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SUMMARY

Despite the accepted health benefits of consuming dietary fiber, little is known about the 

mechanisms by which fiber deprivation impacts the gut microbiota and alters disease risk. Using a 

gnotobiotic mouse model, in which animals were colonized with a synthetic human gut microbiota 

composed of fully sequenced commensal bacteria, we elucidated the functional interactions 

between dietary fiber, the gut microbiota and the colonic mucus barrier, which serves as a primary 

defense against enteric pathogens. We show that during chronic or intermittent dietary fiber 

deficiency, the gut microbiota resorts to host-secreted mucus glycoproteins as a nutrient source, 

leading to erosion of the colonic mucus barrier. Dietary fiber deprivation, together with a fiber-

deprived, mucus-eroding microbiota, promotes greater epithelial access and lethal colitis by the 

mucosal pathogen, Citrobacter rodentium. Our work reveals intricate pathways linking diet, the 
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gut microbiome and intestinal barrier dysfunction, which could be exploited to improve health 

using dietary therapeutics.

Graphical abstract

Regular consumption of dietary fiber helps prevent erosion of the intestinal mucus barrier by the 

gut microbiome, blunting pathogen infection and reducing the incidence of colitis.

INTRODUCTION

The diet of industrialized nations has experienced a decrease in fiber intake, which for many 

is now well below the recommended daily range of 28–35 g for adults and this deficit has 

been linked to several diseases (Burkitt et al., 1972; Sonnenburg and Sonnenburg, 2014). 

Fiber provides direct physical benefits, including increased fecal bulking and laxation 

(Burkitt et al., 1972). However, another feature of dietary fiber—a nutrient category that 

includes a broad array of polysaccharides that are not digestible by human enzymes—has 

also drawn it into the spotlight: it provides an important substrate to the community of 

microbes (microbiota) that inhabits the distal gut (Sonnenburg and Sonnenburg, 2014). 

Unlike humans, who produce ~17 gastrointestinal enzymes to digest mostly starch, our gut 

microbiota produce thousands of complementary enzymes with diverse specificities, 

enabling them to depolymerize and ferment dietary polysaccharides into host-absorbable 

short-chain fatty acids (SCFAs) (El Kaoutari et al., 2013). Thus, the physiology of the gut 

microbiota is geared towards dietary polysaccharide metabolism. At present, relatively little 

is known about how a fiber-deprived gut microbiota fulfils its energy demands and how low 

fiber-induced microbiota changes impact our health.

Apart from dietary fiber, an alternative energy source for the microbiota is the glycoprotein-

rich mucus layer that overlies the gut epithelium as a first line of defense against both 

commensal microbes and invading pathogens (Johansson et al., 2013; McGuckin et al., 

2011). The colonic mucus layer is a dynamic and chemically complex barrier composed 

largely of secreted mucin-2 glycoprotein (MUC2) (Johansson et al., 2008). Goblet cells 

secrete MUC2 as a disulfide cross-linked network that expands to form an inner layer, which 
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is tightly adherent to the epithelium and is poorly colonized by commensal bacteria. As 

bacterial and host enzymes continuously hydrolyze the luminal edge of this layer, a looser 

outer layer is formed that supports a more dense and metabolically distinct (Li et al., 2015) 

community. A key nutritional aspect of the mucus layer for gut bacteria is its high 

polysaccharide content, with up to 80% of the mucin biomass being composed of mostly O-

linked glycans (Johansson et al., 2013). However, only a distinct subset of gut microbiota 

species has evolved the capacity to utilize this nutrient source (Hoskins and Boulding, 1981; 

Png et al., 2010).

The direct impact of fiber polysaccharides on the microbiota, combined with the ability of at 

least one nutritional generalist (Bacteroides thetaiotaomicron) to shift from dietary 

polysaccharides to mucus glycan metabolism in the absence of fiber (Sonnenburg et al., 

2005), suggests a connection between diet and the status of the colonic mucus barrier. 

Indeed, three previous reports have correlated reduced dietary fiber with thinner colonic 

mucus (Brownlee et al., 2003; Earle et al., 2015; Hedemann et al., 2009). Nevertheless, the 

underlying mechanisms with respect to involvement of the microbiota and, perhaps more 

importantly, consequences for the host remain largely unknown. Such knowledge is 

important as it could provide explanations for why deviations or imbalances in gut microbial 

community membership and physiology (“dysbiosis”) correlate with several negative health 

outcomes, including pathogen susceptibility, inflammatory bowel disease (IBD) and colon 

cancer (Cameron and Sperandio, 2015; McKenney and Pamer, 2015). Finally, such 

knowledge could inform therapeutic and preventative strategies to correct these conditions.

The integrity of the mucus layer is critical for health. Genetic ablation of Muc2 in mice 

brings bacteria into close contact with the epithelium, leading to inflammation and colon 

cancer (Van der Sluis et al., 2006). Additional studies have implicated reduced or abnormal 

mucus production or O-glycosylation in the development of intestinal inflammation (Fu et 

al., 2011; Larsson et al., 2011) and penetration of commensal bacteria in the inner mucus 

layer in murine models of colitis and ulcerative colitis patients (Johansson et al., 2014). 

Moreover, the mucus barrier—a reservoir of antimicrobial peptides and immunoglobulins—

is the first structure that a mucosal pathogen must overcome to establish an infection 

(McGuckin et al., 2011). Given that the status of the mucus layer is precariously balanced 

between replenishment by goblet cells and degradation by gut bacteria, we hypothesized that 

a fiber-deprived microbiota would progressively forage on this barrier, leading to 

inflammation and/or increased pathogen susceptibility.

We aimed to investigate the mechanistic connections between chronic or intermittent dietary 

fiber deprivation on microbiota composition and physiology as well as the resulting effects 

on the mucus barrier. To create a model that facilitates functional interpretation, we 

assembled a synthetic gut microbiota from fully sequenced human gut bacteria in 

gnotobiotic mice. In the face of reduced dietary fiber, we examined changes in community 

physiology and susceptibility to Citrobacter rodentium, a murine pathogen that models 

human enteric E. coli infection (Collins et al., 2014). We demonstrate that a microbiota 

deprived of dietary fiber damages the colonic mucus barrier and promotes pathogen 

susceptibility. Our findings suggest a mechanism through which diet alters the activity of the 
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gut microbiota and impacts health, which is important prerequisite knowledge for rationally 

designing future dietary interventions and therapeutics.

RESULTS

A synthetic human gut microbiota with versatile fiber polysaccharide degrading capacity

Diet changes are known to rapidly affect the composition of the microbiota in humans and 

rodents (David et al., 2014; Faith et al., 2011; McNulty et al., 2013; Rey et al., 2013). 

However, the full complexity of the gut microbiota is a barrier to deriving detailed 

conclusions because sequence-based approaches (16S rRNA gene and meta-genomics/-

transcriptomics) suffer from substantial functional uncertainty. Thus, to test our hypothesis 

that specific members within a fiber-deprived gut microbiota cause damage by increasingly 

foraging for nutrients in the protective mucus layer, we designed a synthetic microbiota 

(SM) containing 14 species of fully sequenced commensal human gut bacteria (Fig. 1A). 

The selected species were chosen to represent the five dominant phyla and collectively 

possess important core metabolic capabilities (Fig. S1A).

To provide an additional layer of functional knowledge about complex carbohydrate 

metabolism, we pre-evaluated our 14 species for growth in vitro on a panel of 42 plant- and 

animal-derived mono- and polysaccharides, including purified mucin O-glycans (MOGs) as 

sole carbon sources (Martens et al, 2011). These growth assays allowed us to determine that 

all major groups of dietary fiber and host mucosal polysaccharides could be used by one or 

more strains in our community as well as which bacteria target each glycan (Fig. 1A, Figs. 

S1A,B, Table S1). It is evident that the four mucin-degrading species fall into two 

categories: mucin specialists (A. muciniphila and B. intestinihominis), which only grow on 

MOGs as a sole polysaccharide source, and mucin generalists (B. thetaiotaomicron and B. 
caccae), which each grow on several other polysaccharides. Overall, our choice of species is 

physiologically and ecologically representative of the more complex native gut microbiota. 

Because our community is composed of bacteria with determined carbohydrate metabolic 

abilities, it allows us to address our central hypothesis in more precise, mechanistic detail.

To develop a gnotobiotic model, we assembled the SM in germfree mice, which were fed a 

standard fiber-rich (FR) laboratory diet that contains ~15% dietary fiber from minimally 

processed grains and plants (Figs. 1B,C). Colonized animals were maintained on the FR diet 

for 14 days to monitor reproducibility and stability of community assembly (Fig. 1B). All of 

the introduced species persisted in each mouse between 6 and 54 or 66 days of colonization 

depending on the length of the experiment (n = 37 total, 2 independent experiments; 

analyzed by both 16S rRNA sequencing (Table S2) and quantitative PCR approaches (Table 

S3)). Individual mice exhibited reproducible SM assembly irrespective of caging, mouse 

gender, experimental replicate or method of analysis (Fig. S2, Tables S2, S3). In addition to 

29 germfree control animals, a total of 4 different gnotobiotic colonization experiments (51 

SM-colonized mice in total; Experiments 1–4) were performed according to the timeline 

shown in Fig. 1B.
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Both chronic and intermittent fiber deficiency promotes enrichment of mucus-degrading 
bacteria

Although dietary changes are known to perturb microbiota composition, the impact of diet 

variation, especially chronic or intermittent fiber deficiency, on the activities and abundance 

of mucin-degrading bacterial communities has not been studied in functional detail. After 

validating stable SM colonization, three groups of mice were maintained by constant feeding 

of one of three different diets: Fiber-rich (FR), Fiber-free (FF) or Prebiotic (Pre). In contrast 

to the FR diet that contained naturally milled food ingredients with intact fiber particles, the 

Pre diet was designed to study the effect of adding a mixture of purified, soluble glycans, 

similar to those used in prebiotic formulations (Fig. 2C). To imitate the fact that the human 

diet experiences fluctuating amounts of fiber from meal-to-meal, four other groups were 

alternated between the FR and FF or Pre and FF diets on a daily- or four-day basis (Fig. 1B).

Fecal microbial community dynamics showed that in mice switched to the FF diet, several 

species rapidly and reproducibly changed in abundance (Figs. 2A,B; Fig. S3). Four species

—A. muciniphila, B. caccae, B. ovatus and E. rectale—were highly responsive to diet 

change. A. muciniphila and B. caccae are able to degrade MOGs in vitro. B. ovatus and E. 
rectale cannot metabolize MOGs, but together can use a broad range of polysaccharides 

found in dietary fiber (Fig. 1A). In the absence of fiber, the abundance of A. muciniphila and 

B. caccae increased rapidly with a corresponding decrease of the fiber-degrading species 

(Fig. 2A). The Pre diet, which contains purified polysaccharides and is otherwise isocaloric 

with the FF diet, had a similar effect on community composition as the FF diet but separated 

slightly by PCoA ordination from FF, likely due to increased Bacteroides abundance (Figs. 

2A,B). Intriguingly, the abundances of the same four bacteria noted above fluctuated rapidly 

on a daily basis when the FR and FF diets were oscillated (Fig. 2C; Figs. S3), corroborating 

their ability to respond dynamically to variations in dietary fiber. The increase in mucin-
degrading species observed in fecal samples matched with cecal abundances at the end of 

the experiment (Fig. 2D and panels to the right of plots in Fig. 2A). Moreover, similar levels 

of mucin-degrading bacteria were quantified in the colonic lumen and mucus layer using 

laser capture microdissection (Fig. 2E), indicating that proliferation of mucin-degrading 

bacteria in this model is a community-wide effect and not limited just to the mucus layer.

Many of the other bacteria (except R. intestinalis and B. intestinihominis) were sensitive to 

changes between the FR and FF diets on daily and four-day bases, albeit to lower degrees 

(Fig. S3B, Table S2). Two additional species especially sensitive to diet change were 

Desulfovibrio piger (increased on FF diet) and Marvinbryantia formatexigens (decreased on 

FF diet) (Fig. S3A). Population changes in the groups oscillated between Pre and FF diets 

were similar to the abundances observed in FF only diet regimen (Table S2). Thus, despite 

the pure polysaccharides contained in the Pre diet exerting a clear physiological impact on 

the microbiota (discussed below), the amount and composition of the purified 

polysaccharides in this diet exert little effect on species composition.
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Community transcriptional and enzymatic readouts demonstrate enhanced degradation of 
mucus when fiber is absent

Since mucin-degrading bacteria were higher on both the FF and Pre diets that lack naturally 

complex plant fiber, we reasoned that this increased abundance is due to their ability to 

degrade mucus as an alternative nutrient. To test this, we measured changes in transcripts 

encoding carbohydrate active enzymes (CAZymes) that enable gut bacteria to utilize dietary 

fiber and mucosal polysaccharides (cecal samples from all but the 4-day oscillation groups 

were analyzed).

Based on new or existing genome annotations of the 14 species in our synthetic community, 

a total of 1,661 different degradative CAZymes belonging to 96 different families were 

detected (glycoside hydrolase, GH; polysaccharide lyase, PL; and carbohydrate esterase, 

CE, families were counted). This number is close to the total number of families (122) that 

was identified in a larger survey of 177 human gut bacterial reference genomes (El Kaoutari 

et al., 2013), indicating that our synthetic community retains much of the metabolic potential 

towards carbohydrates that is present in a more diverse microbiota. Of the 96 enzyme 

families in our community, members of 38 families, plus M60-like proteases (pfam13402), a 

group of enzymes previously shown to degrade mucin glycoproteins (Nakjang et al., 2012), 

showed variable expression in either FR/FF or Pre/FF community transcriptome 

comparisons (Fig. 3A). These differentially abundant degradative enzymes mapped to 770 

different genes contributed from all species except D. piger (Table S4).

Our transcriptomic data show that in the mice fed the FR diet, transcripts belonging to 

enzyme families that target dietary fiber polysaccharides were more abundant. In contrast, in 

mice fed the FF diet, transcripts encoding enzyme families known to release sugars from 

host substrates, including mucin O-glycans, were elevated (Fig. 3A). In line with our in vitro 
growth assays (Fig. 1A) and the microbial community abundance data (Fig. 2), we found 

that B. ovatus and E. rectale contributed a majority of CAZymes specific for plant 

polysaccharides (Fig. 3A). The four in vitro mucin degraders were the major contributors to 

the degradation of host glycans and mucus in vivo. Additionally, transcripts encoding M60-

like proteases (pfam13402) were also more highly expressed in FF conditions (Fig. 3A). 

Expression of these putative mucin-targeting enzymes was primarily contributed by B. 
caccae, an organism that possesses 16 of these genes compared to just 4 in A. muciniphila 
and 5 in all other species combined. This observation suggests the tantalizing possibility that 

B. caccae is particularly equipped via its M60-like proteases to perform a key degradative 

step (cleavage of glycoprotein backbones) during mucin foraging and this ability may 

facilitate access to mucus carbohydrate structures by other bacteria.

In the group fed the Pre diet, similar transcripts as in the FR-fed group were elevated relative 

to FF, albeit to lower levels (Fig. 3A bottom histogram). Furthermore, transcripts for the 

same bacterial enzymes presumed to target mucus in the FR/FF diet comparison were 

observed in the Pre/FF comparison. Additional RNA-Seq analyses of cecal transcriptomes 

from mice oscillated between FR/FF and Pre/FF on a daily basis (collected after 1 day on FF 

diet) provided similar results to those obtained for the FF only diet mice (Table S4). Our 

transcriptomic readouts corroborate the increased abundance of mucin-degrading bacteria 
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observed in these mice (Fig. 2D) and demonstrate that even intermittent fiber deficiency has 

the potential to alter the microbiota and favor mucin-degrading species.

To further connect the in vivo responses of B. caccae and A. muciniphila with degradation of 

mucin O-glycans, we performed additional transcriptional profiling of these two species on 

purified MOGs from porcine gastric mucus. We have previously shown that this mixture 

contains ~130 different structures (Hickey et al., 2015) that when metabolized by B. 
thetaiotaomicron stimulate a transcriptional response that overlaps substantially with genes 

expressed in vivo under fiber-restricted conditions (Martens et al., 2008). During growth on 

MOGs as the sole carbon source, B. caccae and A. muciniphila activated expression of 82 

and 61 genes, respectively (Table S5). In previous microarray data from growth in the same 

substrate, B. thetaiotaomicron activated expression of 166 genes (Martens et al., 2008). 

Next, we examined expression of these validated O-glycan-responsive genes (for B. caccae, 

A. muciniphila and B. thetaiotaomicron) in the SM community from FF-fed mice compared 

to FR. In support of our hypothesis, validated B. caccae and A. muciniphila O-glycan-

responsive genes were increased in the FF condition (Fig. 3B). B. caccae expression was 

increased irrespective of normalization by reads mapped to the whole community (i.e., 

including increased B. caccae abundance) or to just the B. caccae genome (discounts 

abundance change and examines changes in expression).

Consistent with its specialization for O-glycans, A. muciniphila mostly showed increased 

expression of O-glycan-responsive genes proportional to its increased population size (from 

~20% to ~40%), indicating that it does not shift its substrate utilization in comparison to the 

FR diet (Fig. 3B, see also Table S6e). The idea that B. caccae is capable of broader 

transcriptional shifts, compared to A. muciniphila, is further supported by global analysis of 

its gene expression changes between the FF and FR diets and one-day alternations (Fig. S4). 

In response to the FF diet, B. caccae showed increased in vivo expression of 237 genes, 

including 29 degradative enzymes; whereas, A. muciniphila only showed increased 

expression of 43 genes, including 2 enzymes (Fig. S4). In contrast to previous 

monoassociation data (Sonnenburg et al., 2005), B. thetaiotaomicron mostly showed 

unchanged or slightly decreased expression of its known O-glycan utilization genes after a 

shift to FF (Fig. 3B, Table S6b).

Colonic mucin O-glycans contain glycosidic linkages distinct from plant fibers and also 

covalently linked sulfate. In further support of increased bacterial degradation of the host 

mucus on the FF diet, we detected significantly increased bacterial enzymes (sulfatase and 

α-fucosidase) in the mice subjected to the FF diet on either a chronic or intermittent basis 

(Fig. 3C). In contrast, enzymes targeting linkages in fiber polysaccharides (β-glucosidase) 

were significantly reduced in the mice fed the fiber-deficient diets, while others involved in 

xylan and α-galactan degradation trended similarly without significance (Fig. 3C).Despite 

the dramatic change in microbiota species abundance and transcriptional response, there was 

only one significant change (succinate) in SCFA and organic acids in the FF diet fed mice 

(Fig. 3D). Overall, the transcriptomic and enzyme analyses support the conclusion that a 

fiber-deprived gut microbiota synergistically and progressively expresses CAZymes, 

sulfatases and proteases to attack mucus polysaccharides when the diet lacks complex plant 

fiber.
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Fiber deprivation leads the gut microbiota to degrade the colonic mucus barrier

The mucus layer is a dynamic barrier that is constantly replenished through the secretory 

activity of goblet cells (Johansson et al., 2013). We rationalized that if bacterial consumption 

of mucin-derived nutrients exceeds new production, the integrity of this critical barrier could 

be compromised. To explore this possibility, we performed blinded thickness measurements 

of the colonic mucus layer from proximal colon to rectum in each mouse using Alcian blue 

stained sections (Fig. 4A). We further validated thickness of the mucus layer by 

immunofluorescence staining of the Muc2 mucins using α-Muc2 antibody (Fig. 4B). To 

address the possibility that variations in thickness are directly influenced by the diets used, 

we measured mucus layer thickness in germfree mice fed the FR or FF diets.

Colonic mucus measurements revealed that mucus thickness was highest in the colonized 

group fed the FR diet (Fig. 4C). In most other groups, including germfree (GF) controls, 

mucus thickness was significantly thinner than colonized FR mice. The observation that GF 

mice have thinner colonic mucus is consistent with previous studies in gnotobiotic mice and 

rats (Petersson et al., 2011; Wrzosek et al., 2013), which found that microbial colonization 

or exposure to cues such as peptidoglycan or lipopolysaccharides is required for mucus 

production. Notably, mucus in SM-colonized FF diet mice was 5–6X thinner than colonized 

mice fed the FR diet. From these data, we conclude that the mucus layer: i) is initially 

thinner in GF mice regardless of diet, ii) begins expanding upon microbial colonization, but 

iii) is disproportionately eroded back to a thinner layer due to the increased mucus foraging 

activity by the microbiota in the context of the FF diet. A similar reduction in mucus 

thickness was observed in the Pre diet and both 4-day oscillation groups, while an 

intermediate thickness was observed in the 1-day FR/FF oscillation group (Fig. 4C).

Next, we determined whether mucus production was altered in colonized mice fed the FF 

diet. We examined the abundance of transcripts encoding several key proteins involved in 

building and regulating the mucus barrier (Fig. 4D): Muc2 and Muc5ac, two building blocks 

of colonic mucus; Tff1 and Tff3, goblet cell proteins that promote mucosal repair and 

protection; and Klf3 a transcription factor involved in barrier function. Our results show that 

the transcription of the major colonic mucin gene (Muc2) was slightly elevated in the 

colonized FF diet group, suggesting a compensatory response of the host to offset the 

increased bacterial mucus degradation in this group; whereas other genes (Muc5ac, Tff1, 
Tff3 and Klf3) remained statistically unchanged (Fig. 4D). Qualitative visualization by 

Alcian blue (Fig. 4A) staining supports the conclusion that the colonic tissue of FF-fed 

colonized mice contained similar numbers of goblet cells that have yet to secrete their 

glycoproteins.

As expected, degradation of the mucus layer by the fiber-deprived gut microbiota brought 

luminal bacteria closer to the intestinal epithelium (Fig. 4B, inset), which could potentially 

trigger deleterious effects or other host compensatory responses. Histopathology (Fig. S5A) 

and body weight measurements over time (Fig. S5B) of mice from the groups with reduced 

mucus thickness did not reveal changes compared to the mice consuming the FR diet. 

However, measurements of three additional host parameters provided support for altered 

host responses in the face of mucus erosion: The first was fecal lipocalin – a neutrophil 

protein that binds bacterial siderophores and is associated with low-grade inflammation 
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(Chassaing et al., 2015) – which was increased in the group of colonized mice fed the FF 

diet compared to those fed FR (Fig. 4E). A second readout, colon length, revealed shorter 

colons in colonized FF fed mice and other SM colonized groups when compared to 

colonized FR fed mice or GF mice on either diet (Fig. 4F). Additional analysis of host cecal 

tissue global transcriptional responses failed to reveal large-scale changes in the host; 

although, some compensatory responses were suggested by pathway analysis, which 

illuminated several immune responses as altered in the colonized FF fed mice (Fig. 4G, Fig. 

S5C, Table S7). Collectively, the data described above indicate that fiber-restricted, 

colonized mice experience erosion of the mucus barrier and some altered intestinal 

responses, albeit without overt signs of disease.

A fiber-deprived gut microbiota promotes heightened pathogen susceptibility

Since the mucus layer is a critical barrier against both commensal microbes and invading 

pathogens, we next hypothesized that the reduction in thickness associated with microbiota 

activity during low-fiber conditions would increase pathogen susceptibility. To test this idea, 

we chose the attaching/effacing pathogen Citrobacter rodentium (Cr) because it must 

traverse the mucus layer to access the epithelium and cause colitis (Collins et al., 2014). 

Towards this point, a previous study demonstrated that mice genetically lacking the 

dominant colonic mucin glycoprotein (Muc2−/−), but not wild-type mice, develop lethal 

colitis following infection with Cr, highlighting that the mucus layer is an important initial 

barrier to this pathogen (Bergstrom et al., 2010).

Therefore, we recreated the previously observed diet-modulated thick and thin mucus layer 

phenotypes in gnotobiotic mice, and infected both groups with Cr (Fig. S6A). To control for 

diet-specific effects on Cr pathogenesis in the absence of our SM, we infected two additional 

groups consisting of germfree (GF) mice fed a priori (~4 weeks before infection) the same 

FR or FF diets. We collected fecal samples each day post Cr infection to measure changes in 

pathogen colonization by both selective plating for Cr and 16S rRNA gene analysis (Figs. 

5A,B, Fig. S6A). In the two groups colonized by the synthetic microbiota, Cr levels 

gradually increased but were significantly higher beginning at day 2 in mice fed the FF diet, 

and remained ~10-fold higher thereafter.

The dramatic diet-specific increase of Cr levels in SM-colonized mice fed the FF diet was 

accompanied by weight loss that was specific to this group (Fig. 5C). Importantly, both GF

+Cr groups that had high pathogen levels (Fig. 5A) failed to exhibit similar weight loss, 

illuminating that the pathogen alone is insufficient for this effect on either diet. The higher 

pathogen burdens in colonized mice fed the FF diet were associated with multiple signs of 

morbidity such as hunched posture and inactivity. Notably, by 10 days post infection, 60% 

of the mice from the SM colonized FF group had to be euthanized due to ≥20% loss of body 

weight (Fig. 5D). Mice in the other 3 groups did not show similar morbidity.

Histological scoring of the cecal and colonic tissue revealed that the SM-colonized FF diet 

group experienced inflammation that covered a significantly more expansive surface area 

(Figs. 5E–G). An exception was the descending colon/rectum, which showed larger areas of 

inflamed tissue in both FR and FF groups; although, the FF group was still significantly 

higher and 100% affected. When the tissue was inflamed, the level of hyperplasia was 
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similar across all four groups (Fig. S6B). Importantly, there were overall lower levels of 

inflamed tissue in both of our GF+Cr control groups. To determine if increased mucus 

production post infection could explain the lower disease observed in the GF+Cr groups, we 

measured thickness of the colonic mucus and found that Cr triggered only a slight increase 

in GF mucus thickness; whereas the thick mucus layer associated with the FR diet in the 

context of microbiota colonization persisted (Fig. S7A,B).

Based on the above results, we further hypothesized that the increased area of inflamed 

tissue in FF mice was due to earlier and increased pathogen access due to the microbiota-

degraded mucus layer. To test this idea, we infected the same four treatment groups (SM-

colonized or GF mice, fed either FR or FF diets) with a luciferase-expressing Cr strain (Fig. 

6A). At 4 days post infection, we sacrificed all mice and conducted bioluminescent imaging 

of the colons after flushing out the luminal contents. In support of our hypothesis, and 

despite having similar levels of fecal Cr in FR- and FF-fed SM mice (Fig. 6B), we saw 

significantly higher pathogen signal adherent to the colonic tissue of SM colonized mice fed 

the FF diet as compared to those fed FR (Figs. 6C,D). The higher levels of attached Cr in FF 

fed SM mice were further validated by transmission electron microscopy, revealing 

increased appearance of the attaching and effacing lesions, pedestals and loss of microvilli 

that is typically associated with Cr infection (Fig. 6E). Notably, GF+Cr mice on either diet 

displayed similarly high adherent bacterial signal as the FF-fed SM mice (Fig. 6D, Fig. 

S7C). Taken together, these results suggest that the pathogen can more quickly traverse the 

thin colonic mucus layers in GF mice (irrespective of diet) and SM-colonized mice fed the 

FF diet. However, the commensal microbiota is also required in the context of increased 

pathogen access to elicit more severe disease, possibly by provoking co-inflammatory 

responses.

DISCUSSION

The health benefits of fiber consumption have been purported for decades, yet the influence 

of many different chemical and physical forms of fiber polysaccharides on the gut 

microbiota, and ways through which gut bacteria digest, sequester and share these 

chemically complex nutrients, are just now being unraveled in detail (Cuskin et al., 2015; 

Rakoff-Nahoum et al., 2016). Aside from loss of beneficial SCFA production, microbiota-

mediated mechanisms that connect low fiber intake to poor gastrointestinal health have not 

been described. Using a gnotobiotic mouse model, our study provides a mechanism by 

which a diet deficient in complex plant fiber triggers a synthetic gut microbiota to feed on 

the colonic mucus layer that acts as a primary barrier against invading pathogens (Fig. 7).

Our findings reveal important implications regarding how our immediate diet history may 

modify susceptibility to some enteric diseases. Our approach highlights the power of using a 

tractable synthetic human gut microbiota, in which the individual members can be 

characterized or manipulated to support functional interpretations. We demonstrate that fiber 

deficiency allows the subset of mucin-degrading bacteria to increase their population and 

express mucin-degrading CAZymes to access mucin as a nutrient. While the ability to 

annotate CAZyme functions is well developed vis-a-vis many other metabolic functions that 

are important in the microbiome (El Kaoutari et al., 2013), there are still substantial 
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ambiguities in connecting such predictions with precise catalytic roles. Here, we not only 

leverage knowledge of the substrate and enzyme specificities associated with some of the 

well-studied species in our SM (Table S4 and references therein), but we also employ new in 
vitro growth and transcriptional profiling experiments for key mucus-degrading bacteria (B. 
caccae and A. muciniphila). Our results point out a poignant example of how this evolving 

“bottom up” approach can increasingly resolve functional resolution in complex microbial 

systems: only very recently, the single B. ovatus GH98 enzyme that is increased in the FR 

diet (leftmost bar, Fig. 3A, top) was shown unequivocally to be an endo-β-xylosidase 

(Rogowski et al., 2015). Prior to this finding, the GH98 family was only known to contain 

blood group antigen-cleaving endo-α-galactosidases – a function that could have 

confusingly been associated with mucus O-glycan metabolism instead of its proper target, 

the plant fiber xylan.

Our results shed important light on the nature and amount of fiber that is required for the 

health of the colonic mucus layer. The prebiotic diet, which contains purified soluble fibers 

that are similar to common prebiotics (e.g., inulin, arabinoxylan, β-glucan), could not 

mitigate microbial erosion of the mucus barrier despite having a clear impact on the cecal 

community transcriptome. Since the FR diet contains complex plant fiber in its natural form 

(intact plant cell walls) and at higher concentration (~15% vs. 10% in the Pre diet), we 

cannot determine which variable (form or amount) is most important. However, the defined 

FF diet provides an ideal platform to which purified polysaccharides and even individual 

food items can be added to separately test both of these parameters for their ability to 

alleviate mucus degradation. Such an approach could help to design dietary therapeutics and 

next-generation prebiotics and will be particularly powerful given our existing knowledge of 

which polysaccharides the non-mucin-degrading species target (Fig. 1A) and our ability to 

implant new species with other defined functionalities in the SM.

The present work highlights that the gut microbiota plays significant positive and negative 

roles in the pathogenesis of C. rodentium. Whereas we previously showed that the presence 

of a microbiota blocks colonization by C. rodentium unless it possesses virulence traits 

(Kamada et al., 2012), here we demonstrate that diet-specific modulation of the gut 

microbiota can facilitate pathogen colonization and a fiber-deprived microbiota enhances 

disease susceptibility. Since the colonic mucus layer is an early barrier that a pathogen must 

transit (Collins et al., 2014), our data illustrate that a fiber-deprived microbiota has profound 

effects on the susceptibility to a gastrointestinal pathogen via reduction of this barrier. The 

contribution of mucus degradation to heightened pathogen susceptibility in our study is 

surprisingly parallel to a previous report that found a similar level of lethal colitis in mice 

with a genetically ablated (Muc2−/−) mucus layer (Bergstrom et al., 2010). From this 

perspective, it is striking that a dietary alteration in wild-type mice can imitate the phenotype 

of a mutation as severe as Muc2 loss. Given that Muc2 knockout mice experience 

inflammation and eventual colorectal cancer, it is reasonable to conclude that prolonged 

diet-driven mucus layer loss could result in similar outcomes. In this context, it is worth 

noting that higher levels of mucolytic bacteria have been found in IBD patients (Png et al., 

2010). In light of our observations that mice subjected to intermittent (daily or 4-day) dietary 

fiber deprivation exhibit thinner mucus, it will be critical in future studies to investigate the 

impact of periodic fiber deprivation, which is more like real human dietary habits, on the 
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status of the mucus layer and the many downstream health effects that may be connected to 

mucus barrier dysfunction.

Taken together, our findings support a model in which dynamic interactions between dietary 

fiber and metabolism of a synthetic microbiota composed of commensal bacteria influence 

the status of the colonic mucus layer and susceptibility to pathogens that traverse this barrier 

(Fig. 7). The current findings are likely applicable to gut microbial communities with higher 

numbers of species: three previous studies (see also Introduction) involving rats with native 

microbiota and mice with transplanted human gut microbiota found a correlation between 

fiber-deficient diets and thinner colonic mucus layer. However, it remains to be investigated 

whether a thin colonic mucus layer together with a complex microbiota would contribute to 

enhanced pathogen susceptibility or how this effect might vary between individual microbial 

communities. Moreover, to understand whether microbial degradation of the colonic mucus 

is required for its secretion by the host in order to achieve a thicker mucus layer, future 

experiments need to address the effects on the mucus thickness after exclusion of the 4 

validated mucus degraders from our synthetic microbiota. Finally, since the strains used here 

are of human origin, and given the significant structural overlap between human and murine 

mucin (including glycosylation) (Johansson et al., 2013) and that C. rodentium uses similar 

pathogenesis mechanisms as human pathogenic E. coli strains, it is likely that such diet-

induced disease susceptibility would extend to humans. Since E. coli infections are 

associated with high morbidity (Kaper et al., 2004) and health-care cost, our study 

emphasizes the need to consider a dietary perspective in fully understanding their 

transmission. With this in mind, efforts to find the optimal combinations of natural or 

prebiotic fiber polysaccharides and the minimum intake required to restore the integrity and 

resilience of the colonic mucus layer should be paramount.

METHODS AND RESOURCES

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information may be obtained from the Lead Contact Eric C. Martens (Email: 

emartens@umich.edu; address: University of Michigan Medical School, Ann Arbor, 

Michigan 48109, USA).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Gnotobiotic mouse model and diet treatments—All animal experiments followed 

protocols approved by the University of Michigan, University Committee for the Use and 

Care of Animals. Germfree male and female wild type Swiss Webster mice were colonized 

at 8–9 weeks of age and none of these mice were involved in any previous experiments/

treatments. Mice were housed alone or in groups as appropriate for gender, litter and diet 

requirements and provided ad libitum with autoclaved distilled water and the diets described 

below.

Identities and culture purity of the bacterial species in the synthetic gut microbiota were 

confirmed by sequencing their 16S rRNA genes, followed by comparison to sequences in 

public databases. Bacteria were grown in their respective media (Table S1) for community 
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assembly or in vitro growth evaluation on carbohydrates. Each individual bacterial member 

of the SM was grown anaerobically (atmosphere 85% N2, 10% H2, 5% CO2) in its 

respective medium (Table S1) at 37°C with final absorbance (600nm) readings ranging from 

about 0.5 to 1.0. Bacterial cultures were mixed in equal volumes and each individual 

inoculum sealed in its own tube with anaerobic headspace. Each mouse was gavaged with 

0.2 ml of this mixture (freshly prepared each day) for three consecutive days at nearly the 

same time of the day.

Fiber-free (FF) and Prebiotic (Pre) diets were sterilized by gamma irradiation and the Fiber-

rich (FR) diet (LabDiet 5010; autoclavable rodent diet) was sterilized by autoclaving. The 

FF diet was manufactured by Teklad/Envigo (WI, USA) and, as previously described (TD.

140343) (Kamada et al., 2012), consisted of a modified version of Harlan TD.08810 in 

which starch and maldodextrin were replaced with glucose. The Pre diet was a new 

formulation based on the FF diet with 2.1% of a purified polysaccharide mixture (Table S1) 

added along with 10% cornstarch (each replacing an equivalent amount of glucose).

On day 14 after colonization (Figure 1B), mice were randomly assigned to groups by a 

technician, who was not aware of the details of the treatment groups. The mice were 

sometimes caged separately even within individual groups. For dietary oscillations, mice 

from their respective cage were transferred to a different cage with another diet. Bedding 

was replaced in each cage before the mice were transferred. To minimize the potential for 

circadian effects, the oscillation was carried out at nearly the same time of the day (±1.0 h 

between different days) and fecal samples were collected just prior to their transfer to 

another cage containing a different diet. The fecal samples were immediately stored at 

−20 °C until further use.

Citrobacter rodentium infection—A kanamycin (Km)-resistant wild-type C. rodentium 
strain (DBS120) and a luciferase-expressing strain of C. rodentium (DBS100; resistant to 

ampicillin (Amp)) were used (Kamada et al., 2012). Each mouse was gavaged with 0.2 ml of 

culture grown aerobically overnight at 37 °C (~109 CFU grown in Luria-Bertani broth 

without antibiotics). The exact same culture was used to gavage all mice in a single 

experiment to rule out effects of growth variation on pathogenesis. For experiments with 

luciferase expressing C. rodentium, mice were fed the FF diet for nearly the same duration 

(39 days instead of 42) as for the other experiment (Experiment 2B, Figure 5), prior to 

infecting them with C. rodentium. For the experiment with germfree (GF) mice, two groups 

of mice were separately pre-fed the FR and FF diets for ~4 weeks prior to infection with 

luciferase-expressing C. rodentium or the wild-type C. rodentium.

Formulation of the synthetic microbiota: We selected 12/14 bacterial species (Figure 1A) 

from the list of the most common/frequent 75–89 species in the human gut (Qin et al., 

2010). Moreover, the selection of 14 species was based in part on carbohydrate utilization 

abilities of a larger pool of ~350 strains that were screened on the same platform as shown in 

Figure 1A (Urs, Pudlo and Martens, unpublished). Based on the in vitro assays, our 

synthetic microbiota (SM) is not biased towards mucin-degrading bacteria, as only 4/14 

species possess this ability (Figure 1A).

Desai et al. Page 13

Cell. Author manuscript; available in PMC 2017 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



METHOD DETAILS

Experimental design: A total of four gnotobiotic animal experiments (Experiments 1–4; 

also mentioned in figure legends) were performed – details of the experimental replication 

are provided in the corresponding figure legends. Both male and female mice were randomly 

used depending on the availability of animals. Gnotobiotic Experiment 1 contained 2 male 

mice in Fiber-rich (FR) group, 2 male mice in Fiber-free (FF) group and 1 male mouse in 

Prebiotic (Pre) group; all other animals in Gnotobiotic Experiment 1 were females. 

Gnotobiotic Experiment 2A and 2B had all male mice. All animals in Gnotobiotic 

Experiment 3 were females. Gender details of the animals in gnotobiotic Experiment 4 are 

shown in Figure 6 (both males and females were used). For infection with wild-type C. 
rodentium in germfree (GF) mice, all male mice were used. Gender details of GF mice used 

for infection with luciferase-expressing C. rodentium are included in Figure S7 (both males 

and females were used). Finally, all GF mice used for measurement of the colonic mucus 

layer (Figure 4C) were females. The researchers were not blinded to the identities of the 

treatment groups; however, the technician who assigned individual gnotobiotic animals to 

different treatment groups was not aware of the experimental details. Measurements of the 

colonic mucus layer were single blinded (see details below in the relevant section). The 

pathologist who devised the inflammation-scoring rubric was not blinded, and the 

pathologist who performed the histology scoring and the technician who performed electron 

microscopy were blinded for the identities of the treatment groups (see below for details of 

the methods). No data were excluded from the final analysis.

Sample size estimations were performed as follows in consultation with a statistician. Based 

on previous studies it was assumed an effect size (ratio of mean difference to within group 

standard deviation) of 3 would be reasonable for readouts such as mucus layer 

measurements, enzyme assays and measurement of transcript changes. With 3 animals in 

each group and a 5% significance level, two-sided, this would yield a power of 78% for the 

t-test. Therefore, for some of the feeding groups (those alternated between different diets), 3 

animals were used. However, for other feeding groups that were more important for the 

central research question of the study (e.g., constant feeding on Fiber-rich (FR) and Fiber-

free (FF) diets), at least 4 animals were used to obtain higher power. For Citrobacter 
rodentium infection experiments, in most cases 5 animals per group were used based on 

results of our previous study (Kamada et al., 2012).

Sample processing for animal experiments: All animals were killed using CO2 

asphyxiation followed by cervical dislocation. The gastrointestinal tracts were quickly 

removed. The colons were gently separated, by cutting at the cecum-colon junction and the 

rectum, and immediately preserved in Carnoy’s fixative (dry methanol:chloroform:glacial 

acetic acid in the ratio 60:30:10) with slight modifications to a previous protocol (Johansson 

and Hansson, 2012). Note that the Carnoy’s fixative was made fresh with anhydrous 

methanol, chloroform and glacial acetic acid. The colons were fixed in Carnoy’s solution for 

3 h followed by transfer to fresh Carnoy’s solution for 2–3 h. The colons were then washed 

in dry methanol for 2 h, placed in cassettes and stored in fresh dry methanol at 4 °C until 

further use. Cecal contents from each animal were divided into replicates; instantly flash-

frozen in liquid nitrogen and were stored at −80 °C until further use. Immediately after 
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squeezing out the cecal contents, the cecal tissues were transferred in separate screw-cap 

tubes and were rapidly flash-frozen in liquid nitrogen, followed by their storage at −80 °C 

until further use. Lengths of colons were measured immediately after fixation in Carnoy’s 

solution by photographing the colons in a reference cassette of identical size, followed by 

length measurement in Image J.

Purification of mucin O-glycans: Mucin O-glycans were purified from porcine gastric 

mucus as previously described in Martens et al., 2008, albeit with several modifications. 

Porcine gastric mucin (Type III, Sigma, USA) was suspended at 2.5% w/v in 100 mM Tris 

(pH 7.4): the mixture was immediately autoclaved for 5 min to increase solubility and 

reduce potential contaminating glycoside hydrolase and polysaccharide lyase activity, then 

cooled to 55°C. Proteinase K (Invitrogen, USA) was added to a final concentration of 0.1 

mg/ml and the suspension was incubated at 55°C for 16–20 h with slow shaking. The 

proteolyzed solution was subsequently centrifuged at 21,000 × g for 30 min at 4°C to 

remove insoluble material, and NaOH and NaBH4 were added to final concentrations of 0.1 

M and 1 M, respectively. This solution was incubated at 65°C for 18 h to promote selective 

release of O-linked glycans (mucin O-glycans and GAGs) from mucin glycopeptides by 

alkaline β-elimination. The pH was subsequently decreased to 7.0 with HCl and the 

neutralized mixture centrifuged at 21,000 × g for 30 min at 4°C, and then filtered through a 

0.22 μm filter (Millipore) to remove remaining insoluble material. The filtrate was 

exhaustively dialyzed (1 kDa cutoff) against deionized distilled H2O to remove salts and 

contaminating small molecules. The collected mucosal glycans were further fractionated 

using anion exchange chromatography by passing them twice over a DEAE-Sepharose 

(Sigma) column (325 ml bed volume; equilibrated in 50 mM Tris 7.4; gravity flow). The 

flow through (neutral fraction) was collected and the column washed with 1L of 50 mM 

Tris, pH 7.4. This fraction was used in all growth experiments and was further prepared by 

dialyzing against ddH2O (1 kDa cutoff), lyophilized and resuspended in ddH2O at 20 mg/ml.

Bacterial growth assays in a custom carbohydrate array: All species except 

Desulfovibrio piger were evaluated in a custom carbohydrate array (n = 2 replicate cultures 

per glycan); D. piger failed to grow in any of the tested minimal media, but is not predicted 

to have extensive carbohydrate-degrading capacity based on its small genomic complement 

of only 30 carbohydrate active enzymes. The custom carbohydrate array was formulated 

according to Martens et al., 2011, but with a few modifications included in the following 

protocol: flat bottom 96-well plates (Costar) were used, to which 100 μl of a 2x concentrated 

solution (prepared in Milli-Q water) of each of the sterilized carbohydrate stocks (Table S1) 

were added. The plates were then transferred to the anaerobic chamber (10% H2, 5% CO2 

and 85% N2) and were allowed to equilibrate with the anaerobic atmosphere for ~3–4 h. 

Growth assays for all carbohydrates were carried out in non-adjacent duplicates and all 

growth arrays contained two non-adjacent water only negative controls that were checked to 

ascertain that other medium components without added carbohydrates did not yield 

detectable growth. The cultures for the inoculation were grown overnight in their respective 

minimal media (MM)/regular growth media at 37°C under an anaerobic atmosphere (10% 

H2, 5% CO2 and 85% N2). MM for some bacterial species were used from previous studies, 

and for other members of the synthetic microbiota, MM with novel formulations were 

Desai et al. Page 15

Cell. Author manuscript; available in PMC 2017 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



devised (see Table S1 for compositions of all growth media used in this study). MM were 

pre-reduced in the anaerobic chamber overnight by loosening the lids of the glass bottles 

containing the MM. 1 ml of the culture was centrifuged and the pellet was recovered – note 

that the centrifugation was performed inside the anaerobic chamber. The pellet was washed 

2 times in the respective MM in order to remove carried over carbohydrates from the culture 

media and was then resuspended in 1 ml, 2x concentrated MM without any carbohydrates. 

This 1 ml culture was used to inoculate 50 ml of 2x concentrated MM without carbohydrates 

at a 1:50 ratio. 100 μl of the resulting cultures were then added to the individual wells of the 

carbohydrate solutions in the 96-well plates, resulting in 200 μl of final volumes. A gas 

permeable, optically clear polyurethane membrane (Diversified Biotech, USA) was then 

used to seal the well plates under the same anaerobic atmosphere. Next, the well plates were 

loaded in a Biostack automated plate-handling device (Biotek Instruments, USA) place 

inside the anaerobic chamber, which was coupled with a Powerwave HT absorbance reader 

(Biotek Instruments, USA).

Absorbance values were measured at 600nm (A600) at an interval of 10 min over 96 h for all 

species, except for Akkermansia muciniphila, for which the absorbance was measured over 

144 h, owing to its relatively slow growth on mucin O-glycans (Figure S1B). To construct 

the heat map containing relative growth values (Figure 1A), absorbance data of all bacterial 

species were normalized as follows: only carbohydrate growth assays for which both 

replicate cultures produced an increase in absorbance of more than 0.1 were scored as 

positive (all other values were set to 0). Next, the maximum change in absorbance was 

normalized within each individual species by setting its best growth to 1.0 and normalizing 

all other positive growths to this maximum value (normalized values were thus between 0 

and 1.0). Finally, growth on each substrate was normalized across species by setting the 

maximum (previously normalized) growth value on that substrate to 1.0 and then adjusting 

the growth values for other strains on that same substrate relative to the maximum value, 

yielding final normalized values between 0 and 1.0. Both raw and normalized values are 

provided in Table S1.

To perform RNA-Seq analysis on pure cultures, A. muciniphila and Bacteroides caccae were 

grown anaerobically in their respective minimal media (Table S1). A. muciniphila was 

grown separately on two different substrates N-acetylglucosamine (5 mg/ml final 

concentration) and purified mucin O-glycans (10 mg/ml final concentration). Cultures of A. 
muciniphila were grown to mid-log phase (A600 values between 0.45–0.6). Cultures of B. 
caccae were grown separately on glucose and mucin O-glycan as the carbon sources (10 

mg/ml final concentration for both sugars) to mid-log phase (OD values between 0.7–0.8). 

Cultures of both species were treated with RNAprotect (Qiagen, USA) according to the 

manufacturer’s instructions. The RNAprotect treated bacterial pellets were stored at −80°C 

until extraction of RNA. Two replicate cultures per glycan (with closely matching ODs) 

were performed for each of the two bacterial species.

Citrobacter rodentium quantification—To determine the CFUs of C. rodentium, 

freshly collected fecal samples were weighed and homogenized in cold phosphate-buffered 

saline and were plated on LB agar plates with 50 μg/ml Km (for strain DBS120) or 200 

μg/ml Amp (for strain DBS100) at serial dilutions up to 10−9. The plates were incubated 
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aerobically overnight at 37 °C. Killing of E. coli HS, the only facultative anaerobe in our 

SM, to Km and Amp was confirmed by plating it on LB agar with Km or Amp.

Extraction of nucleic acids: DNA from fecal samples was isolated using the MoBio 

PowerSoil Isolation Kit (MoBio Laboratories, USA) adapted for use in the epMotion 5075 

TMX or the DNA extraction protocol used for Collinsella aerofaciens (mentioned below). 

DNA was extracted from the bacterial pure cultures using DNeasy Blood & Tissue Kit 

(Qiagen, USA), except that the following bead beating and phenol–chloroform extraction 

protocol, was employed to better extract DNA from C. aerofaciens: 1–2 ml of the overnight 

grown culture was centrifuged and the resulting pellet was combined with acid-washed glass 

beads (212–300 μm; Sigma-Aldrich, USA), 500 μl Buffer A (200 mM NaCl, 200 mM Tris, 

20 mM EDTA), 210 μl SDS (20% w/v, filter-sterilized) and 500 μl 

phenol:chloroform:isoamyl alcohol (25:24:1, pH 8.05; Thermo Fisher Scientific, USA). A 

Mini-BeadBeater-16 (Biospec Products, USA) was used to disrupt the bacterial cells for 5 

min at room temperature, which was followed by cooling the samples for 1–2 min on wet 

ice. The samples were then centrifuged and the aqueous phase was recovered. An equal 

volume of phenol:chloroform:isoamyl alcohol (25:24:1) was added to the aqueous phase and 

was mixed with the aqueous phase by gentle inversion. After centrifugation (12,000 rpm, 

4°C, 3 min), the aqueous phase was removed. Next, 500 μl of pure chloroform was added to 

the aqueous phase, mixed by inversion and the tubes were centrifuged (12,000 rpm, 4°C, 3 

min). The aqueous phase was removed in fresh tubes and 1 volume of −20°C chilled 100% 

isopropanol and 1/10 volume 3 M sodium acetate (pH 5.2) were added to the aqueous phase. 

The samples were mixed by gentle inversion and incubated at −20°C for 1 h, centrifuged for 

20 minutes (12,000 rpm, 4°C) and the supernatants were discarded. The pellets were washed 

in 70% ethanol (v/v, prepared in nuclease-free water), air dried and then resuspended in 

nuclease-free water. The resulting DNA extracts were purified by using DNeasy Blood & 

Tissue Kit (Qiagen, USA).

RNA was extracted from cecal contents using a standard phenol–chloroform method with 

bead beating as mentioned earlier (Sonnenburg et al., 2006), but with a few modifications: 1 

ml of RNAprotect (Qiagen, USA) stored at room temperature was added to 200–300 mg of 

cecal contents stored at −80 °C, followed by thawing the cecal samples on wet ice. After the 

cecal contents were thawed, 250 μl acid-washed glass beads (212–300 μm; Sigma-Aldrich, 

USA) were added to the samples. Next, 500 μl of a solution of Buffer A (200 mM NaCl, 200 

mM Tris, 20 mM EDTA), 210 μl of 20% SDS (filter sterilized) and 500 μl of 

phenol:chloroform:isoamyl alcohol (125:24:1, pH 4.3; Fischer Scientific, USA) were added 

to the samples. The mixture was then bead beaten (instrument same as above) for 5 min and 

centrifuged at 4 °C (3 min at 13000 rpm). The aqueous phase was recovered and mixed with 

500 μl of the aforementioned phenol:chloroform:isoamyl alcohol solution. Afterwards, the 

mixture was centrifuged again at 4°C (3 min at 13,000 rpm) and the aqueous phase was 

recovered. 1/10 volume of a 3M sodium acetate (pH: 5.2) and 1 volume of −20°C chilled 

ethanol were added to the aqueous phase. The resulting solution was then mixed by gentle 

inversion and incubated for 20 min on ice. Afterwards, the mixture was centrifuged at 4°C 

(20 min at 13,000 rpm). The pellet was recovered and washed twice in 500 μl of cold 70% 

ethanol. The mixture was centrifuged at 4°C (5 min at 13,000 rpm) and the RNA pellet was 
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recovered, air dried and then resuspended in nuclease-free water. The RNA extracts were 

then purified using an RNeasy Mini kit (Qiagen, USA) according to the manufacturer’s 

protocol. During extraction of RNA from the cecal contents, a portion (~100–200 μl) of 

homogenized material immediately after bead beating was removed and stored at −80°C for 

extraction of DNA. To extract DNA from these cecal-content derived samples, DNA 

extraction protocol described above (used for C. aerofaciens) was used, except that bead 

beating and inclusion of glass beads were skipped. RNA was extracted from the 

RNAprotect-treated cell pellets of bacterial pure cultures of B. caccae using RNeasy Protect 

Bacteria Mini Kit. For extraction of RNA from RNAprotect-treated cell pellets of A. 
muciniphila, the RNA extraction protocol used for cecal contents (see above) was used, 

except that the samples were not treated with RNAprotect after thawing. RNA was extracted 

from cecal tissue by thawing the samples in the presence of RNAprotect (as described above 

for cecal contents), followed by homogenization (OMNI International) involving metal 

beads. RNA was then extracted with Trizol (Invitrogen, USA) according to manufacturer’s 

instructions. All RNA extracts were subjected to digestion of DNA using TURBO DNase 

(Ambion, USA) according to the manufacturer’s instructions..

Bioluminescence imaging and transmission electron microscopy: For bioluminescence 

imaging of the luciferase-expressing Citrobacter rodentium, GI tracts were removed and 

luminal contents were gently flushed with a syringe by passing phosphate-buffered saline 

(PBS) through the colon. The GI tracts were then cut open flat and rinsed in PBS to remove 

loosely attached luminal contents. Bioluminescence was visualized (identical exposure 

across all samples) and photographed using the IVIS200, Xenogen system. The colonic 

tissue sections showing highest luciferase intensity (from both Fiber-rich (FR) and Fiber-free 

(FF) diet fed colonized mice) were then immediately fixed in 2.5% glutaraldehyde prepared 

in 0.1 M Sorensen’s buffer (pH 7.4). Thereafter, the samples were treated with 1% osmium 

tetroxide in 0.1 M Sorensen’s buffer and were sequentially dehydrated in graded alcohols 

and propylene oxide, followed by infiltration in Spurrs or Epon. Ultrathin sections of the 

tissue samples were made using a diamond knife, stained and were visualized with a 

transmission electron microscope (Philips CM-100).

Laser capture microdissection: To perform laser capture microdissection (LCM) on 

colonic thin sections, 4 and 3 fecal masses were analyzed for the Fiber-rich (FR) and Fiber-

free (FF) groups, respectively. Colonic thin sections that were deposited on microscope 

slides were deparaffinized in xylene followed by dehydration by isopropanol (see details in 

the immunofluorescence staining protocol below). The sections were stored overnight in a 

container with Drierite dessicant (Drierite, USA). LCM was carried out using a Veritas 

Microdissection instrument (Arcturus, USA). DNA was extracted from the microdissected 

samples using the Arcturus Pico Pure DNA extraction kit and the accompanying protocol. In 

order to perform Ilumina sequencing, 16S rRNA genes were amplified from the LCM-

derived samples using a low biomass-optimized touch down PCR protocol as follows: 

denaturation at 95°C for 2 min; a total of 20 cycles with a touch-down program: 

denaturation at 95°C for 20 s, extension at 72°C for 5 min, annealing starting at 60°C for 15 

s which decreased 0.3°C per cycle; a total of 20 cycles: extension at 72°C for 5 min, 

annealing at 55°C 15 s and extension at 72°C for 5 min; final extension at 72°C for 5 min. 
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Note that a 5 min extension was used in order to reduce chimera development. Library 

preparation and sequencing were carried out using similar protocols described for fecal and 

cecal samples (see below).

Illumina sequencing and data analysis: PCR and library preparation were performed by 

the University of Michigan Microbial Systems Molecular Biology Lab as described by 

Kozich et al., 2013. The V4 region of the 16S rRNA gene was amplified using the dual-

index primers described by Kozich et al. with a few modifications to the PCR assay, which 

are included in the following protocol. Each of these dual-index primers contains an 

Illumina adapter, an 8-nt index sequence, a 10-nt pad sequence, a 2-nt linker, and the V4 

primers F515 and R806. These primer sequences are listed in Table S2. For the PCR assays, 

5 μl of each of the 4 μM primers, 0.15 μl AccuPrime High Fidelity Taq polymerase (Thermo 

Fisher Scientific, USA), 2 μl of 10x AccuPrime PCR II buffer (Thermo Fisher Scientific, 

USA), 11.85 μl of sterile PCR-grade water and 1 μl of the DNA template were mixed. The 

PCR cycles started with a 2 min of denaturation at 95°C, followed by 30 cycles each 

consisting of 95°C for 20 s, 55°C for 15 s and 72°C for 5 min, followed by a final step of 

72°C for 10 min. The amplicons were normalized to the lowest concentration of the pooled 

plates using a SequalPrep normalization plate kit (Thermo Fisher Scientific, USA). A KAPA 

Library Quantification kit for Illumina platforms (Kapa Biosystems, USA) was used to 

determine the library’s concentration and an Agilent Bioanalyzer high-sensitivity DNA 

analysis kit (Agilent, USA) was employed to determine the amplicon size. The amplicons 

were sequenced using an Illumina MiSeq with a MiSeq Reagent 222 kit V2 (Illumina, 

USA). The libraries were prepared following the Illumina protocol for 2nM libraries: 

‘Preparing Libraries for Sequencing on the MiSeq’ (part 15039740, Rev. D).

Raw sequences were analyzed using mothur (v1.33.3) (Schloss et al., 2009). The following 

control samples were included: 1) DNA extracted from the fecal samples collected from 

germfree mice, 2) a mixture of extracted DNA from pure cultures of the members of the 

synthetic microbiota (DNA samples from each strain were mixed in equal amounts) and 3) 

PBS negative controls during DNA extraction and PCR amplification. Following sequence 

barcode-trimming, sequences were aligned to a custom reference database, consisting of the 

V4 16S rRNA region from each of the 14 bacterial members and C. rodentium. UCHIME 

(Edgar et al. 2011) was used to remove sequence chimeras. The R package ‘vegan’ was used 

to calculate the principal coordinates analysis (PCoA) from the Bray-Curtis dissimilarity 

index based on phylotype classification of the 14 bacterial members. Standard R commands 

and the R package ‘plyr’ (Wickham, 2011) were used to generate median values of relative 

abundance or change in relative abundance over time, and the Wilcoxon signed-rank test 

(two-sample comparisons) or the Kruskal-Wallis test (multiple groups) was used to 

determine significance as indicated due to the nonparametric distribution of relative 

abundance data. R was used to visualize relative abundance of bacterial members in different 

groups, over time as streamplots, or in heatmaps. Change in relative abundance over time 

was determined by subtracting the relative abundance of the specified microbial member 

from the day prior within each animal, over time. Change in relative abundance followed a 

parametric distribution, and student t-tests were used to calculate significant differences in 

the change of relative abundance between diet groups. The R package ‘ggplots’ was used to 
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generate heatmaps visualizing the Percent of Maximum Abundance (POMA) as previously 

described (McNulty et al., 2013). For this, the relative abundance of the different species 

was normalized by their maximum abundance observed for a given species across all time-

points from the given animal. A detailed list of commands used to analyze the data, 

including the commands used in mothur, are included in https://github.com/aseekatz/

mouse.fiber. Raw sequences have been deposited in the Sequence Read Archive under the 

study accession SRP065682 (BioProjectID PRJNA300261).

Microbial RNA-Seq and CAZyme annotation: Microbial RNA-Seq was performed on 

pure cultures of A. muciniphila and B. caccae that were grown separately on mucin O-

glycans and on the respective simple sugars (see above). For Bacteroides thetaiotaomicron, 

gene expression data from previous studies was utilized (Martens et al., 2008; Sonnenburg et 

al., 2005). To perform RNA-Seq on cecal samples, 3 samples each (out of 4) were randomly 

selected from Fiber-rich (FR) and Fiber-free (FF) diet groups and all three samples each 

from the Prebiotic diet (Pre), FR–FF daily oscillation and Pre–FF daily oscillation groups 

were utilized. To remove ribosomal RNA, samples were subjected to Ribo-Zero rRNA 

Removal Kits (Bacteria) (Epicentre, Illumina, USA) according to the manufacturer’s 

instructions. The resulting residual mRNA concentrations were quantified using Qubit RNA 

Assay Kit (Life Technologies, USA).

Libray preparation and sequencing of RNA-Seq libraries was carried out using the Illumina 

HiSeq platform and TruSeq adaptors. Samples were multiplexed in groups of 24 per lane 

(see Tables S4, S5, S6 for quantification of reads mapped to each sample). The resulting data 

in fastq file format were demultiplexed and mapped to the respective species genomes or 

community metagenomes using RPKM normalization and default parameters, and were 

further analyzed for fold-change and statistics (moderated t-test with Benjamini-Hochberg 

correction) within the Arraystar software package (DNAStar, USA). Mapping reads to all 

genes in the 14 species community was intended to retain the contributions of community 

member abundance shifts while mapping only to individual genomes was intended to 

normalize abundance shifts of the same species between conditions and isolate gene 

expression changes between conditions. The diet-specific behaviour of known B. 
thetaiotaomicron and B. ovatus genes involved in fiber polysaccharide degradation (Table 

S6) was used as internal validation that biologically relevant changes in gene expression 

were indeed being detected. As stated above, three biological replicates were analyzed for 

each of the in vivo dietary conditions used.

p-Nitrophenyl glycoside-based enzyme assays: p-Nitrophenyl glycoside-based enzyme 

assays were carried out on cecal samples stored at −80°C. The cecal samples were thawed 

on wet ice and 500 μl buffer (50 mM Tris, 100 mM KCl, 10 mM MgCl2; pH 7.25) was 

added to 22–67 mg of cecal contents. The buffer additionally contained the following 

additives: lysozyme (tiny amount of powder/100 ml buffer), TritonX (100 μl, 12%/100 ml 

buffer), DNases (tiny amount of powder/100 ml buffer) and protease inhibitor (one tablet of 

EDTA-free, Protease Inhibitor Cocktail, Roche, USA/100 ml buffer). After adding the buffer 

to cecal samples, the samples were sonicated with an ultrasonic processor for 45 s (9 cycles 

of 5 s sonication followed by a break of 10 s; 35% amplitude; using a tapered microtip of 3 
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mm) on ice. Sonicated samples were subjected to centrifugation (10,000 g, 10 min, 4°C). 

Supernatants (~400 μl) were carefully pipetted and were stored at −20°C until further use. 

The following nitrophenyl-linked substrates (Sigma-Aldrich, USA) were employed: 

Potassium 4-nitrophenyl sulfate, 4-nitrophenyl α-D-galactopyranoside, 4-nitrophenyl N-

acetyl-β-D-glucosaminide, 4-nitrophenyl β-D-glucopyranoside, p-nitrophenyl α-L-

fucopyranoside and p-nitrophenyl β-D-xylopyranoside. Protein concentrations in the 

supernatants were determined using Pierce Microplate BCA Protein Assay Kit (Thermo 

Scientific, USA). Some samples were diluted with the buffer (same buffer as above) to 

obtain a homogenous range of protein concentrations across all samples. 5 μg of total protein 

was used in the 150 μl reactions inside flat-bottom, 96-well plates (Costar) with 10 mM 

nitrophenyl-based substrate in the buffer (same buffer as above). Absorbance measurements 

(405 nm) were started immediately in a plate reader (Biotek, USA) at 37°C and absorbance 

values were recorded every minute for 6–12 h duration depending on linearity of the kinetic 

curve. The enzyme activities were determined by plotting a standard curve of known 

concentrations of 4-nitrophenol and measuring the OD values at 37°C.

Thickness measurements of the colonic mucus layer: Post Carnoy’s fixation, the 

methanol-stored colon samples (see above) were embedded in paraffin and thin sections (~5 

μm) were cut and deposited on glass slides. Alcian blue staining was performed by the 

following protocol: 1) deparaffinization and hydration to distilled water, 2) Alcian blue 

solution for 30 minutes, 3) washing in running tap water for 2 minutes, 4) rinsing in distilled 

water, 5) dehydration (2X changes) and treatment with absolute alcohol (2X changes), 3 

minutes each, 6) clearance in xylene (3X changes), 3 minutes each 7) cover with coverslip. 

To measure the thickness of the colonic inner mucus layer, thousands of partially 

overlapping photographs were taken from nearly the entire length of each colon based from 

the Alcian blue stained slides after cross-validation using anti-Muc2 staining (Fig. 4A,B 

main text). The images captured all of the available fecal masses of all mice, although this 

number was variable and there were generally fewer colonic fecal masses in mice fed the FF 

diet alone or in any combination. Image sample names were blinded by M.S.D. and M.W., 

and the thickness of the colonic sections were then measured by E.C.M. using ImageJ. Only 

regions in which the mucus layer was sandwiched between epithelium on one side and 

luminal contents on the other were used; care was taken to measure regions that represented 

the average thickness in each blinded image; 2–3 measurements per image were taken and 

averaged over the entire usable colon surface. See Fig. 4A,B for representative images in 

which the region measured as the inner mucus layer is delineated in both Alcian blue and 

anti-Muc2 staining.

Measurements in Cr infected mice were conducted exactly as described for non-infected 

mice above, with the exception that only distal colon–rectal tissue was considered as this 

was uniformly a site at which inflammation was high and C. rodentium would be present. 

Since only sections in which luminal contents that could be visualized adjacent to the mucus 

layer were considered, only a few measurements were obtained for a single SM-colonized 

infected mouse fed the FF diet due to the fact that all mice in this group were extremely 

morbid and not eating.
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Quantitative PCR: In addition to Illumina sequencing of the 16S rRNA genes (V4 region), 

as a second approach to quantifying relative bacterial abundance in fecal samples, 

phylotype-specific bacterial primers were designed. The primers were designed against 

randomly selected genes that were checked for homology against the other 13 species in 

each case. These primer sequences are listed in Table S3A. The primers were tested for 

specificities against the target strain by comparing the primer and target gene sequences 

against sequences in public databases. Moreover, specificity of each primer was validated by 

the following three approaches: 1) by quantitative PCR (qPCR) against target species 

genome and melting curve analysis (for a single peak), 2) by qPCR for each primer set 

against a non-target template comprising of genomic DNA from the 13 bacterial species in 

our synthetic microbiota, 3) by performing qPCR against DNA extracted from the fecal 

samples of germfree mice feeding on the Fiber-rich diet. qPCR was carried out in 384 wells 

(with each plate including known concentrations of template DNA included to plot a 

standard curve). The qPCR analyses were performed using KAPA SYBR FAST qPCR Kits 

(KAPA Biosystems, USA) on Applied Biosystems (ABI) Real Time PCR instrument (ABI, 

USA). The amount of DNA was quantified by plotting a standard curve of varying DNA 

concentrations of the target template.

Quantification of short chain fatty acids: Cecal samples stored at −80°C were used to 

quantify short chain fatty acids (SCFAs). Samples were first thawed on wet ice. Then, an 

equivalent amount of MilliQ water was added (100 ul per 100 mg of material) to cecal 

contents (≥ 0.05 g) and the samples were thoroughly homogenized by vortexing for 1 

minute. The samples were then centrifuged at 13,000 g for at least 3 minutes (or for a longer 

time depending on time required to obtain a tight pellet). The supernatant was pipetted and 

filtered through a 0.22 μm filter (Millex-gv 4mm SLGV004SL). Samples were kept on ice or 

frozen until quantification of SCFAs by high-performance liquid chromatography (HPLC). 

Some samples were diluted to obtain enough liquid to inject onto the HPLC, or in certain 

cases they were diluted so that they could be filtered. A Shimadzu HPLC with an Agilent 

HP-87X column was utilized for separating compounds, with a mobile phase of 0.01 N 

H2SO4, a flow rate of 0.6 ml/min, and a column temperature of 50°C. A UV detector set to a 

wavelength of 214 nm was used to measure concentrations.

Immunofluorescence staining: The immunofluorescence staining for Muc2 mucin was 

performed on the colonic thin sections after several modifications to the protocols from 

Johansson and Hansson, 2012 and an immunohistochemistry/tissue section staining protocol 

from BD Biosciences, USA (http://www.bdbiosciences.com). The sections were 

deparaffinized by dipping in 50-ml Falcon conical tubes filled with xylene (Sigma-Aldrich, 

USA) for 5 min, followed by transfer to another tube with fresh xylene for 5 min – care was 

taken to completely immerse the tissue material in the liquid (also in the subsequent steps). 

This was followed by two dehydration steps of 5 min each using 100% isopropanol 

contained in conical tubes. The slides were then washed by dipping in conical tubes 

containing MilliQ-water. The antigens were retrieved by placing the slides in a glass beaker 

with enough BD Retrievagen A (pH 6.0; BD Biosciences, USA) to cover the slides. The 

sections were then heated by microwaving and holding at about 89°C for 10 min 

(microwaving was repeated during this time, as required). The slides were then cooled for 20 
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min at room temperature. Afterwards, the slides were washed 3 times with MilliQ-water. 

Excess liquid was gently blotted away and a PAP pen was used to draw a circle around the 

tissue area, in order to better hold liquid on the tissue area during subsequent steps. Blocking 

was performed by immersing the slides into blocking buffer (1:10 dilution of goat serum 

(Sigma, USA) in 1x Tris-buffered Saline (TBS; 500 mM NaCl, 50 mM Tris, pH 7.4)) and 

incubating them at room temperature for 1 h. For the primary antibody staining, the tissue 

sections were covered in a 1:200 dilution Mucin 2 antibody (H-300) (original concentration: 

200 μg/ml; Santa Cruz Biotechnology, USA) in the aforementioned blocking buffer and 

incubated for 2 h at room temperature. After the incubation step, the excess liquid was 

blotted away and the slides were rinsed 3 times in 1x TBS (in conical tubes) for 5 min each. 

The secondary antibody staining was performed by covering the tissue sections with a 1:200 

dilution of Alexa Fluor 488 conjugated goat anti-rabbit IgG antibody (original 

concentration: 2 mg/ml; Thermo Fisher Scientific, USA) in blocking buffer and the sections 

were incubated for 1 h at room temperature in dark. The excess liquid was blotted away and 

the sections were rinsed twice for 5 min each using TBS. Next, the sections were stained for 

5 min at room temperature in dark using a 10 μg/ml of DAPI solution diluted in 1x TBS 

(Sigma-Aldrich, USA). The sections were then rinsed with Milli-Q water and blotted dry. 

Finally, the sections were covered with ProLong Gold Antifade Mountant (Invitrogen, 

USA), covered with coverslips and the edges of the coverslips sealed with nail polish. The 

slides were kept at room temperature in dark for at least 24 h and then visualized by 

Olympus BX60 upright fluorescence microscope (Olympus, USA).

ELISA for fecal Lipocalin: Frozen fecal samples (−20°C) were used to determine the levels 

of fecal Lipocalin (LCN-2). The assays were performed within 30 days of sample collection. 

The samples were prepared as mentioned previously (Chassaing et al., 2015), with a few 

modifications in the sample prepration protocol: fecal samples stored at −20°C were thawed 

on wet ice and 6.9–67.7 mg of samples were separated in fresh tubes, to which 0.5 ml of 1% 

(v/v) Tween 20 (Sigma-Aldrich, USA) prepared in PBS was added. To get a homogenous 

suspension, the samples were vortexed for 20 min. The suspension was then centrifuged at 

4°C for 10 min at 12000 rpm. Next, the supernatant was carefully recovered and stored at 

−20°C until the analysis. To measure the LCN-2 levels, a mouse Lipocalin-2/NGAL DuoSet 

ELISA kit (R & D Biosystems, USA) was employed and the manufacturer’s protocol was 

followed.

Tissue histology: To perform histology analyses on GI tracts of C. rodentium infected mice: 

first the intestinal segments (cecum and colon together) were fixed in Carnoy’s fixative for 3 

h, followed by transfer to fresh Carnoy’s fixative overnight. Next, the samples were washed 

in 100% methanol (2x) for 30 min each, which was followed by washing in 100% ethanol 

(2x) for 20 min each. The samples were then stored in 100% ethanol at 4°C until further use. 

After 100% ethanol washes, the intestinal tissue samples were divided into 3 sections for 

histology: cecum, ascending colon, and the descending colon/rectum. These sections were 

embedded, processed and cut by an experienced histology core (Washington University, 

USA), and then stained with hematoxylin and eosin (H and E) prior to analysis. An 

unblinded experienced pathologist (T.S.S.) examined the slides from each of the groups to 

determine a viable readout. The best readout was determined to be the extent of epithelial 
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area showing crypt hyperplasia. After a scoring rubric was devised, an independent blinded 

evaluator (C.A.H.) then measured the total length of each intestinal segment with a ruler in 

millimeters. Areas of increased crypt hyperplasia were then determined by microscopy and 

the lengths of these areas were measured as a percentage of the total epithelial length on a 

single slide.

Mouse microarray analyses: Mouse microarrays were carried out with Affymetrix Mouse 

Gene ST 2.1 strips. Expression values for each gene were calculated using a robust multi-

array average (RMA) approach (Irizarry et al., 2003). Linear models were fitted to the data 

by employing the limma bioconductor package in R version 3.1.1. Note that selected 

probesets had a fold change greater than 1.5 and an FDR adjusted p-value of 0.05 or less. 

Data were analyzed through the use of QIAGEN’s Ingenuity® Pathway Analysis (IPA®, 

QIAGEN Redwood City, www.qiagen.com/ingenuity) using the default parameters. Input 

data correspond to significantly detected genes with FDR < 0.05 and absolute log Fold-

Change > 0.5. ILK signalling was the number 1 canonical pathway detected (p-value = 

8.33E-07). TNF targets corresponded to the number 1 (overlap p-value = 2.64E-06) 

upstream regulator detected by IPA. The category ‘Immune response of cells’ was predicted 

as the most significantly activated (p-value = 6.83E-06 and Z-score = 2.316) in the 

inflammatory response category.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses—All experimental analyses were conducted in consultation with a 

statistician. Unless otherwise stated in individual method sections above, all statistical 

analyses were performed using Prism 5.04 (GraphPad Software, Inc.), except statistics for 

colony forming units (CFU) for C. rodentium were performed in Excel. Statistically 

significant differences are shown with asterisks as follows: *p < 0.05, **p < 0.01, ***p < 

0.001 and ****p < 0.0001; whereas, ns indicates comparisons that are not significant. 

Numbers of animals (n) used for individual experiments, details of the statistical tests used 

and pooled values for several biological replicates are indicated in the respective figure 

legends. A two-tailed t-test was employed in all cases. Since generally the microbiome data 

did not follow a normal distribution, for these data a nonparametric test such as the 

Wilcoxon test was used. An exception was the data in Figure 2C, which generally followed a 

normal distribution and hence a t-test was used (see details in the section: Illumina 
sequencing and data analysis). For the other data that appeared normally distributed, a t-test 

was used; otherwise, a non-parametric (Mann-Whitney) test was used (for example for 

Figure 4E). Finally, ANOVA (parametric) and Kruskal-Wallis (nonparametric) methods were 

used to describe differences between more than two groups. For data in Figure 6D, a non-

parametric approach with Dunn’s test and involving pairwise comparisons were employed.

DATA AND SOFTWARE AVAILABILITY

Accession numbers—16S rRNA gene sequences and metadata have been deposited 

under the BioProjectID PRJNA300261 and in SRA under SRP065682. The commands used 

to analyze the 16S rRNA gene data can be found online at the following link: https://

github.com/aseekatz/mouse.fiber. RNA-Seq data have been deposited at NCBI under 
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BioProjectIDs PRJNA310052, PRJNA310058, PRJNA310062. Mouse microarray data are 

deposited to NCBI Geo under accession numbers GSM2084849–55.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Characterized synthetic bacterial communities enable functional 

insights in vivo

• Low-fiber diet promotes expansion and activity of colonic mucus-

degrading bacteria

• Purified prebiotic fibers do not alleviate degradation of the mucus layer

• Fiber-deprived gut microbiota promotes aggressive colitis by an enteric 

pathogen
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Figure 1. Carbohydrate utilization by the synthetic human gut microbiota (SM) members and 
gnotobiotic mouse treatments
(A) Heat map showing normalized growth values of 13/14 SM members.

(B) Schematic of the gnotobiotic mouse model illustrating the timeline of colonization, 

feeding strategies and fecal sampling.

(C) Compositions of the three distinct diets employed in this study (common additives such 

as vitamins and minerals are not shown). The prebiotic mix contained equal proportions of 

14 host indigestible polysaccharides (see Table S1). See also Fig. S1.
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Figure 2. Complex dietary fiber deficiency leads to proliferation of mucus-degrading bacteria
(A) Stream plots exhibiting fecal (over time, Fig. 1B) and cecal (end point) microbial 

community dynamics and average abundance of total species-specific transcripts from cecal 

RNA-Seq transcriptome mapping at the endpoint; for transcript abundance n = 3 mice/group.

(B) Principal coordinate analysis (PCoA) based on bacterial community similarity.

(C) Changes in relative bacterial abundance over time in mice oscillated for 1-day 

increments between FR and FF feeding. Changes in FR and FF control groups are shown for 

comparison. Asterisks (colored according to the dietary group) indicate a statistically 

significant difference in the change of relative abundance from the previous day within each 

group. Student’s t-test.

(D) Additive relative abundances of four mucus-degrading bacteria (Fig. 1A).

(E) Relative bacterial abundances in laser capture microdissected colonic lumen and mucus 

samples (images displayed on left). n = 3 mice/group.

Microbial community abundance data are based on Illumina sequencing of 16S rRNA genes 

(V4 region) and median values at each time point are shown. Unless specified, significance 

was determined using Kruskal–Wallis test and n = 4 for FR and FF groups, n = 3 for all 

other groups. All data in Fig. 2A–E is from Experiment 1.
See also Figs. S2, S3 and Tables S2, S3.

Desai et al. Page 31

Cell. Author manuscript; available in PMC 2017 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Diet-specific changes in carbohydrate active enzyme expression reveal a community 
shift from fiber to mucus degradation
(A) Positive and negative fold-changes in transcripts encoding carbohydrate active enzymes 

(CAZymes) between either FR/FF (top) or Pre/FF (bottom) comparisons. Only CAZyme 

families (x-axis) in which >2-fold changes and p < 0.05 (Student’s t-test) were observed for 

all of the genes in that family in RPKM-normalized cecal community transcriptomes are 

shown as averages; open circles denote statistically insignificant differences. n = 3 mice/

group, Experiment 1.
(B) Fold-change values of empirically validated (Table S5), MOG-specific transcripts of 

three mucus-degrading bacteria. n = 3 mice/group, Experiment 1. Data are shown as average 

± SEM. Student’s t-test

(C) Activities of cecal enzymes determined by employing p-nitrophenyl-linked substrates. n 

= 4 for FR and FF groups and n = 3 for other groups, Experiment 1. Data are shown as 

average ± SD. One-way ANOVA, FR diet group vs. other groups.

(D) Concentrations of organic acid (OA, succinate) and short-chain fatty acids (SCFA) 

determined from cecal contents. n = 4 mice/group; 2 mice/dietary group in two independent 

experiments (#2A and 3). Student’s t-test.

See also Fig. S4, Tables S4, S5, S6.
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Figure 4. Microbiota-mediated erosion of the colonic mucus barrier and host responses
(A) Alcian blue-stained colonic sections showing the mucus layer (arrows). Scale bars, 100 

μm. Opposing black arrows with shafts delineate the mucus layer that was measured and 

triangular arrowheads point to pre-secretory goblet cells.

(B) Immunofluorescence images of colonic thin sections stained with α-Muc2 antibody and 

DAPI. Opposing white arrows with shafts delineate the mucus layer. Inset (FF diet group) 

shows a higher magnification of bacteria-sized, DAPI-stained particles in closer proximity to 

host epithelium and even crossing this barrier. Scale bars: 100 μm; inset, 10 μm.

(C) Blinded colonic mucus layer measurements from Alcian blue stained sections. Mice in 

the FR and FF fed colonized groups (Experiments 1 and 2A), and in the FR-diet fed 

germfree groups are from two independent experiments; all other colonized mice are from 

Experiment 1. Asterisk and dagger indicate that colons of only 2 and 1 mice contained fecal 

masses, respectively. Data are presented as average ± SEM. Statistically significant 

differences are annotated with different letters p < 0.01; One-way ANOVA with Tukey’s 

test.

(D) Microarray-derived transcript levels of genes involved in the production of colonic 

mucus (n = 4 for the FR diet group and n = 3 for the FF diet group). Data are from two 

independent experiments (#2A and 3). Values are shown as average ± SEM. Student’s t-test.

(E) Levels of fecal lipocalin (LCN2) measured by ELISA in the FR and FF diet fed groups 

(day 50, Figure S6A; Experiment 2A). n = 7 mice/group. Mann-Whitney test.

(F) Colon lengths of mice subjected to different dietary treatments. Data for the FR (with 

SM) and FF (with SM) are representative of 3 independent experiments (Experiments 1, 2A 
and 3). One-way ANOVA, FR diet group (with SM) vs. other groups.

(G) Changes in the host cecal transcriptome between FR and FF diet conditions. Heatmap 

shows statistically significant fold changes of genes identified from Ingenuity Pathway 
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Analysis (FDR < 0.05 and absolute Log2 Fold-Change > 0.5). n = 4 for the FR diet group 

and n = 3 for the FF diet group; data are from two independent experiments (#2A and 3).

See also Fig. S5 and Table S7.
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Figure 5. Fiber-deprived gut microbiota contributes to lethal colitis by Citrobacter rodentium
(A) Fecal C. rodentium levels over time. Data are shown as average ± SEM. Student’s t-test; 

FR (SM+Cr) group vs. FF (SM+Cr) group (bottom statistics labels) and FR (Cr) vs. FF (Cr) 

(top statistics labels). Data in Figure 5A–5G are from Experiment 2B.

(B) Relative abundance of C. rodentium in fecal samples over time. Data are shown as 

median ± IQR. Wilcoxon test.

(C) Weight changes in the four groups of mice. Values are shown as average ± SEM. One-

way ANOVA, FF diet group (with SM) vs. other groups.

(D) Survival curves for the four groups of mice. One-way ANOVA with Tukey’s test.

(E) Representative images of unflushed ceca after Hematoxylin and Eosin (H/E) staining 

highlighting major differences in hyperplasia (indicated with arrows in the FR group, where 

hyperplasia is patchy and infrequent). Scale bars, 5 mm.
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(F) Images of representative H/E stained colonic thin sections depicting differences in 

hyperplasia between two groups. Scale bars: low power, 500 μm; high power, 50 μm.

(G) Measurements of inflamed tissue area in different intestinal segments. n = 5 mice/group 

except that n = 4 mice were used for FF (SM+Cr) group. Values are shown as average ± 

SEM. Statistically significant differences are shown with letters within each intestinal 

segment; p < 0.0002; One-way ANOVA with Tukey’s test.

See also Fig. S6, S7 and Table S2.
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Figure 6. Fiber-deprived gut microbiota promotes faster C. rodentium access to the colonic 
epithelium
(A) Experimental setup for luminescent C. rodentium experiment (Experiment 4).

(B) Fecal burdens of C. rodentium at 4 dpi. Data are shown as averages ± SEM; statistically 

significant differences are shown with different letters (p < 0.001). One-way ANOVA with 

Tukey’s test.

(C) Bioluminescence images of flushed colons showing the location and intensity of 

adherent C. rodentium colonization.

(D) Quantified bioluminescence intensities of C. rodentium from panel C and Fig. S7C. 

Kruskal-Wallis One-way ANOVA with Dunn’s test.

(E) Transmission electron microscopy images of the representative colonic regions from 

flushed colons; arrowheads denote individual C. rodentium cells and “P” denotes epithelial 

pedestals in high power/FF image. Scale bars, low power views 10 μm and high power views 

2 μm.

See also Fig. S7.
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Figure 7. Model of how a fiber-deprived gut microbiota mediates degradation of the colonic 
mucus barrier and heighted pathogen susceptibility
Schemes derived from results shown in Figs. 1–6 illustrating the balance between fiber 

degradation and mucus degradation in FR diet-fed mice; whereas an FF diet leads to 

proliferation of mucus-degrading bacteria and microbiota-mediated degradation of the 

colonic mucus layer. The latter results in more severe colitis by C. rodentium.
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