response to anti-

flagellin IgA

Studies in pure culture (using E. coli and Salmonella) have previously shown that anti-

flagella antibodies can inhibit motility [59,60]. Similarly, we showed that E. coli 

downregulates flagellin gene expression in the presence of anti-flagellin antibodies but not 

anti-LPS antibodies [46]. Furthermore, anti-flagellin antibodies severely inhibited the 

motility of the gut commensal Firmicute Roseburia hominisI [61], and the motility of 

bacteria directly obtained from the small intestines of the TLR5-deficient mice [46]. 

Because the flagellin peptide sequence that stimulates TLR5 signaling is widely conserved 

across bacterial taxa, antibodies raised against this target of the peptide may also in principle 

be cross-reactive across bacterial species. As such, anti-flagellin antibodies may act as a 

signal to downregulate the flagellin gene expression of a wide range of bacterial species, or 

at a minimum to inhibit their motility.

Bacteria that have a capacity to produce flagella do so under specific environmental 

conditions related to substrate availability [62], competition [61], and the immune milieu 

[46,63]. It appears to be a general phenomenon that bacteria sense specific antibodies and 

respond by altering gene expression of the epitope [64,65]. This may explain why despite a 

broad capacity to produce flagella, levels of flagellin, when measured by shotgun 

proteomics, are low in the feces of healthy humans [66]. Increased motility associated with 

enhanced flagellin expression may contribute to the disease phenotypes, colitis and 

metabolic syndrome, observed in the absence of TLR5.

Bacterial flagellins differ in their ability to stimulate TLR5

In keeping with innate immune receptors recognizing conserved features among pathogens, 

TLR5 recognizes a highly conserved region of flagellin. However, all flagellins are not 

equally able to induce inflammatory responses via TLR5. For example, the stomach-

dwelling Helicobacter pylori produces a flagellin that is 1000 fold less potent than 

Salmonella typhimurium flagellin in its ability to stimulate TLR5 [67]. Several groups have 

identified amino acid residues that are required for TLR5 stimulation and multiple sequence 

alignments of flagellin genes obtained from different species of gut bacteria can be used to 

identify those predicted to stimulate TLR5 [27,28,68]. Structural studies have definitively 

mapped the interaction domains on TLR5 and flagellin [26]. Interestingly, a single species 

of gut commensal bacterium can encode in its genome different genes that result in 

flagellins with differing abilities to activate TLR5 (e.g., Roseburia hominis) [61,62]. How 

and when such species would transcribe these different flagellin genes remains enigmatic, 

but their co-existence in the genome suggests that they have specific biological functions 
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and that deliberate detection or evasion by TLR5 is an important component of those 

functions. Since flagellin is also detected by the cytosolic receptor NLRC4/IPAF, there is 

also the potential for modulation of flagellin expression in different locations to avoid 

detection by different receptors [49].

Allelelic Variation in TLR5 genes

TLR5 shows evidence of positive selection in primates, indicating it may experience some 

of the same evolutionary pressures previously described for adaptive immunity genes [69]. 

Several studies have identified single nucleotide polymorphisms in the gene for TLR5 that 

may be associated with disease and/or an inability to recognize its ligand (Table 1). Of 

particular interest is a mutation in TLR5 with a relatively high minor allele frequency, which 

results in a stop codon at amino acid 392 and produces a truncated form of the protein 

(TLR5392STOP) [70]. PMBCs harvested from individuals heterozygous for TLR5392STOP 

exhibited a significant reduction in IL-1, IL-6, and TNF- production in response to flagellin 

[70]. This suggests that expression of the truncated form of TLR5 acts in a dominant fashion 

to suppress signaling response through the functional allele, which is consistent with TLR5 

signaling as a homodimer. Additionally, we have shown a reduction in anti-flagellin serum 

IgA and IgG in individuals heterozygous for the same mutation [47], which is also 

consistent with recent reports characterizing serum immunoglobulin profiles in TLR5-

deficient mice [40]. Recently, Al-Dagrhi et al. reported that the TLR5WT/TLR5392STOP 

genotype was protective for obesity but predisposed women to Type 2 Diabetes in an Arabic 

population [71], a finding that is remarkably consistent with the metabolic syndrome 

phenotype observed in TLR5-deficient mice. Whether humans with this allele harbor more 

flagellated microbiota remains to be determined.

In addition to truncation mutants, functional TLR5 variants are associated with disease 

outcomes. For example, in colorectal cancer, the TLR5 variant TLR5F616L was associated 

with improved survival, but poor prognosis was associated with TLR5N592S [72]. The early 

truncation mutant and these two SNP variants lie in section of the gene encoding the 

ectodomain region near leucine rich repeat 22 and the C-terminal cap, but not in the region 

for flagellin binding or either of the receptor dimerization interfaces [26]. The truncation 

mutant likely functions by retaining ligand binding ability and dimerization ability, thereby 

interfering with productive TLR5 signaling dimers. Results from truncation and allelic 

variants are partially consistent with the TLR5-deficient mouse phenotypes, but future work 

will be required to determine the impact of mutants such as TLR5392STOP on the 

composition and gene expression profiles of the gut microbes, and how these alterations in 

gut microbes contribute to disease.

Conclusion

TLR5 is integral to mucosal barrier protection and its role extends, via its effect on adaptive 

immunity, to regulation of the behavior and composition of the gut microbes. Loss of TLR5 

leads to inflammation that if contained can manifest as metabolic syndrome, but can 

progress to colitis and disease. On the host side, TLR5 genes are under positive selection, 

which indicates that they are a rapidly evolving component of host-microbial interactions; 

Leifer et al. Page 7

Immunol Lett. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



on the microbial side, bacteria have evolved mechanisms to modulate stimulation of TLR5 

though variation in flagellin peptide sequence and levels of gene expression. Variation in 

human alleles for TLR5 is associated with disease susceptibility, suggesting that this 

variation could impact host-microbial interactions that are important to health. A number of 

questions remain to be answered before we have a full understanding of how TLR5, the 

microbiome, and disease state interact. How does loss of TLR5 signaling lead to reduced 

anti-flagellin antibody levels? Why is the phenotype of TLR5 deficient animals variable, and 

can it be predicted from environmental and microbiome factors? What benefit does the 

TLR5WT/TLR5392STOP genotype confer? Dissecting how variation in flagellins interacts 

with TLR5 variants and how these interactions modulate host phenotype will yield greater 

insights into the human-microbiome co-evolution and disease risk in persons carrying the 

different TLR5 alleles.
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Highlights

The innate receptor TLR5 recognizes flagellin

TLR5 has a role in antibody production against flagellin

Loss of TLR5 results in greater flagellin gene expression by the microbiome

Allelic variation in humans is consistent with a microbial effect on phenotype
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Figure 1. Possible mechanisms for the production of anti-flagellin antibodies
A: Dendritic cells (DCs) present flagellin to T cells via MHCII. DCs in the lamina propria 

express TLR5, but whether this is necessary for antigen presentation is uncertain. (B) 

Flagellin-specific B cells endocytose flagellin and present it to flagellin-specific T cells that 

have received activation signals from a DC (A). The T cell provides the necessary cytokine 

and costimulation for B cells to produce flagellin-specific antibody. B cells express TLR5 in 

the lamina propria, but whether stimulation of TLR5 by flagellin is necessary for a normal 

anti-flagellin antibody response is uncertain. (C) B cells can directly present flagellin in 

MHCII to flagellin-specific T cells after endocytosing flagellin and receiving stimulation 

through TLR5. In this scenario, there is no requirement for DCs since the T cells can 

directly provide costimulation and cytokines to the B cells. In (D), flagellin-specific B cells 

can engage repeating units of flagellin through the B cell receptor and TLR5, which together 

provide all the stimulation that is needed for the B cell to produce anti-flagellin antibodies. 

This would occur independently of T cells. Whether this T-independent mechanism can 

result in production of anti-flagellin antibody is not known.
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Figure 2. TLR5 deficiency alters the gut microbiome in multiple ways
Cartoon summary of alterations to the microbiome observed in TLR5-deficient mice 

(TLR5−/−) compared to wild type (WT), based on real data observations. Panels A–C refer 

to hypothetical 16S rRNA gene sequence survey data. (A) Beta-diversity (between-sample) 

patterns for WT and TLR5−/− gut microbiomes in a hypothetical principal coordinates 

analysis of unweighted UniFrac distances calculated for a set of TLR5−/− and WT mouse gut 

microbiomes. Each symbols refers to a hypothetical microbiome characterized by 

sequencing thousands of 16S rRNA genes. When symbols cluster closely, the microbiomes 

for those samples are more similar. The pattern shown here is one of greater beta-diversity 

for TLR5−/− mice compared to WT. Note that for certain individual TLR5−/− mice, their 
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microbiome composition may be quite similar to WT, but overall the TLR5−/− are more 

different from one another than are the WT to one another. (B) Hypothetical alpha-diversity 

patterns (within-sample diversity) showing lower overall taxonomic richness for TLR5−/− 

versus WT microbiomes. As sequencing effort increases, the number of new taxa discovered 

is lowest for the TLR5−/− microbiome, indicating reduced species richness compared to the 

WT microbiome. (C) Hypothetical data showing greater volatility of proteobacterial 

populations over time in the TLR5−/− host. Plotted are relative abundances of sequences 

classified as Proteobacteria over 7 weeks. Levels in the TLR5−/− host are more variable over 

time. (D) Hypothetical data showing inverse patterns of anti-flagellin antibody levels in the 

gut versus protein flagellin for TLR5−/− and WT hosts. (E) Hypothetical metagenomes and 

metatranscriptomes for three TLR5−/− and three WT microbiomes. Metagenomes consist of 

randomly sampled genes from the composite genomes of the microbes in the microbiome; 

metatranscriptomes consist of randomly sampled gene transcripts (expressed genes) in the 

microbiome. Six gene categories are shown for both the metagenomes and the 

metatranscriptomes, and the relative levels of functional genes or their expression across the 

six microbiomes are shown using a color scale, where red indicates greater capacity 

(metagenomes) or greater upregulation (metatranscritpomes). The expression of flagellar 

motility genes is far greater in the TLR5−/− compared to the WT mouse, despite equivalent 

coding capacity (similar levels of these genes in the metagenome). The gene expression 

levels of the functional genes can be used to differentiate the host genotype of the six mice 

(as indicated by clustering in the right dendrogram) but the metagenome, which represents 

the functional gene capacity of the microbiomes, cannot distinguish the genotypes (left 

dendrogram).
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