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SUMMARY

Gut mucosal barrier breakdown and inflammation
have been associated with high levels of flagellin,
the principal bacterial flagellar protein. Although
several gut commensals can produce flagella,
flagellin levels are low in the healthy gut, suggesting
the existence of control mechanisms. We find that
mice lacking the flagellin receptor Toll-like receptor
5 (TLR5) exhibit a profound loss of flagellin-specific
immunoglobulins (Igs) despite higher total Ig levels
in the gut. Ribotyping of IgA-coated cecal microbiota
showed Proteobacteria evading antibody coating in
the TLR5�/� gut. A diversity of microbiomemembers
overexpressed flagellar genes in the TLR5�/� host.
Proteobacteria and Firmicutes penetrated small
intestinal villi, and flagellated bacteria breached
the colonic mucosal barrier. In vitro, flagellin-specific
Ig inhibited bacterial motility and downregulated
flagellar gene expression. Thus, innate-immunity-
directed development of flagellin-specific adaptive
immune responses can modulate the microbiome’s
production of flagella in a three-way interaction that
helps to maintain mucosal barrier integrity and
homeostasis.

INTRODUCTION

The human gut contains 10–100 trillion bacterial cells, which in

the healthy state reside in the lumen and on the outside of the

mucosal barrier separating host cells from gut contents. The

breaching of this barrier by microbial cells can lead to inflamma-

tion and tissue damage. The adult human is estimated to secrete

3–6 g of immunoglobulin A (IgA) into the gut daily (Delacroix et al.,

1982), and this IgA coats a large fraction of the resident microbes

(van der Waaij et al., 1996), thereby staving off damaging inflam-

matory responses (Salim and Söderholm, 2011; Turner, 2009).
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IgA’s role in barrier defense is generally assumed to be immune

exclusion, in which the IgA binds microbial surface antigens and

promotes the agglutination of microbial cells and their entrap-

ment in mucus and physical clearance (Hooper and Macpher-

son, 2010; Mantis et al., 2011). In this view, bacteria are largely

passive objects that are trapped; however, their ability to alter

surface antigen presentation raises the possibility that they

may actively participate in antibody binding and barrier defense.

A few bacteria have been shown tomodulate the degree of IgA

binding by halting production of the inducing antigen (Lönner-

mark et al., 2012; Mantis et al., 2011). Although most studies

have been conducted with pathogens, a behavioral response

to IgA coating has also been observed in a commensal gut

bacterium. Bacteroides thetaiotaomicron was monoassociated

to germfree RAG1�/� mice producing a single antibody raised

against one of the bacterium’s capsular polysaccharides; its

response to this antibody milieu was to downregulate the

epitope’s expression (Peterson et al., 2007). If a wide diversity

of microbiota responds to IgA binding by altering the gene

expression of surface epitopes, this collective behavior could

have a significant role in how IgA interacts with bacteria in host

barrier defense.

Mucosal barrier breakdown and inflammation in the gut have

been associated with high levels of flagellin, the principal protein

comprising bacterial flagella (McCole and Barrett, 2003;

Sanders, 2005). A wide diversity of gut commensals, including

members of the phyla Firmicutes and Proteobacteria, though

not Bacteroidetes, have the capacity to produce flagella (Lozu-

pone et al., 2012). As these are the dominant phyla in the human

gut, motility-related genes are readily recovered in healthy gut

metagenomes (Kurokawa et al., 2007; Turnbaugh et al., 2006).

But despite the gut microbiome’s genomically encoded capac-

ity to produce flagella, levels of flagellin protein are low in the

healthy gut (Verberkmoes et al., 2009), suggesting that some

control occurs to render commensal gut bacteria generally

nonmotile.

Here, we investigate the relationships between innate and

adaptive immunity and the production of flagella by complex mi-

crobiota aswell as the importance of this three-way interaction in

host barrier defense. We used mice deficient in Toll-like receptor
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Figure 1. Gut Flagellin Load Is Inversely Proportional to Anti-

Flagellin IgA Levels

(A–C) We analyzed total IgA levels (A), anti-flagellin IgA levels (anti-flagellin IgG

equivalents) (B), and flagellin (Salmonella Typhimurium flagellin equivalents)

load (C) for WT, TLR5�/�, MyD88�/�, and DSS-treated WT B57BL/6 mice.

(D) Flagellin amounts for conventionally raised RAG1�/�mice (Con-R), andWT

and RAG1�/� mice monocolonized with SFB (+SFB). The y axis label for (C)

also applies to (D). Columns represent means ± SEM. n = 8 mice per group;

lowercase letters next to the bars indicate significance; bars with different

letters indicate significantly different means at p < 0.05 using a two-tailed t test

corrected for multiple comparisons. Related to Figure S1.
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5 (TLR5) to determine the impact of anti-flagellin antibodies upon

the composition, gene expression, and localization of the micro-

biota. Although traditionally thought a component of the innate

system, TLR5 acts as both a specific sensor in the innate im-

mune system and as its own adjuvant (Letran et al., 2011).

Loss of innate immune recognition of flagellin is specifically

associated with reduced levels of anti-flagelllin antibodies (Ge-

wirtz et al., 2006; Sanders et al., 2006). Thus, the TLR5�/�mouse

model is useful for asking how deficiency in a specific suite of

antibodies (i.e., against flagellin) impacts themicrobiota and bar-

rier defense. Our results indicate that anti-flagellin antibodies

induce the downregulation of flagellar motility genes by a wide

variety of gut bacteria. In the absence of these specific anti-

bodies, the host fails to contain the microbiota, which breach

the mucosal barrier.

RESULTS

Reduced Levels of Anti-Flagellin Antibodies in
TLR5–/– Gut
We measured antibody levels in cecum and stool by ELISA. As

expected, TLR5�/� mice exhibited lower levels of anti-flagellin

IgA in their ceca and fecal pellets compared to wild-type (WT)

mice, despite a higher level of total IgA constant over time (Fig-

ures 1A and 1B, see Figure S1 for IgG patterns). To assess if

the impaired production of anti-flagellin antibodies was related
572 Cell Host & Microbe 14, 571–581, November 13, 2013 ª2013 Els
to loss of TLR5 signaling or to inflammation, which has been

reported for TLR5�/� intestines (Vijay-Kumar et al., 2010), we

also measured total and anti-flagellin IgA and IgG in MyD88�/�

mice that have impaired, but not completely eliminated, TLR5

signaling (i.e., partial via TIR-domain-containing adapter-

inducing interferon-b [TRIF]; Choi et al., 2010) as well as WT

mice with intact TLR5 signaling but treated with dextran sulfate

sodium (DSS) to induce an inflamed state. Levels of anti-flagellin

IgA and IgG levels were intermediate in MyD88�/� mice (Figures

1B and S1). In contrast, DSS-treated WT mice displayed WT

levels of anti-flagellin antibodies (Figure 1B). These results are

consistent with loss of TLR5 signaling leading to reduced anti-

flagellin IgA production irrespective of inflammation.

High Levels of Flagellin in the TLR5–/– Gut
We assessed levels of bioactive flagellin in the ceca and stool of

mice using a TLR5 reporter cell assay standardized to flagellin

from the proteobacterium Salmonella Typhimurium. Flagellin

bioactivity was significantly higher in the ceca of TLR5�/� mice

compared to WT mice (Figures 1C and S1A). For both WT and

TLR5�/� mice, cecal and fecal levels were equivalent and fairly

constant over time, as were the corresponding anti-flagellin anti-

body levels (Figures S1D and S1E). We observed that flagellin

bioactivity levels were high in ceca of TLR5�/� mice housed

at four different institutions (Figure S1F). The ratio of bioac-

tive flagellin in TLR5�/� to WT mice was equivalent whether or

not samples were boiled, indicating that interference by immu-

noglobulins or other proteins were not the cause of low

flagellin levels in the WT mice (see Supplemental Experimental

Procedures).

Elevated levels of flagellin bioactivity were also present in

MyD88�/� mice, but not in DSS-treated WT mice (Figure 1C),

suggesting an association with impaired TLR5 signaling, but

not inflammation alone. To ensure that the elevated levels of

flagellin bioactivity in the TLR5�/� gut were related to a loss of

antibodies rather than another consequence of impaired TLR5

signaling, we alsomeasured flagellin bioactivity in conventionally

raised RAG1�/� mice, which are broadly deficient in all aspects

of adaptive immunity due to inability to rearrange Ig genes. As

predicted from the lack of antibodies in the gut, conventionally

raised RAG1�/� mice also exhibited high levels of flagellin in

the gut (Figure 1D). RAG1�/� and MyD88�/� mice have been re-

ported to harbor an expanded population of segmented filamen-

tous bacteria (SFB) when these are present in the microbiome

(Larsson et al., 2012; Suzuki et al., 2004), and SFB are reported

to genomically encode flagella (Prakash et al., 2011). However,

the cecal contents derived from RAG1�/� mice monocolonized

with SFBs did not stimulate TLR5 signaling (Figure 1D).

A Wide Diversity of Commensal Microbes Express
Flagella-Related Genes in the TLR5–/– Gut
Using a combined shotgun metatranscriptomics and metage-

nomics approach, we identified a diversity of bacterial species

that upregulated flagella-related gene expression in the TLR5�/�

cecum.We designed custom probes to selectively remove rRNA

from total cecal RNA (average percentage of nonribosomal RNA

was 53.6% ± 6.3%) prior to cDNA synthesis and Illumina

sequencing (Stewart et al., 2010), and we shotgun sequenced

the cDNA as well as bulk community DNA obtained from the
evier Inc.



Figure 2. Flagella Motility Genes Are Upre-

gulated in the TLR5–/– Microbiome Despite

Similar Encoding Capacity

Metatranscriptome and metgenome analyses for

TLR5�/� and WT cecal microbiomes. Left panel,

metatranscriptomes: cDNAs assigned to the 18

most significant COG categories were normalized

and hierarchically clustered. Functional cate-

gories are indicated to the left of the panels;

flagella-associated gene functions are highlighted

in red. Dendrogram (bottom) depicts the un-

centered correlation similarity metric. Correlation

coefficients are represented by color ranging from

blue (�53 depletion) to yellow (53 enrichment).

Right panel, metagenomes: metagenomic reads

from the same 18 COG categories were identi-

cally processed, with the exception that correla-

tion coefficients are an order of magnitude

less (�0.53–0.53). Related to Figure S2 and

Table S1.
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cecum (Table S1). Unsupervised hierarchical clustering of

samples based on the enrichment or depletion of conserved

orthologous groups (COGs) of genes segregated the metatran-

scriptomes, but not the metagenomes, by host genotype (Fig-

ure 2). A similar clustering of genotypes based on the taxonomic

assignments of the sequence reads also failed to differentiate

the genotypes (Figure S2). These results indicate that the spe-

cies composition and the functional capacities of the micro-

biomes were similar between TLR5�/� and WT, but the gene

expression patterns differed substantially (Figure 2). Three of

the six COGs upregulated in TLR5�/� microbiomes were motility

related. Taxonomic assignments of the gene transcripts indi-

cated that the majority of the sequence reads mapping to

flagella-related genes in the TLR5�/� microbiome belonged to

commensal members of the Firmicutes phylum (Figure 3). These

included commensal genera such as Roseburia, Eubacterium,

andClostridium. In addition, a subset of the flagella-related tran-

scripts mapped to Proteobacteria (e.g., Desulfovibrio spp.; Fig-

ure 3). In addition to an enrichment in flagellar motility in TLR5�/�

mice, COG analysis in the TLR5�/�metatranscriptome indicated

a depletion in carbohydrate metabolism (Figure 2).

Flagella of Gut Commensal Bacteria Can Stimulate TLR5
Flagellin produced by different bacterial species can differ

substantially in structure and ability to stimulate TLR5 (Ander-

sen-Nissen et al., 2005; Smith et al., 2003), but there is little infor-

mation available on the ability of flagellin produced by gut

commensal microbes to stimulate TLR5. We purified flagellins

from cultured gut bacteria and tested their ability to stimulate

TLR5. We found that flagella harvested from several species of

gut commensal Firmicutes (Clostridium scindens, C. ramosum,

C. bolteae, C. bartletti, Roseburia inulivorans, R. intestinalis)

could stimulate TLR5, as could several members of the Proteo-

bacteria (Providencia stuartii, Citrobacter amalonaticus,

S. Typhimurium) (Figure S3A, Table S2). In accord with these

observations, a multiple sequence alignment constructed with

flagellin gene peptide sequences from diverse bacteria,

including gut commensal Firmicutes, indicated that they contain
Cell Host &
the amino acid residues previously shown to be necessary for

TLR5 stimulation (Figure S3B) (Andersen-Nissen et al., 2005).

Levels of E. coli Flagellin in a Triassociated Gnotobiotic
Mouse Model Are Decoupled from Its Population Size
To assess how bacterial community structure was related to

levels of flagellin bioactivity in the gut, we used a simplified

gnotobiotic system in which we could control the composition

of the microbiota and quantify its population levels. Germfree

RAG1�/� and WT mice were colonized with one motile (E. coli

MG1655) and two nonmotile (Bifidobacterium adolescentis

FST-1, Bacteroides thetaiotaomicron VPI-5482) species. We

found that levels of E. coli flagellin in the ceca of triassociated

RAG1�/� mice were significantly greater than those in WT mice

(Figure 4A). Colony-forming unit (cfu) counts and denaturing

gradient gel electrophoresis analysis indicated that the three

species reached similar population levels in both mouse geno-

types (Figures 4B and S4). Thus, the high flagellin load in the

TLR5�/� mouse gut occurred despite highly similar microbial

community composition and structure.

IgA Coats a Different Suite of Gut Bacteria in TLR5–/–

Compared to WT Mice
To evaluate how an IgA repertoire depleted in anti-flagellin Igs

interacts with complex bacterial populations, we assessed the

proportion of bacterial biomass coated by IgA in TLR5�/� and

WT by sorting cecal bacteria into IgA-coated (IgA+) and un-

coated (IgA�) pools using fluorescence-activated cell sorting

(FACS) (van der Waaij et al., 1996). We found that the proportion

of IgA+ bacteria was similar for TLR5�/� andWTmice (Figure 5A;

21.7% ± 5.9% versus 18.8% ± 4.2%, n = 4/group, n.s.). When

incubated with a bacterial biomass previously unexposed to

IgA (derived from RAG1�/� mice), IgA from both genotypes

also bound bacteria equivalently (55.7% ± 7.8% and 50.1% ±

7.8% of sorted cells, respectively, n = 4/group, n.s.).

We next asked if the differing TLR5�/� and WT IgA repertoires

result in a different suite of bacteria coated with IgA. After sorting

IgA+ and IgA� microbial cells derived from ceca of TLR5�/�
Microbe 14, 571–581, November 13, 2013 ª2013 Elsevier Inc. 573



Figure 3. Metatranscriptomic Reads Anno-

tated as Flagellin Are Phylogenetically

Diverse

Taxonomic assignments of flagellin gene tran-

scripts are shown to the species level, with abun-

dance of reads corresponding to the key at the

bottom. Hierarchical classification and the Sub-

systems database in MG-RAST were used to

annotate function. We isolated reads with an

annotation of flagellin and assigned taxonomy

using BLASTX with default arguments. Note that

Bacteroides pectinophilus is a Firmicute based

on 16S rRNA gene sequence analysis but mis-

classified in the phylum Bacteroidetes in the MG-

RAST database. Related to Figure S3, which

shows stimulation of TLR5 by flagellins from

different species, and to Table S2.
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and WT mice, we extracted DNA from the two pools and

pyrosequenced 16S rRNA gene sequence amplicons using

bacteria-specific primers. We repeated this for MyD88�/� and

DSS-treated WT mice as controls to analyze the effects of

TLR5 signaling and inflammation, respectively. Compared to

WT levels, TLR5�/� mice were associated with an overcoating

of Firmicutes by IgA and an undercoating of Proteobacteria (Fig-

ure 5A), even though the total sorted microbiota were similar in

phylum composition for WT and TLR5�/� mice (Figure S5). Pat-

terns of bacterial coatingwere similar for TLR5�/� andMyD88�/�

mice, and those forDSS-treatedmicewere similar toWT (with the

exception of Bacteroidetes), which points again to a role for TLR5

signaling rather than inflammation in driving these patterns.

At the genus level, the frequencies of specific taxa in the IgA+

and IgA� populations were generally equivalent within WT or

TLR5�/� gut microbiomes (Figure 5B). This is consistent with a

lack of selection by IgA for specific taxa. However, some taxa

deviated from this neutral pattern, with differences between

genotypes (Figure 5C). Members of the Bacteroidetes phylum

were consistently enriched in the IgA+ populations in both WT

and TLR5�/� mice. In the TLR5�/� mouse alone, overcoated

genera included Desulfovibrio and Lactobacillus. Members of

the Helicobacter genus were also undercoated in the TLR5�/�

host (Figure 5C).
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Anti-Flagellin Antibodies Can Be
Cross-Reactive for the Flagella of
Different Bacteria
Since flagella from phylogenetically

diverse bacterial species stimulate TLR5

due to conserved regions of the flagellin,

we reasoned that antibodies raised

against flagella from one species could

have the potential to be cross-reactive

with flagella from other unrelated species.

Indeed, we observed cross reactivity

of anti-flagellin IgG raised against sin-

gle flagellin types (R. hominis Fla1 and

R. hominis Fla2) for flagella harvested

from different bacterial species (Proteo-

bacteria: P. stuartii, S. Typhimurium,

Citrobacter amalonaticus; Firmcutes:
R. inulinivorans, R. intestinalis, C. scindens, C. ramosum,

C. bartletii; Figure S6).

Anti-Flagellin Antibodies Immobilize Bacteria In Vitro
Wenext conducted in vitro assays toassesshowanti-flagellin an-

tibodies could impact bacterial motility. Anti-flagellin antibodies

totally inhibited E. coli motility, whereas anti-lipopolysaccharide

(LPS) antibodies only partially inhibited motility (Figure 6A).

Furthermore, we applied two anti-flagellin antibody treatments

(‘‘FliC’’, raised against flagellin from Salmonella, and ‘‘Fla2’’, an

antiserum raised against R. hominis flagellin FLa2) and a control

antibody (anti-mouse IgG) to liquid cultures of R. intestinalis and

Clostridium ramosum. Movies of R. intestinalis and C. ramosum

cultures with and without antibody show qualitatively fewer

actively moving rods and less movement overall with both anti-

flagellin antibody treatments (http://ecommons.library.cornell.

edu/handle/1813/31547).

Anti-Flagellin Antibodies Induce Downregulation of
Flagella Genes in E. coli

To verify that antibodies could impact the production of flagella

directly, we constructed a flagellin gene (FliC) reporter E. coli

K12 strain with GFP fused to the FliC gene. Monitoring of GFP

levels over time indicated that the addition of anti-LPS antibodies

http://ecommons.library.cornell.edu/handle/1813/31547
http://ecommons.library.cornell.edu/handle/1813/31547


Figure 4. The Population Sizes for Three Species of Bacteria Colo-

nizing Gnotobiotic WT and RAG1–/– Mice Are Equivalent Despite

Elevated Flagellin Production in RAG1–/– Mice

(A) Flagellin load (Salmonella Typhimurium flagellin equivalents measured by

cell reporter assay) in ceca of gnotobiotic WT and RAG1�/� mice colonized

with E. coli (Ec), Bacteroides thetaiotaomicron (Bt), and Bifidobacterium

adolescentis (Ba).

(B) cfu counts of bacteria cultured from the ceca. Bars are means ± SEM; *p <

0.001; two-tailed t test; n.s., nonsignificant. Related to Figure S4.
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had no effect on E. coli flagella gene expression, whereas anti-

flagellin antibodies reduced the expression of flagellin signifi-

cantly within 2 hr of addition (Figure 6B).

Flagellated Bacteria Breach the Mucosal Barrier in the
TLR5–/– Mouse Small and Large Intestines
Using fluorescence in situ hybridization (FISH) with a fluores-

cently labeled oligonucleotide probe (EUB338) specific to bacte-

ria in general, we observed bacterial cells penetrating the crypts

and the villi in the small intestine of TLR5�/� (Figure 7A). Using

FISH probes specific for members of the g-Proteobacteria and

Firmicutes (GAM42a and a mix of LGC354a, LGC354b, and

LGC354c, respectively), we identified members of both groups

making up the small clusters of bacteria penetrating the villi (Fig-

ure 7B). No bacteria were observed penetrating villi of WT small

intestines (Figure 7C). In the large intestine, labeling of flagellin

using a fluorescent antibody showed that flagellated bacterial

cells were present in the inner mucus layer in the TLR5�/�, but
not WT intestine, resulting in direct contact between bacteria

and epithelial cells (Figures 7D, 7E, and S7).

DISCUSSION

Our results suggest that TLR5-mediated innate immune recogni-

tion of flagellin is necessary for generation of mucosal antibodies

directed against flagella and that such antibodies play a key role

in managing the microbiota. In the absence of this innate-adap-

tive signaling pathway, bacterial motility goes unchecked and

results in breach of the mucosal barrier, which is associated

with great risk of developing chronic inflammation. Thus, while

commensal bacteria can dynamically respond to mucosal

antibodies and avoid clearance, the normal maintenance of

flagellin-directed immune pressure helps contain the microbiota

and promote health of the host.

The high flagellin bioactivity and low anti-flagellin antibody sta-

tus of the TLR5�/� microbiome suggests that the high flagellin

bioactivity fails to drive a commensurate anti-flagellin antibody
Cell Host &
response in the TLR5�/� host. In the WT mouse, mucosal IgA

induction has been shown to function as a stepwise response

to bacterial load (Hapfelmeier et al., 2010). A proportional antibo-

dy:antigen relationship likely applies to antigens that are consti-

tutively expressed, such as LPS, but not to optional antigens

such as flagella. It is likely that the TLR-mediated feedback

between antibody and antigen described here is unique to

TLR5, since ligands to other TLRs are constitutively expressed.

Themetatranscriptome data indicate thatmany different types

of gut commensal bacteria upregulated their flagellar motility

genes in the TLR5�/� hosts, even though the underlying species

composition and functional gene profiles of the microbiome

were similar for TLR5�/� andWTmice. Flagella have been shown

to promote adherence of taxa such as Clostridium difficile in the

gut and to aid colonization (Tasteyre et al., 2001). Whether

flagella perform similar roles for commensal bacteria remains

to be explored. Regardless of the role of flagella in the gut, our

results indicate that the immune environment is a key regulator

of their production. We showed that in vitro, two species of

commensal Firmicutes were readily immobilized by anti-flagella

antibodies and that the addition of anti-flagellin antibodies to

E. coli grown in vitro induced downregulation of its flagellin

gene within a few hours of addition. Studies in pure culture

(using E. coli and Salmonella) have previously shown that anti-

flagella antibodies can inhibit motility (Forbes et al., 2012; Suo

et al., 2009); our results extend these findings to a phylogeneti-

cally diverse variety of commensal microbes comprising the

microbiome.

Anti-flagella antibodies function directly by immobilizing

bacteria, but our results show that they also function indirectly

by inducing downregulation of flagellin gene expression. When

LPS antibodies were added to E. coli cultures, we observed

less inhibition of motility compared to anti-flagellin antibodies

and no change in flagellin gene expression. This raises the ques-

tion of how anti-flagellin antibodies induce downregulation of

flagellin gene expression. One possibility is that the total immo-

bilization is sensed, and bacteria respondwith downregulation of

the flagellar genes. Alternatively, anti-flagellin immunoglobulins

may act as a signal to downregulate the flagellin genes. We

note that although our in vitro experiments utilized flagellin-spe-

cific IgG, the same responses can be expected with IgA.

Our results corroborate earlier findings that TLR5 can recog-

nize the flagellins from a wide range of species and support

the notion that antibodies against flagellins can be cross-reac-

tive across bacterial species. Although highly specific flagellar

antigens have been used to differentiate Enterobacterial sero-

types for a century, serological cross-reactivity against flagellar

antigens has also been reported across species (Datta et al.,

2008; Ibrahim et al., 1985; Kovach et al., 2011) and across sero-

vars and genotypes (Biswas et al., 2010; Saha et al., 2007).

Conserved epitopes are unmasked when the flagellum filament

is depolymerized (Ibrahim et al., 1985), which is also required

for TLR5 activation (Smith et al., 2003). The TLR5-binding site

of flagellin is conserved across phyla (Andersen-Nissen et al.,

2005; Erridge et al., 2010) such that antibodies that bind this

region of flagellin are likely to be cross-reactive across species.

Phase variation of flagellar antigens has been described for spe-

cies of Proteobacteria (van der Woude and Bäumler, 2004).

Other antigens, such as polysaccharides, can evade antibody
Microbe 14, 571–581, November 13, 2013 ª2013 Elsevier Inc. 575



Figure 5. Effect of TLR5 Signaling on IgA Coating of Bacterial Populations

(A) Box plots represent the ratio of IgA-coated:noncoated reads for each OTU within the specified phyla, such that a value = 1 means the OTUs within a

phyla are coated or noncoated with IgA at equal frequency. An open circle represents an outlier. n = 5–8 mice/group. *p < 0.05, two-tailed t test; n.s.,

nonsignificant.

(B) The frequency of IgA-coated cells is displayed for the 25 most abundant OTUs in either TLR5�/� or wild-type mice. The two most abundant OTUs for each

genotype are indicated by their consensus taxonomy.

(C) OTUs with a significant Cook’s distance (and therefore outliers from the trend of equal frequencies of IgA-coating and noncoating) are categorized as having

high IgA coating or low IgA coating for both TLR5�/� and WT mice. The most specific consensus lineage is shown. Related to Figure S5.
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Figure 6. The Addition of Anti-Flagellin

Antibody Represses Bacterial Motility

(A) Motility plates containing 0.3% agar were stab-

inoculated with E. coli with or without the addition

of antibody (anti-flagellin IgG). Plates were incu-

bated at 37�C for 14 hr. Red circles highlight the

extent of bacterial movement through the agar.

(B) GFP FliC-reporter E. coli PHL628 treated with

antibodies or glucose. Means ± SEM for ratios of

normalized GFP fluorescence:OD are plotted, n =

3/group. Related to Figure S6.
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recognition by phase variation (Peterson et al., 2007), so bacteria

may use phase variation in flagellins to similarly evade antibody

recognition. However, the region of flagellin that is phase vari-

able is not the same as the conserved regions that activate

TLR5, and if the antibodies recognize this region, then phase

variation is not likely to affect antibody binding.

The loss of TLR5 signaling was also associated with an altered

profile of IgA-coated microbiota. If IgA coated the various spe-

cies of bacteria in the gut indiscriminately, we would expect a

1:1 ratio of IgA-coated and uncoated cells. This is largely what

we observed in bothWT and TLR5�/�mice for the Bacteroidetes

phylum, whose representatives in the gut do not possess genes

for the production of flagella. For the Fimicutes and Proteobac-

teria phyla, which include flagellated gut species, the patterns

were opposite, with TLR5�/� generally undercoating Proteobac-

teria and overcoating Firmicutes compared toWT. Comparisons

with DSS-treated WT and MyD88�/� mice indicated that these

patterns were due to loss of TLR5�/� signaling rather than

inflammation per se. These patterns suggest that deficiency in

anti-flagellin antibodies is compensated by alternate antibodies

for the Firmicutes, but not for the Proteobacteria. Despite the

high levels of antibody coating of the Firmicutes in the TLR5�/�

host, we nevertheless observed barrier breach by Firmicutes in

the TLR5�/� small intestine. Thus, consistent with our in vitro

observation that anti-LPS antibodies did not inhibit E. coli’s

motility, these alternate antibodies appear to be insufficient to

contain the microbiota.

The hypermotile phenotype of the TLR5�/� host microbiome is

a form of dysbiosis, one that is unrelated to microbial community

composition. We had previously reported an altered microbiota

for TLR5�/�mice compared to WT based on 16S rRNA gene
Cell Host & Microbe 14, 571–581, N
sequence profiles (Carvalho et al., 2012;

Vijay-Kumar et al., 2010). Based on these

analyses, the main differences between

the TLR5�/� and WT microbiomes

included a higher between-mouse varia-

tion in diversity and greater volatility

(reduced stability) in microbiota over

time. Levels of Proteobacteria were

particularly volatile in the TLR5�/� and

slightly elevated compared to WT mouse

gut (Carvalho et al., 2012). In contrast to

the TLR5�/� microbiome’s temporal vola-

tility, we found that the levels of flagellin

and anti-flagellin antibodies were stable

over time. The notion that the high-
flagellin microbiome phenotype is robust to underlying commu-

nity diversity is further supported by our observations that

TLR5�/� mice from several different facilities, and stemming

from two independent derivations (Flavell versus Akira), all had

high flagellin loads. It is increasingly clear that the species

composition of mouse gut microbiotas can differ between facil-

ities and even between cageswithin a facility. Together, these re-

sults indicate that microbiomes can vary widely in species con-

tent but still show high levels of flagella production in the right

immune milieu.

Our experiment with the triassociated gnotobiotic RAG1�/�

and WT mice, in which community composition and structure

were identical for both genotypes and only the E. coli could pro-

duce flagella, clearly indicated that the levels of flagella were in-

dependent of E. coli’s population size. What is interesting to note

is that the production of flagella did not appear to impose a

fitness cost on E. coli in this highly simplified model. Flagella

are considered to be energetically expensive, and glucose

induces downregulation of these genes. Thus, other factors

besides energy expenditure likely limited E. coli population levels

in this system.

Expression of flagella genes is onemechanism that can lead to

the observed higher levels of flagellin in the TLR5�/� gut; another

is selection for motile over nonmotile strains within populations.

Previous work has shown that motility in E. coli MG1655 is

selected against in the mouse gut, although a portion of the cells

retains motility (Gauger et al., 2007). Monocolonization of E. coli

into WT and MyD88�/� germfree mice has been shown to result

in selection for nonmotile mutants within 10 days of inoculation in

both mouse genotypes (De Paepe et al., 2011; Giraud et al.,

2008). If antibodies against flagella are important in this selection
ovember 13, 2013 ª2013 Elsevier Inc. 577



Figure 7. Flagellated Bacteria Penetrate

Small Intestinal Villi of TLR5–/– Mice and

Breach the Large Intestinal Mucous Barrier

(A) Fluorescent in situ hybridization (FISH) using

the universal probe EUB338 (green) shows clusters

of bacteria penetrating the intestinal villi of the

TLR5�/� small intestine.

(B) FISH using Proteobacteria-specific (green) and

Firmicute-specific (orange) probes shows mem-

bers of both phyla penetrating the intestinal villi of

the TLR5�/� small intestine. Green and orange

overlay shows as white.

(C) WT small intestinal villi are consistently free of

bacteria.

(D and E) Flagellin imaged using immuno-

histochemistry with fluorescently labeled anti-

flagellin antibody (green) in TLR5�/� and WT

large intestines. Arrows in (D) highlight examples

of flagellated bacterial rods in the s layer of

the mucus of TLR5�/�. The outer mucus layer

in the WT (E) is free of bacterial cells and also

appears to contain less flagellin than that in

TLR5�/�. The letter ‘‘s’’ indicates the inner,

thicker layer of the mucus, and the letter ‘‘o’’

indicates the outer layer where bacteria are normally found. For all panels, the scale bar is 50 mm, and sections are counterstained with Hoechst 33342

(blue) to visualize host tissue. Related to Figure S7. In (D) and (E), host tissue is on the left and mucus is on the right.
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process, inoculation of E. coli into germfree RAG1�/� or TLR5�/�

mice should fail to select nonmotile mutants. Roseburia cecicola

monoassociated in gnotobiotic WTmice has also been shown to

lose motility, but only in monoassociation—not when associated

with four other species (Stanton and Savage, 1984). Thus,

motility is likely important for bacterial fitness in the context of

microbe-microbe interactions in the complex microbiome. This

might explain why so many different kinds of bacteria maintain

flagella genes in their genomes despite the host selection

against flagellar motility. How, when, and where flagella are

essential for bacterial fitness in the mammalian gut remains to

be explored.

We propose that greater flagellar motility leads directly to bar-

rier breach. Imaging of bacteria in the TLR5�/� gut showed pene-

tration of intestinal villi in the small intestine, which we did not

observe in the WT mice. Consistent with the metatranscriptome

data indicating that members of both Firmicutes and Proteobac-

teria upregulated their flagella genes, we observed both phyla in

the small intestinal villi of TLR5�/� mice. We also observed flag-

ellated rods in the normally bacteria-free thicker (s, surface)

mucus layer of the large intestine, clearly adjacent to host epithe-

lial cells. Although the probes are not likely to detect all flagel-

lated species, we nevertheless observed a qualitatively stark

difference between the genotypes. Proteobacterial breach of

the s layer has been previously reported for the TLR5�/� mouse

(Carvalho et al., 2012), and in the MyD88�/� mouse (Vaishnava

et al., 2011), and appears to be associated with inflammation

(Johansson et al., 2013). Thus, in the absence of TLR5 signaling,

a large bacterial load, much of which can be flagellated, comes

into contact with host tissues in both the small and large intes-

tines and likely participates in perpetrating inflammation.

In summary, we suggest that anti-flagellin antibodies are key

to mucosal barrier protection and homeostasis. Our findings

further suggest that mucosal antibodies quench motility by

immobilizing flagellated bacteria and also by inducing the
578 Cell Host & Microbe 14, 571–581, November 13, 2013 ª2013 Els
downregulation of motility-related genes. Thus, we propose

that mucosal immunoglobulins function physically on flagella to

bind them, as well as a signaling molecule, to alter gut microbial

gene expression and ultimately control bacterial behavior and

localization.
EXPERIMENTAL PROCEDURES

Experimental procedures are outlined in brief here. For more details, see the

Supplemental Information. All animal experiments were approved by the local

IACUCs. All mice used in this study were C57BL/6 strain and were housed at

different facilities. The triassociated gnotobiotic mice were maintained at the

University of Nebraska Lincoln, and their populations were monitored by plate

counts and by denaturing gradient gel electrophoresis (DGGE; see Supple-

mental Experimental Procedures). Bacterial strains used in the study are listed

in Table S2.
Measurement of Antibodies Using ELISA

We measured total IgA, total IgG, flagellin-specific IgA, and flagellin-specific

IgG in fecal and cecal samples by ELISA as previously described (Sitaraman

et al., 2005). Details of the ELISA, including the sandwich ELISA used for the

flagellin-specifc IgA measures, are in the Supplemental Experimental

Procedures.
Flagellin Quantification

We quantified flagellin using HEK-Blue hTLR5 cells (Invivogen). Between 10

and 100 mg of either cecal or fecal material were diluted by homogenizing

for 10 s using a Mini-Beadbeater-24 without the addition of beads (BioSpec),

and the samples were centrifuged at 8,000 3 g for 2 min, followed by serial

dilutions. After 20–24 hr of incubation, we applied cell culture supernatant to

HEK-Blue Detection medium (Invivogen) and measured alkaline phosphatase

activity at 620 nm every 30 min for 3 hr on a Synergy H1 multiple detection

microplate reader (Biotek). Results are representative of one repeat of the

experiment, and both experiments included one technical replicate per sam-

ple. We used purified Salmonella Typhimurium strain 14028 flagellin (Enzo

Life Sciences) in standard curves. As a control for TLR5 specificity, we

included one additional replicate per sample, per plate, to which we added

anti-hTLR5 neutralizing antibody (5 mg/ml; Invivogen).
evier Inc.
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Flagellin Purification and Production

Flagella were sheared using 80 ml of each culture (strains listed in Table S2) by

vortex agitation. Staphylococcus epidermidis was used as an aflagellate con-

trol. Cultures were centrifuged at 2,7543 g for 30min at 4�C, and supernatants

were centrifuged again at 2,7543 g for 1.5 hr at 4�C. The resulting pellets were

resuspended in PBS and centrifuged oncemore at 3,4423 g for 30min at 4�C.
To reduce endotoxin levels in the flagellar purification of Gram-negative bac-

teria (Citrobacter amalonaticus and Providencia stuartii), we detoxified using

polymyxin B with Detoxi-Gel AffinityPack Pre-Packed Columns (Thermo

Scientific). Recombinant Fla1 from R. hominis was produced by cloning the

fla1 gene with a His tag into an E. coli expression vector (see Supplemental

Experimental Procedures for details).

Western Blot

Purified flagellin or cell pellets (R. hominis and E. coli cell pellets with recombi-

nant Fla1, or supernatant from those cells) were prepared by adding Laemmli

sample buffer with b-mercaptoethanol and boiled for 10 min. Proteins were

separated on 10% SDS-PAGE gels, transferred to nitrocellulose membrane,

and blocked for 1 hr in TBS solution containing 5% milk. The membrane

was probed overnight at 4�C with primary antibodies anti-Fla2 and anti-Fla1

(Covalab).

Metatranscriptomic Analysis

We enriched for nonribosomal RNA using a modification of a technique pre-

viously described (Stewart et al., 2010). We divided cecal contents in half and

extracted bulk RNA and bulk DNA in parallel using the PowerSoil RNA Isola-

tion Kit and Powersoil DNA Isolation Kit, respectively, as described by the

manufacturer (MO BIO Laboratories). We generated sample-specific ribonu-

cleotide probes targeting bacterial 16S and 23S rRNA genes by PCR ampli-

fying these gene sequences from bulk DNA using the universal primers 27F

and 1492R for 16S and 189F and 2490R for 23S. We separately converted

16S and 23S rRNA gene sequence amplicons to biotinylated antisense

rRNA probes, which hybridized to complementary rRNA molecules in the

total RNA sample. Next, we converted rRNA-subtracted samples to dou-

ble-stranded cDNA, amplified via in vitro transcription, and converted back

to double-stranded cDNA. We used the large subunit (LSU) and small sub-

unit (SSU) reference databases from SILVA (http://www.arb-silva.de/) to

separate Illumina reads with >70% similarity to a database rRNA sequence.

Using this approach, we identified 40.2% of the reads as ribosomal and

removed them from downstream analysis. We used metagenomics RAST

(MG-RAST; Meyer et al., 2008) with the default quality filtering. COG relative

abundance data for protein-coding reads were summarized using MG-RAST

(e value < 10�5; identity [ID] > 50%; length > 20 amino acids [aa]). We

uploaded functional assignments to Cluster 3.0 and centered and normalized

counts before hierarchical clustering using the uncentered correlation

similarity metric. To assign taxonomy to sequences annotated as flagellin,

we used hierarchical classification and the Subsystems database in MG-

RAST to annotate function using default cutoff parameters. We isolated

reads with an annotation of flagellin and assigned taxonomy using BLASTX

(Altschul et al., 1990).

Metagenomic Analysis

DNAs were sequenced at the Core Laboratories Center at Cornell University

on the Roche 454 FLX platform and at the DNA Sequencing Lab (Columbia

University Medical Center) using the Illumina HiSeq 2000 platform. We used

MG-RAST (Meyer et al., 2008) with the default quality filtering and without

identical read dereplication. Taxonomy assignments (lowest common

ancestor, LCA) and COG relative abundance data for protein-coding reads

were summarized using MG-RAST.

Sorting of IgA-Coated Bacteria

Cecal preparations were incubated with and without FITC-labeled goat F(ab0)2
anti-mouse IgA and propidium iodide (PI). We performed flow cytometry with

BD Biosciences FACSAria high-speed flow cytometer/cell sorting using an

argon laser operating at 15mWand 488 nm.We used standard ELITE software

comprising the Immuno-4 program to determine the percentage of stained

events. The discriminator was set on PI fluorescence as a specific probe for

bacteria. We analyzed a portion of each sample incubated with PBS (back-
Cell Host &
ground fluorescence) and a portion incubated with FITC-labeled goat F(ab0 )2
anti-mouse IgA. Both measurements were performed with 10,000 events.

We collected a minimum of 500,000 cells of each category (IgA bound and

nonbound).

16S Gene Sequence Analysis

For quality filtering of 16S rRNA gene sequence data, we discarded sequences

<200 bp or >1,000 bp as well as those containing >0 primer mismatches, un-

correctable barcodes, >0 ambiguous bases, or homopolymer runs in excess

of 6 bases using the open source software package Quantitative Insights

intoMicrobial Ecology (QIIME) (Caporaso et al., 2010). We checked sequences

for chimeras (UCHIME) and assigned them to operational taxonomic units

(OTUs) using Otupipe (Edgar et al., 2011) with a 97% threshold of pairwise

identity and then classified them taxonomically using the Greengenes refer-

ence database (McDonald et al., 2012). We rarified samples to 7,000 reads

per sample, calculated the ratio of IgA+:IgA� for each OTU, and calculated

Cook’s distance in R to find OTUs with IgA coating ratios that diverged

significantly from the mean (Ferrari and Cribari-Neto, 2004).

Observations of Bacterial Motility

Clostridium ramosum and Roseburia intestinalis were cultured for 48 hr in

M2GSCmedium in strictly anaerobic conditions at 37�C. Then, 10 ml of culture

was mixed with either 1 ml of anti-flagellin antibody, anti-mouse antibody as a

specificity control, or water and applied to a glass slide and sealed with a glass

coverslip and acrylic sealant. Slide preparations were completely dried and

sealed before exiting the anaerobic chamber. Time-lapse microscopy was

performed on slides 30 min after the addition of antibody with a MetaMorph

imaging system. We made time series of the cultures with a spacing of 0.3 s

over the course of 35 frames. The videos are named as follows: bacterial

species, antibody used (or water in the case of control), and the amount of

time elapsed between slide preparation and imaging (30 min). The antibodies

used were either anti-FliC (monoclonal antibody made against E. coli flagellin),

anti-Fla2 (rabbit antiserum made against Roseburia hominis flagellin), or a

polyclonal anti-mouse antibody (used as a control, nonflagellin-specific anti-

body). Details of the platemotility assays are in the Supplemental Experimental

Procedures.

Monitoring Flagellin Expression of E. coli Bioreporter

Details on the construction of the reporter strain are in the Supplemental

Experimental Procedures. We grew E. coli in minimal salts medium (MSM)

containing 0.2% glucose (as an inhibitor of flagellin expression) and ampi-

cillin (15 mg/l) at 37�C to an optical density 600 (OD600) of 0.8 ± 0.2. We

then diluted the culture 1:100 in MSM containing either 0.2% glucose or

0.2% casamino acids. We divided cultures into 100 ml aliquots in 96-well

clear, flat-bottom plates (CoStar) and incubated at 37�C with periodic

shaking on a Synergy H1 multiple detection microplate reader (Biotek).

OD600 and fluorescence of the fliC promoter fusion (Abs/Em: 488/509 nm)

were measured every 30 min over the course of 15 hr. We added antibodies

after 2 hr of growth at a concentration of (5 mg/ml) (Forbes et al., 2008). The

fluorescence values were normalized to growth. Results are representative of

three repeats of the experiment, each of which included one technical repli-

cate per sample.

Microscopy

Samples of intestine were preserved in Carnoy’s solution and paraffin

embedded for sectioning. FISH for bacterial groups was performed using

flueorescently labeled oligonucleotide probes specific for all bacteria, or spe-

cific subgroups (see Supplemental Experimental Procedures). Flagellin and

IgA were visualized using fluorescently labeled antibodies (FITC-conjugated

anti-flagellin IgG and anti-igA IgA).

Statistics

We performed statistical analysis and linear regression analysis in Microsoft

Excel 2011, StatPlus 2009, R version 2.11.1, and IBM SPSS Statistics. Statis-

tical tests were one-way ANOVA, unpaired Student’s t test, or generalized

mixed linear model, as indicated. Significance level was p < 0.05 unless

otherwise indicated. All multiple comparison testing was accounted for with

Bonferroni correction.
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ACCESSION NUMBERS

16S rRNA gene sequence data are deposited under Study ID 1891 in the

QIIME-DB database (qiime.org). Transcriptome and metagenome data are

deposited under project names TLR5KO_Transcritptome, TLR5KO_Metage-

nome (Illumina data), and TLR5KO_454_Metagenome (454 data) in the

MG-RAST database (metagenomics.anl.gov).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and two tables and can be found with this article online at

http://dx.doi.org/10.1016/j.chom.2013.10.009.
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Nielsen, J., Ley, R.E., and Bäckhed, F. (2012). Analysis of gut microbial regu-

lation of host gene expression along the length of the gut and regulation of gut

microbial ecology through MyD88. Gut 61, 1124–1131.

Letran, S.E., Lee, S.J., Atif, S.M., Uematsu, S., Akira, S., and McSorley, S.J.

(2011). TLR5 functions as an endocytic receptor to enhance flagellin-specific

adaptive immunity. Eur. J. Immunol. 41, 29–38.
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