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Abstract

The human gut microbiota is an important metabolic organ, yet little is known about how its individual species interact,
establish dominant positions, and respond to changes in environmental factors such as diet. In this study, gnotobiotic mice
were colonized with an artificial microbiota comprising 12 sequenced human gut bacterial species and fed oscillating diets
of disparate composition. Rapid, reproducible, and reversible changes in the structure of this assemblage were observed.
Time-series microbial RNA-Seq analyses revealed staggered functional responses to diet shifts throughout the assemblage
that were heavily focused on carbohydrate and amino acid metabolism. High-resolution shotgun metaproteomics
confirmed many of these responses at a protein level. One member, Bacteroides cellulosilyticus WH2, proved exceptionally fit
regardless of diet. Its genome encoded more carbohydrate active enzymes than any previously sequenced member of the
Bacteroidetes. Transcriptional profiling indicated that B. cellulosilyticus WH2 is an adaptive forager that tailors its versatile
carbohydrate utilization strategy to available dietary polysaccharides, with a strong emphasis on plant-derived xylans
abundant in dietary staples like cereal grains. Two highly expressed, diet-specific polysaccharide utilization loci (PULs) in B.
cellulosilyticus WH2 were identified, one with characteristics of xylan utilization systems. Introduction of a B. cellulosilyticus
WH2 library comprising .90,000 isogenic transposon mutants into gnotobiotic mice, along with the other artificial
community members, confirmed that these loci represent critical diet-specific fitness determinants. Carbohydrates that
trigger dramatic increases in expression of these two loci and many of the organism’s 111 other predicted PULs were
identified by RNA-Seq during in vitro growth on 31 distinct carbohydrate substrates, allowing us to better interpret in vivo
RNA-Seq and proteomics data. These results offer insight into how gut microbes adapt to dietary perturbations at both a
community level and from the perspective of a well-adapted symbiont with exceptional saccharolytic capabilities, and
illustrate the value of artificial communities.

Citation: McNulty NP, Wu M, Erickson AR, Pan C, Erickson BK, et al. (2013) Effects of Diet on Resource Utilization by a Model Human Gut Microbiota Containing
Bacteroides cellulosilyticus WH2, a Symbiont with an Extensive Glycobiome. PLoS Biol 11(8): e1001637. doi:10.1371/journal.pbio.1001637

Academic Editor: Jonathan A. Eisen, University of California Davis, United States of America

Received March 26, 2013; Accepted July 12, 2013; Published August 20, 2013

Copyright: � 2013 McNulty et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: The majority of this work was supported by grants from the NIH (DK30292, DK70977). Other sources of support included the Crohn’s and Colitis
Foundation of America, the European Research Council under the European Union’s Seventh Framework Programme (FP/2007-2013)/ERC Grant Agreement
no. 322820, and an ORNL Laboratory Director’s Exploratory Seed Money grant (for metaproteomics). The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

Abbreviations: CE, carbohydrate esterase; COPRO-Seq, community profiling by sequencing; EC, enzyme commission; ECF, extracytoplasmic function; GH,
glycoside hydrolase; GT, glycosyltransferase; HF/HS, high-fat/high-sugar; HTCS, hybrid two-component system; INSeq, insertion sequencing; LF/HPP, low-fat/high-
plant polysaccharide; MM, minimal medium; MPC, magnetic particle collector; NBC, normalization by community; NBS, normalization by species; PCoA, principal
coordinates analysis; PL, polysaccharide lyase; PoMA, percentage of maximum achieved; PSMs, peptide-spectrum matches; PTS, phosphotransferase system; PUL,
polysaccharide utilization locus; RFO, raffinose family oligosaccharide.

* E-mail: jgordon@wustl.edu

Introduction

A growing body of evidence indicates that the tens of trillions of

microbial cells that inhabit our gastrointestinal tracts extend our

biological capabilities in important ways. Microbial enzymes

process many compounds that would otherwise pass through our

intestines unaltered [1], and cases of particular nutrient substrates

favoring the growth of particular taxa are being reported [2–5].

Changes in diet are therefore expected to lead to changes in the

composition and function of the microbiota [6–10]. However, our

understanding of diet–microbiota interactions at a mechanistic

level is still in its infancy.

The absence of a complete catalog of the microbial strains and

associated genome sequences that comprise a given microbiota

complicates efforts to describe how particular dietary substrates

influence individual taxa, how taxa cooperate/compete to utilize

nutrients, and how these many interactions in aggregate lead to

emergent host phenotypes. Gnotobiotic mice colonized with

defined consortia of sequenced human gut microbes, on the other

hand, provide an in vivo model of the microbiota in which the
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identity of all taxa and genes comprising the system are known.

Within these assemblages, expressed mRNAs and proteins can be

attributed to their genome, gene, and species of origin, and

findings of interest can be pursued in follow-up in vitro or in vivo

experiments. These systems also afford an opportunity to tightly

control experimental variables to a degree not possible in human

studies and have proven useful in studying microbial invasion,

microbe–microbe interactions, and the metabolic roles of key

ecological guilds [11–15]. Studies aiming to better understand

community-level assembly, resilience, and adaptation are therefore

likely to benefit from a focus on such defined systems. However,

the limited taxonomic and functional representation within

artificial communities of modest complexity requires that caution

be exercised when extrapolating results to more complex, naturally

occurring gut communities (see Prospectus).

Culture-independent surveys of the healthy adult gut microbiota

consistently conclude that it is composed primarily of members of

two bacterial phyla, the Bacteroidetes and Firmicutes [16–21].

The dominance of these two bacterial phyla suggests that their

representatives in the human gut are exquisitely adapted to its

dynamic conditions, which include a constantly evolving nutrient

environment. Members of the genus Bacteroides are known to be

adept at utilizing both plant- and host-derived polysaccharides

[22]. Comparisons of available Bacteroides genomes with those from

other gut species indicate that the former are enriched in genes

involved in the acquisition and metabolism of various glycans,

including glycoside hydrolases (GHs) and polysaccharide lyases

(PLs), as well as linked environmental sensors that control their

expression (e.g., hybrid two-component systems, extracytoplasmic

function (ECF) sigma factors and anti-sigma factors). Many of

these genes are organized into polysaccharide utilization loci

(PULs) that are distributed throughout the genome [23,24].

Recent studies have focused on better understanding the

evolution, specificity, and regulation of PULs in the genomes of

species like Bacteroides thetaiotaomicron and Bacteroides ovatus [25,26].

Little is known, however, about the metabolic strategies adopted

by multiple competing species in more complex communities, how

dietary changes lead to reconfigurations in community structure

through changes in individual species, or whether dietary context

influences which genes dominant species rely on to remain

competitive with other microbes, including those genes that are

components of PULs.

Here, we adopt a multifaceted approach to study an artificial

community in gnotobiotic mice fed changing diets in order to

better understand (i) the process by which such a community

reconfigures itself structurally in response to changes in host diet;

(ii) how aggregate community function, as judged by the

metatranscriptome and metaproteome, is impacted when host

diet is altered; (iii) how the metabolic strategies of its individual

component microbes change, if at all, when the nutrient milieu is

dramatically altered, with an emphasis on one prominent but

understudied member of the human gut Bacteroides; and (iv)

whether a microbe’s metabolic versatility/flexibility correlates with

competitive advantage in an assemblage containing related and

unrelated species.

Results and Discussion

Sequencing the Bacteroides cellulosilyticus WH2 Genome
Though at least eight complete and 68 draft genomes of

Bacteroides spp. are currently available [27], there are numerous

examples of distinct clades within this genus where little genomic

information exists. To further explore the genome space of one

such clade, we obtained a human fecal isolate whose four 16S

rRNA gene sequences indicate a close relationship to Bacteroides

cellulosilyticus (Figure S1A,B). The genome of this isolate, which we

have designated B. cellulosilyticus WH2, was sequenced deeply,

yielding a high-quality draft assembly (23 contigs with an N50

value of 798,728 bp; total length of all contigs in the assembly,

7.1 Mb; Table S1). Annotation of its 5,244 predicted protein-

coding genes using the carbohydrate active enzyme (CAZy)

database [28] revealed an extraordinary complement of 503

CAZymes comprising 373 GHs, 23 PLs, 28 carbohydrate esterases

(CEs), and 84 glycosyltransferases (GTs) (see Table S2 for all

annotated genes in the B. cellulosilyticus WH2 genome predicted to

have relevance to carbohydrate metabolism). One distinguishing

feature of gut Bacteroides genomes is the substantial number of

CAZymes they encode relative to those of other intestinal bacteria

[29]. The B. cellulosilyticus WH2 CAZome is enriched in a number

of GH families even when compared with prominent representa-

tives of the gut Bacteroidetes (Figure S2A). When we expanded

this comparison to include all 86 Bacteroidetes in the CAZy

database, we found that the B. cellulosilyticus WH2 genome had the

greatest number of genes for 19 different GH families, as well as

genes from two GH families that had not previously been observed

within a Bacteroidetes genome (Figure S2B). Altogether, B.

cellulosilyticus WH2 has more GH genes at its disposal than any

other Bacteroidetes species analyzed to date.

In Bacteroides spp., CAZymes are often located within PULs [30].

At a minimum, a typical PUL harbors a pair of genes with

significant homology to the susC and susD genes of the starch

utilization system (Sus) in B. thetaiotaomicron [30–32]. Other genes

encoding enzymes capable of liberating oligo- and monosaccha-

rides from a larger polysaccharide are also frequently present. The

susC- and susD-like genes of these loci encode the proteins that

comprise the main outer membrane binding and transport

apparatus and thus represent key elements of these systems. A

search of the B. cellulosilyticus WH2 genome for genes with strong

Author Summary

Our intestines are populated by an almost unimaginably
large number of microbial cells, most of which are bacteria.
This species assemblage operates as a microbial metabolic
organ, performing myriad tasks that contribute to our well-
being, including processing components of our diet. The
way this incredible machine assembles itself and operates
remains mysterious. One approach to understanding its
properties is to create artificial communities composed of
a limited number of sequenced human gut bacterial
species and to install them in the guts of germ-free mice
that are then fed different diets. In this report, we adopt
this approach. We describe the genome sequence of a
new gut bacterial isolate, Bacteroides cellulosilyticus WH2,
which is equipped with an unprecedented number of
carbohydrate active enzymes. Deploying four different
‘‘omics’’ technologies, we characterize the response to
diet, the relative stability, and the temporal dynamics of a
12-species artificial bacterial assemblage (including B.
cellulosilyticus WH2) implanted in germ-free mouse guts.
We also combine high-throughput substrate utilization
screens and RNA-Seq to generate reference data analo-
gous to a ‘‘Rosetta stone’’ in order to decipher what types
of carbohydrates B. cellulosilyticus encounters and uses
within the gut, and how it interacts with other organisms
that have similar and/or distinct ‘‘professions.’’ This work
sets the stage for future ecological and metabolic studies
of more complex assemblages that more fully emulate the
properties of our native gut communities.

Modeling Diet–Human Gut Microbiota Interactions
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homology to the susC- and susD-like genes in B. thetaiotaomicron VPI-

5482 revealed an unprecedented number of susC/D pairs (a total

of 118). Studies of other prominent Bacteroides spp. have found that

the evolutionary expansion of these genes has played an important

role in endowing the Bacteroides with the ability to degrade a wide

range of host- and plant-derived polysaccharides [25,33]. Analysis

of deeply sampled adult human gut microbiota datasets indicates

that B. cellulosilyticus strains are common, colonizing approximately

77% of 124 adult Europeans characterized in one study [18] and

62% of 139 individuals living in the United States examined in

another survey [20]. We hypothesized that the apparent success of

B. cellulosilyticus in the gut is derived in part from its substantial

arsenal of genes involved in carbohydrate utilization.

Measuring Changes in the Structural Configuration of a
12-Member Model Microbiota in Response to a Dietary
Perturbation

To test the fitness of B. cellulosilyticus WH2 in relation to other

prominent gut symbionts, and the importance of diet on its fitness,

we carried out an experiment in gnotobiotic mice (experiment 1,

‘‘E1,’’ Figure S3). Two groups of 10–12-wk-old male germ-free

C57BL/6J animals were moved to individual cages within

gnotobiotic isolators (n = 7 animals/group). At day zero, each

animal was colonized by oral gavage with an artificial community

comprising 12 human gut bacterial species (Figure 1A, Table S3).

Each species chosen for inclusion in this microbial assemblage met

four criteria: (i) it was a member of one of three bacterial phyla

routinely found in the human gut (i.e., Bacteroidetes, Firmicutes,

or Actinobacteria), (ii) it was identified as a prominent member of

the human gut microbiota in previous culture-independent

surveys, (iii) it could be grown in the laboratory, and (iv) its

genome had been sequenced to at least a high-quality draft level.

Species were also selected for their functional attributes (as judged

by their annotated gene content) in an effort to create an artificial

community that was somewhat representative of a more complex

human microbiota. For example, although more than half of the

species in the assemblage were Bacteroidetes predicted to excel at

the breakdown of polysaccharides, several were also prominent

inhabitants of the human gut that are thought to have limited

carbohydrate utilization capabilities (e.g., Firmicutes from Clos-

tridium cluster XIVa). Some attributes for the 12 strains included

in the artificial community are provided in Table S4.

For 2 wk, each treatment group was fed a standard low-fat/

high-plant polysaccharide (LF/HPP) mouse chow, or a ‘‘West-

ern’’-like diet where calories are largely derived from fat, starch,

and simple sugars (high-fat/high-sugar (HF/HS)) [12]. Over the

course of 6 wk, diets were changed twice at 2-wk intervals, such

that each group began and ended on the same diet, with an

intervening 2-wk period during which the other diet was

administered (Figure S3).

Using fecal DNA as a proxy for microbial biomass, the plant

polysaccharide-rich LF/HPP diet supported 2- to 3-fold more total

bacterial growth (primary productivity) despite its lower caloric

density (3.7 kcal/g versus 4.5 kcal/g for the HF/HS diet; Figure

S4A). The HF/HS diet contains carbohydrates that are easily

metabolized and absorbed in the proximal intestine (sucrose, corn

starch, and maltodextrin), with cellulose being the one exception

(4% of the diet by weight versus 46.3% for the other carbohydrate

sources). Thus, in mice fed the HF/HS diet, diet-derived simple

sugars are likely to be rare in the distal gut where the vast majority

of gut microbes reside; this may provide an advantage to those

bacteria capable of utilizing other carbon sources (e.g., proteins/
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Figure 1. COPRO-Seq analysis of the structure of a 12-member artificial human gut microbial community as a function of diet and
time. (A) The 12 bacterial species comprising the artificial community. (B) Principal coordinates analysis (PCoA) was applied to relative abundance
data generated by COPRO-Seq from two experiments (E1, E2), each spanning 6 wk. Following colonization (day 0), mice were switched between two
different diets at 2-wk intervals as described in Figure S3. COPRO-Seq data from E1 and E2 were ordinated in the same multidimensional space. For
clarity, only data from E2 are shown here (for the E1 PCoA plot, see Figure S5A). Red/blue, feces; pink/cyan, cecal contents. (C) Proportional abundance
data from E1 illustrating the impact of diet on fecal levels of a diet-sensitive strain with higher representation on HF/HS chow (B. caccae), a diet-
sensitive strain with higher representation on LF/HPP chow (B. ovatus), a diet-insensitive strain with no obvious diet preference (B. thetaiotaomicron),
and a diet-sensitive strain with a preference for the LF/HPP diet that also achieves a high level of representation on the HF/HS diet (B. cellulosilyticus
WH2). Mean values 6 SEM are shown. Plots illustrating changes in abundance over time for all species in both experiments are provided in Figure
S4C.
doi:10.1371/journal.pbio.1001637.g001
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oligopeptides, host glycans). In mice fed the LF/HPP diet, on the

other hand, plant polysaccharides that are indigestible by the host

should provide a plentiful source of energy for saccharolytic

members of the artificial community.

To evaluate the impact of each initial diet and subsequent diet

switch on the structural configuration of the artificial community,

we performed shotgun sequencing (community profiling by

sequencing; COPRO-Seq) [11] of DNA isolated from fecal

samples collected throughout the course of the experiment, as

well as cecal contents collected at sacrifice. The relative

abundances of the species in each sample (defined by the number

of sequencing reads that could be unambiguously assigned to each

microbial genome after adjusting for genome uniqueness) were

subjected to ordination by principal coordinates analysis (PCoA)

(Figure S5A). As expected, diet was found to be the predominant

explanatory variable for observed variance (see separation along

principal coordinate 1, ‘‘PC1,’’ which accounts for 52% of

variance). The overall structure of the artificial community

achieved quasi-equilibrium before the midpoint of the first diet

phase, as evidenced by the lack of any significant movement along

PC1 after day five. A structural reconfiguration also took place

over the course of ,5 d following transition to the second diet

phase. Notably, the two treatment groups underwent a near-

perfect inversion in their positions along PC1 after the first diet

switch; the artificial community in animals switched from a LF/

HPP to HF/HS diet took on a structure like that which arose by

the end of the first diet phase in animals consuming the HF/HS

diet, and vice versa. The second diet switch from phase 2 to 3

resulted in a similar movement along PC1 in the opposite

direction, indicating a reversion of the artificial community’s

configuration to its originally assembled structure in each

treatment group. These results, in addition to demonstrating the

significant impact of these two diets on the structure of this 12-

member artificial human gut community, also suggest that an

assemblage of this size is capable of demonstrating resilience in the

face of substantial diet perturbations.

The assembly process and observed diet-induced reconfigura-

tions also proved to be highly reproducible as evidenced by

COPRO-Seq results from a replication of E1 (experiment 2, ‘‘E2’’).

In this follow-up experiment, fecal samples were collected more

frequently than in E1, providing a dataset with improved temporal

resolution. Ordination of E2 COPRO-Seq data by PCoA showed

that (i) for each treatment group in E2, the artificial community

assembles in a manner similar to its counterpart in E1; (ii)

structural reconfigurations in response to diet occur with the same

timing as in E1; and (iii) the quasi-equilibria achieved during each

diet phase are highly similar between experiments for each

treatment group (compare Figures 1B and S5A). As in E1, cecal

data for each E2 treatment group overlap with their corresponding

fecal samples, and DNA yields from E2 fecal samples vary

substantially as a function of host diet (Figure S4B).

COPRO-Seq provides precise measurements of the propor-

tional abundance of each member species present in the artificial

community. Data collected in both E1 and E2 (Table S5) revealed

significant differences between members in terms of the maximum

abundance levels they achieved, the rates at which their

abundance levels were impacted by diet shifts, and the degree to

which each species demonstrated a preference for one diet over

another (Figure S4C). Changes in each species’ abundance over

time replicated well across animals in each treatment group,

suggesting the assembly process and diet-induced reconfigurations

occur in an orderly, rules-based fashion and with minimal

stochasticity in this artificial community. A species’ relative

abundance immediately after colonization (i.e., 24 h after

gavage/day 1) was, in general, a poor predictor of its abundance

at the end of the first diet phase (i.e., day 13) (E1 R2 = 0.23; E2

R2 = 0.27), suggesting that early dominance of the founder

population was not strongly tied to relative success in the assembly

process.

In mice initially fed a HF/HS diet, four Bacteroides spp.

(Bacteroides caccae, B. cellulosilyticus WH2, B. thetaiotaomicron, and

Bacteroides vulgatus) each achieved a relative abundance of $10% by

the end of the first diet phase (day 13 postgavage), with B. caccae

attaining the highest levels (37.164.9% and 34.265.5%; group

mean 6 SD in E1 and E2, respectively). In animals fed the plant

polysaccharide-rich LF/HPP chow during the first diet phase, B.

cellulosilyticus WH2 was dominant, achieving levels of 37.162.0%

(E1) and 41.663.9% (E2) by day 13. B. thetaiotaomicron and B.

vulgatus also attained relative abundances of .10%.

Changes in diet often resulted in rapid, dramatic changes in a

species’ proportional representation. Because the dynamic range

of abundance values observed when comparing multiple species

was substantial (lowest, Dorea longicatena (,0.003%); highest, B.

caccae (55.0%)), comparing diet responses on a common scale using

raw abundance values was challenging. To represent these

changes in a way that scaled absolute increases/decreases in

relative abundance to the range observed for each strain, we also

normalized each species’ representation within the artificial

community at each time-point to the maximum proportional

abundance each microbe achieved across all time-points within

each mouse. Plotting the resulting measure of abundance

(percentage of maximum achieved; PoMA) over time demon-

strates which microbes are strongly responsive to diet (experience

significant swings in PoMA value following a diet switch) and

which are relatively diet-insensitive (experience only modest or no

significant change in PoMA value following a diet switch).

Heatmap visualization of E1 PoMA values (Figure S5B) indicated

that those microbes with a preference for a particular diet in one

animal treatment group also tended to demonstrate the same diet

preference in the other. Likewise, diet insensitivity was also

consistent across treatment groups; diet-insensitive microbes were

insensitive regardless of the order in which diets were introduced.

Of the diet-sensitive taxa, those showing the most striking

responses were B. caccae and B. ovatus, which strongly preferred the

‘‘Western’’-like HF/HS diet and the polysaccharide-rich LF/HPP

diet, respectively (Figures 1C and S4C). Among the diet-insensitive

taxa, B. thetaiotaomicron showed the most stability in its represen-

tation (Figures 1C and S4C), consistent with its reputation as a

versatile forager. Paradoxically, B. cellulosilyticus WH2 was both

diet-sensitive and highly fit on its less-preferred diet; although this

strain clearly achieved higher levels of representation in animals

fed the LF/HPP diet, it also maintained strong levels of

representation in animals fed the HF/HS diet (Figures 1C and

S4C).

When taking into account the abundance data for all 12

artificial community members, proportional representation at the

end of the first diet phase (i.e., day 13) was a good predictor of

representation at the end of the third diet phase (i.e., day 42) (E1

R2 = 0.77; E2 R2 = 0.84), suggesting that the intervening dietary

perturbation had little effect on the ultimate outcomes for most

species within this assemblage. However, one very low-abundance

strain (D. longicatena) achieved significantly different maximum

percentage abundances across the two treatment groups in each

experiment, suggesting that steady-state levels of this strain may

have been impacted by diet history. In mice initially fed the LF/

HPP diet, D. longicatena was found to persist throughout the

experiment at low levels on both diet regimens. In mice initially

fed the HF/HS diet, D. longicatena dropped below the limit of

Modeling Diet–Human Gut Microbiota Interactions
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detection before the end of the first diet phase, was undetectable

by the end of the second diet phase, and remained undetectable

throughout the rest of the time course. This interesting example

raises the possibility that for some species, irreversible hysteresis

effects may play a significant role in determining the likelihood

that they will persist within a gut over long periods of time.

The Cecal Metatranscriptome Sampled at the Time of
Sacrifice

These diet-induced reconfigurations in the structure of the

artificial community led us to examine the degree to which its

members were modifying their metabolic strategies. To establish

an initial baseline static view of expression data for each microbe

on each diet, we developed a custom GeneChip whose probe sets

were designed to target 46,851 of the 48,023 known or predicted

protein-coding genes within our artificial human gut microbiome

(see Materials and Methods). Total RNA was collected from the cecal

contents of each animal in E1 at the time of sacrifice and

hybridized to this GeneChip. The total number of genes whose

expression was detectable on each diet was remarkably similar

(14,929 and 14,594 detected in the LF/HPPRHF/HSRLF/HPP

and HF/HSRLF/HPPRHF/HS treatment groups, respectively).

A total of 11,373 genes (24.3%) were expressed on both diets

(Figure S6A), while 2,003 (4.3%) were differentially expressed to a

statistically significant degree, including 161 (6.1%) of the 2,640

genes in the microbiome encoding proteins with CAZy-recognized

domains. Figure S6B illustrates the fraction of the community-level

CAZome and several species-level CAZomes expressed on each

diet (see Table S6 for a comprehensive list of all genes, organized

by species and fold-change in expression, whose cecal expression

was detectable on each diet and all genes whose expression was

significantly different when comparing data from each treatment

group).

Among taxa demonstrating obvious diet preferences (as judged

by relative abundance data), B. caccae and B. cellulosilyticus WH2

provided examples of CAZy-level responses to diet change that

were different in several respects. Our observations regarding the

carbohydrate utilization capabilities and preferences of B. caccae

are summarized in Text S1. However, our ability to evaluate shifts

in B. caccae’s metabolic strategy in the gut was limited by its very

low abundance in animals fed LF/HPP chow (i.e., our mRNA and

subsequent protein assays were often not sensitive enough to

exhaustively sample B. caccae’s metatranscriptome and metapro-

teome). In contrast, the abundance of B. cellulosilyticus WH2, which

favored the LF/HPP diet, remained high enough on both diets to

allow for a comprehensive analysis of its expressed genes and

proteins. This advantage, along with the exceptional carbohydrate

utilization machinery encoded within the genome of this organism,

encouraged us to focus on further dissecting the responses of B.

cellulosilyticus WH2 to diet changes.

Detailed inspection of the expressed B. cellulosilyticus WH2

CAZome (503 CAZymes in total) provided an initial view of this

microbe’s sophisticated carbohydrate utilization strategy. A

comparison of the top decile of expressed CAZymes on each diet

disclosed many shared elements between the two lists, spanning

many different CAZy families, with just over half of the 50 most

expressed enzymes on the plant polysaccharide-rich LF/HPP

chow also occurring in the list of most highly expressed enzymes

on the sucrose-, corn starch-, and maltodextrin-rich HF/HS diet

(Figure 2A). Twenty-five of the 50 most expressed CAZymes on

the LF/HPP diet were significantly up-regulated compared to the

HF/HS diet; of these, seven were members of the GH43 family

(Figure 2B). The GH43 family consists of enzymes with activities

required for the breakdown of plant-derived polysaccharides such
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Figure 2. B. cellulosilyticus WH2 CAZyme expression in mice fed
different diets. (A) Overview of the 50 most highly expressed B.
cellulosilyticus WH2 CAZymes (GHs, GTs, PLs, and CEs) for samples from
each diet treatment group. List position denotes the rank order of gene
expression for each treatment group, with higher expression levels
situated at the top of each list. Genes common to both lists are
identified by a connecting line, with the slope of the line indicating the
degree to which a CAZyme’s prioritized expression is increased/
decreased from one diet to the other. CAZy families in bold, colored
letters highlight those list entries found to be significantly up-regulated
relative to the alternative diet (i.e., a CAZyme with a bold green family
designation was up-regulated on the LF/HPP diet; a bold orange family
name implies a gene was up-regulated significantly on the HF/HS diet).
Statistically significant fold-changes between diets are denoted in the
‘‘F.C.’’ column (nonsignificant fold-changes are omitted for clarity). (B)
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as hemicellulose and pectin. Inspection of the enzyme commission

(EC) annotations for the most up-regulated GH43 genes shows

that they encode xylan 1,4-b-xylosidases (EC 3.2.1.37), arabinan

endo-1,5-a-L-arabinosidases (EC 3.2.1.99), and a-L-arabinofur-

anosidases (EC 3.2.1.55). The GH10 family, which is currently

comprised exclusively of endo-xylanases (EC 3.2.1.8, EC 3.2.1.32),

was also well represented among this set of 25 genes, with four of

the seven putative GH10 genes in the B. cellulosilyticus WH2

genome making the list. Strikingly, of the 45 predicted genes with

putative GH43 domains in the B. cellulosilyticus WH2 genome,

none were up-regulated on the ‘‘Western’’-style HF/HS diet.

The most highly expressed B. cellulosilyticus WH2 CAZyme on

the plant polysaccharide-rich chow (which was also highly-

expressed on the HF/HS chow) was BWH2_1228, a putative a-

galactosidase from the GH36 family. These enzymes, which are

not expressed by humans in the stomach or intestine, cleave

terminal galactose residues from the nonreducing ends of raffinose

family oligosaccharides (RFOs, including raffinose, stachyose, and

verbascose), galacto(gluco)mannans, galactolipids, and glycopro-

teins. RFOs, which are well represented in cereal grains consumed

by humans, are expected to be abundant in the LF/HPP diet

given its ingredients (e.g., soybean meal), but potential substrates in

the HF/HS diet are less obvious, possibly implicating a host

glycolipid or glycoprotein target.

Surface glycans in the intestinal epithelium of rodents are

decorated with terminal fucose residues [34] as well as terminal

sialic acid and sulfate [35]. Hydrolysis of the a-2 linkage

connecting terminal fucose residues to the galactose-rich extended

core is thought to be catalyzed in large part by GH95 and GH29

enzymes [36]. The B. cellulosilyticus WH2 genome is replete with

putative GH95 and GH29 genes (total of 12 and 9, respectively),

but only a few (BWH2_1350/2142/3154/3818) were expressed in

vivo on at least one diet, and their expression was low relative to

many other CAZymes (see Table S6). Cleavage of terminal sialic

acids present in host mucins by bacteria is usually carried out by

GH33 family enzymes. B. cellulosilyticus WH2 has two GH33 genes

that are expressed on either one diet (BWH2_3822, HF/HS) or

both diets (BWH2_4650), but neither is highly expressed relative to

other B. cellulosilyticus WH2 CAZymes. Therefore, utilization of

host glycans by B. cellulosilyticus WH2, if it occurs, likely requires

partnerships with other members of the artificial community that

express GH29/95/33 enzymes (see Table S6 for a list of members

that express these enzymes in a diet-independent and/or diet-

specific fashion).

Among the 50 most highly expressed B. cellulosilyticus WH2

CAZymes, 12 were significantly up-regulated on the HF/HS diet

compared to the LF/HPP diet, with members of family GH13

being most prevalent. While the enzymatic activities and substrate

specificities of GH13 family members are varied, most relate to the

hydrolysis of substrates comprising chains of glucose subunits,

including amylose (one of the two components of starch) and

maltodextrin, both prominent ingredients in the HF/HS diet.

GeneChip-based profiling of the E1 cecal communities provided

a snapshot of the metatranscriptome on the final day of the final

diet phase in each treatment group. The analysis of B. cellulosilyticus

WH2 CAZyme expression suggested that this strain achieves a

‘‘generalist’’ lifestyle not by relying on substrates that are present at

all times (e.g., host mucins), but rather by modifying its resource

utilization strategy to effectively compete with other microbes for

diet-derived polysaccharides that are not metabolized by the host.

Community-Level Analysis of Diet-Induced Changes in
Microbial Gene Expression

To develop a more complete understanding of the dynamic

changes that occur in gene expression over time and throughout

the artificial community following diet perturbations, we per-

formed microbial RNA-Seq analyses using feces obtained at select

time-points from mice in the LF/HPPRHF/HSRLF/HPP

treatment group of E2 (Figure S3).

We began with a ‘‘top-down’’ analysis in which every RNA-Seq

read count from every gene in the artificial microbiome was

binned based on the functional annotation of the gene from which

it was derived, regardless of its species of origin. In this case, the

functional annotation used as the binning variable was the

predicted EC number for a gene’s encoded protein product.

Expecting that some changes might occur rapidly, while others

might require days or weeks, we searched for significant

differences between the terminal time-points of the first two diet

phases (i.e., points at which the model human gut microbiota had

been allowed 13 d to acclimate to each diet). The 157 significant

changes we identified were subjected to hierarchical clustering by

EC number to determine which functional responses occurred

with similar kinetics. The results revealed that in contrast to the

rapid, diet-induced structural reconfigurations observed in this

artificial community, community-level changes in microbial gene

expression occurred with highly variable timing that differed from

function to function. These changes were dominated by EC

numbers associated with enzymatic reactions relevant to carbo-

hydrate and amino acid metabolism (see Table S7 for a summary

of all significant changes observed, including aggregate expression

values for each functional bin (EC number) at each time-point).

Significant responses could be divided into one of three groups:

‘‘rapid’’ responses were those where the representation of EC

numbers in the transcriptome increased/decreased dramatically

within 1–2 d of a diet switch; ‘‘gradual’’ responses were those

where the representation of EC numbers changed notably, but

slowly, between the two diet transition points; and ‘‘delayed’’

responses were those where significant change did not occur until

the end of a diet phase (Figure 3, Table S7). EC numbers

associated with reactions important in carbohydrate metabolism

and transport were distributed across all three of these response

types for each of the two diets. Nearly all genes encoding proteins

with EC numbers related to amino acid metabolism that were

significantly up-regulated on HF/HS chow binned into the

‘‘rapid’’ or ‘‘gradual’’ groups, suggesting this diet put immediate

pressure on the artificial microbial community to increase its

repertoire of expressed amino acid biosynthesis and degradation

genes. Genes with assigned EC numbers involved in amino acid

metabolism that were significantly up-regulated on the other,

polysaccharide-rich, LF/HPP diet were spread more evenly across

these three response types (Figure 3).

Careful inspection of our top-down analysis results and a

complementary ‘‘bottom-up’’ analysis in which normalization was

performed at the level of individual species, rather than at the

community level, allowed us to identify other important responses

that would have gone undetected were it not for the fact that we

were dealing with a defined assemblage of microbes where all of

the genes in component members’ genomes were known. For

example, an assessment of the representation of EC 3.2.1.8 (endo-

1,4-b-xylanase) within the metatranscriptome before and after the

Breakdown by CAZy family of the top 10% most expressed CAZymes on
each diet whose expression was also found to be significantly higher on
one diet than the other. Note that for each diet, the family with the
greatest number of up-regulated genes was also exclusively up-
regulated on that diet (LF/HPP, GH43; HF/HS, GH13). In total, 25 genes
representative of 27 families and 12 genes representative of 13 families
are shown for the LF/HPP and HF/HS diets, respectively.
doi:10.1371/journal.pbio.1001637.g002
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first diet switch (LF/HPPRHF/HS) initially suggested that this

activity was reduced to a statistically significant degree as a result

of the first diet perturbation (day 13 versus day 27; Mann–

Whitney U test, p = 0.03; Figure S7A). Aggregation by species of

all sequencing read counts assignable to mRNAs encoding

proteins with this EC number revealed that over 99% of the

contributions to this functional bin originated from B. cellulosilyticus

WH2 (note the similarity in a comparison of Figure S7A and

Figure S7B), implying that the community-level response and the

response of this Bacteroides species were virtually one and the same.

A tally of all sequencing reads assignable to B. cellulosilyticus WH2

at each time-point disclosed that although this strain maintains

high proportional representation in the artificial community

throughout each diet oscillation period (range, 10.3–42.5% and

11.6–43.3% for E1 and E2, respectively), its contribution to the

metatranscriptome is substantially decreased during the HF/HS

diet phase (Figure S7C). This dramatic reduction in the extent to

which B. cellulosilyticus WH2 contributes to the metatranscriptome

in HF/HS-fed mice ‘‘masks’’ the significant up-regulation of EC

3.2.1.8 that occurs within the B. cellulosilyticus WH2 transcriptome

following the first diet shift (day 13 versus day 27; Mann–Whitney

U test, p = 0.03; Figure S7D). A further breakdown of endo-1,4-b-

xylanase up-regulation in B. cellulosilyticus WH2 when mice are

switched to the HF/HS diet reveals that most of this response is

driven by two genes, BWH2_4068 and BWH2_4072 (Figure S7E).

Our realization that we were unable to correctly infer the direction

of one of the most significant diet-induced gene expression changes

in the second most abundant strain in the artificial community

when inspecting functional responses at the community level

provides a strong argument for expanding the use of microbial

assemblages comprised exclusively of sequenced species in studies

of the gut microbiota. This should allow the contributions of

individual species to community activity to be evaluated in a

rigorous way that is not possible with microbial communities of

unknown or poorly defined gene composition.

High-Resolution Profiling of the Cecal Metaproteome
Sampled at the Time of Sacrifice

In principle, protein measurements can provide a more direct

readout of expressed community functions than an RNA-level

analysis, and thus a deeper understanding of community members’

interactions with one another and with their habitat [37,38]. For

these reasons and others, much work has been dedicated to

applying shotgun proteomics techniques to microbial ecosystems

in various environments [39,40]. Though these efforts have

provided illustrations of significant methodological advances, they

have been limited by the complexity of the metaproteomes studied

and by the difficulties this complexity creates when attempting to

assign peptide identities uniquely to proteins of specific taxa.

Recognizing that a metaproteomics analysis of our artificial

community would not be subject to such uncertainty given its fully

defined microbiome and thus fully defined theoretical proteome,

we subjected cecal samples from two mice from each diet

treatment group in E1 (n = 4 total) to high-performance liquid

chromatography-tandem mass spectrometry (LC-MS/MS; see

Materials and Methods). We had three goals: (i) to evaluate how our

ability to assign peptide-spectrum matches (PSMs) to particular

proteins within a theoretical metaproteome is affected by the

presence of close homologs within the same species and within

other, closely related species; (ii) to test the limits of our ability to

characterize protein expression across different species given the

substantial dynamic range we documented in microbial species

abundance; and (iii) to collect semiquantitative peptide/protein

data that might validate and enrich our understanding of
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Figure 3. Top-down analysis of fecal microbiome RNA expres-
sion in mice receiving oscillating diets. The fecal metatranscrip-
tomes of four animals in the LF/HPPRHF/HSRLF/HPP treatment group
of E2 were analyzed using microbial RNA-Seq at seven time-points to
evaluate the temporal progression of changes in expressed microbial
community functions triggered by a change in diet. After aligning reads
to genes in the defined artificial human gut microbiome, raw counts
were collapsed by the functional annotation (EC number) of the gene
from which the corresponding reads originated. Total counts for each
EC number in each sample were normalized, and any EC numbers
demonstrating a statistically significant difference in their representa-
tion in the metatranscriptome between the final days of the first two
diet phases were identified using a model based on the negative
binomial distribution [57]. Normalized expression values for 157
significant EC numbers (out of 1,021 total tested) were log-transformed,
mean-centered, and subjected to hierarchical clustering, followed by
heatmap visualization. ‘‘Rapid’’ responses are those where expression
increased/decreased dramatically within 1–2 d of a diet switch.
‘‘Gradual’’ responses are those where expression changed notably,
but slowly, between the two diet transition points. ‘‘Delayed’’ responses
are those where significant expression changes did not occur until the
end of a diet phase. EC numbers specifying enzymatic reactions
relevant to carbohydrate metabolism and/or transport are denoted by
purple markers, while those with relevance to amino acid metabolism
are indicated using orange markers. A full breakdown of all significant
responses over time and the outputs of the statistical tests performed
are provided in Table S7.
doi:10.1371/journal.pbio.1001637.g003
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functional responses identified at the mRNA level, particularly

with respect to the niche (profession) of CAZyme-rich B.

cellulosilyticus WH2.

Given the evolutionary relatedness of the strains involved, we

expected that some fraction of observed PSMs from each sample

would be of ambiguous origin due to nonunique peptides shared

between species’ proteomes. To assess which species might be

most affected by this phenomenon when characterizing the

metaproteome on different diets, we catalogued each strain’s

theoretical peptidome using an in silico tryptic digest. This

simulated digest took into account both the potential for missed

trypic cleavages and the peptide mass range that could be detected

using our methods. The results (Figure S8A, Table S8) demon-

strated that for an artificial community of modest complexity, the

proportion of peptides within each strain’s theoretical peptidome

that are ‘‘unique’’ (i.e., assignable to a single protein within the

theoretical metaproteome) varies substantially from species to

species, even among those that are closely related. We found the

lone representative of the Actinobacteria in the artificial community,

Collinsella aerofaciens, to have the highest proportion of unique

peptides (94.2%), while B. caccae had the lowest (63.0%).

Interestingly, there was not a strong correlation between the

fraction of a species’ peptides that were unique and the total

number of unique peptides that species contributed to the

theoretical peptidome. For example, C. aerofaciens (2,367 predicted

protein-coding genes) contributed only 81,894 (1.5%) unique

peptides, the lowest of any artificial community member

evaluated, despite having a proteome composed of mostly unique

peptides. On the other hand, B. cellulosilyticus WH2 (5,244

predicted protein-coding genes) contributed 241,473 (4.5%)

unique peptides, the highest of any member despite a high

fraction of nonunique peptides (18.4%) within its theoretical

peptidome. The evolutionary relatedness of the Bacteroides compo-

nents of the artificial community appeared to negatively affect our

ability to assign their peptides to specific proteins; their six

theoretical peptidomes had the six lowest uniqueness levels.

However, their greater number of proteins and peptides relative

to the Firmicutes and Actinobacteria more than compensated for this

deficiency; over 60% of unique peptides within the unique

theoretical metaproteome were contributed by the Bacteroides.

We also found that the proportion of PSMs uniquely assignable

to a single protein within the metaproteome varied significantly by

function, suggesting that some classes of proteins can be traced

back to specific microbes more readily than others. For example,

when considering all theoretical peptides that could be derived

from the proteome of a particular bacterial species, those from

proteins with roles in categories with high expected levels of

functional conservation (e.g., translation and nucleotide metabo-

lism) were on average deemed unique more often than those from

proteins with roles in functions we might expect to be less

conserved (e.g., glycan biosynthesis and metabolism) (see Table S8

for a summary of how peptide uniqueness varied across different

KEGG categories and pathways, and across different species in the

experiment). However, even in KEGG categories and pathways

with high expected levels of functional conservation, the vast

majority of peptides were found to be unique when a particular

species was not closely related to other members of the artificial

community.

Next, we determined the average number of proteins that could

be experimentally identified in our samples for each microbial

species within each treatment group in E1. The results (Figure

S8B, Table S9) illustrate two important conclusions. First,

although equal concentrations of total protein were evaluated for

each sample, slightly less than twice as many total microbial

proteins were identified in samples from the LF/HPP-fed mice as

those from mice fed the HF/HS diet (4,659 versus 2,777,

respectively). While there are a number of possible explanations,

both this finding and the higher number of mouse proteins

detected in samples from HF/HS-fed animals are consistent with

the results of our fecal DNA analysis, which indicated that the

HF/HS diet supports lower levels of gut microbial biomass than

the LF/HPP diet (Figure S4A,B). Second, a breakdown of all

detected microbial proteins by species of origin (Figure S8B)

revealed that the degree to which we could inspect protein

expression for a given species was dictated largely by its relative

abundance and the diet to which it was exposed.

Our ability to detect many of B. cellulosilyticus WH2’s expressed

transcripts and proteins in samples from both diet treatment

groups allowed us to determine how well RNA and protein data

for an abundant, active member of the artificial community might

correlate. These data also allowed us to evaluate whether or not

the types of genes considered might influence the degree of

correlation between these two datasets. We first performed a

spectral count-based correlation analysis on the diet-induced, log-

transformed, average fold-differences in expression for all B.

cellulosilyticus WH2 genes that were detectable at both the RNA

and protein level for both diets. The results revealed a moderate

degree of linear correlation between RNA and protein observa-

tions (Figure S8C, black plot; r = 0.53). However, subsequent

division of these genes into functionally related subsets, which were

each subjected to their own correlation analysis, revealed striking

differences in the degree to which RNA-level and protein-level

expression changes agreed with one another. For example, diet-

induced changes in mRNA expression for genes involved in

translation showed virtually no correlation with changes measured

at the protein level (Figure S8C, red plot; r = 0.03). Correlations

for other categories of B. cellulosilyticus WH2 genes, such as those

involved in energy metabolism (Figure S8C, green plot; r = 0.36)

and amino acid metabolism (Figure S8C, orange plot; r = 0.48),

were also poorer than the correlation for the complete set of

detectable genes. In contrast, the correlation for the 110 genes

with predicted involvement in carbohydrate metabolism was quite

strong (Figure S8C, blue plot; r = 0.69), and was in fact the best

correlation identified for any functional category of genes

considered. The significant range of correlations observed in

different categories of genes suggests that the degree to which

RNA-based analyses provide an accurate picture of microbial

adaptation to environmental perturbation may be strongly

impacted by the functional classification of the genes involved.

Additionally, these data further emphasize the need for enhanced

dynamic range metaproteome measurements and better bioinfor-

matic methods to assign/bin unique and nonunique peptides so

that deeper and more thorough surveys of the microbial protein

landscape can be performed and evaluated alongside more robust

transcriptional datasets.

Identifying Two Diet-Inducible, Xylanase-Containing
PULs Whose Genetic Disruption Results in Diet-Specific
Loss of Fitness

Several of the most highly expressed and diet-sensitive B.

cellulosilyticus WH2 genes in this study fell within two putative

PULs. One PUL (BWH2_4044–55) contains 12 ORFs that include

a dual susC/D cassette, three putative xylanases assigned to CAZy

families GH8 and GH10, a putative multifunctional acetyl xylan

esterase/a-L-fucosidase, and a putative hybrid two-component

system regulator (Figure 4A). Gene expression within this PUL was

markedly higher in mice consuming the plant polysaccharide-rich

LF/HPP diet at both the mRNA and protein level. Our mRNA-
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Figure 4. Two xylanase-containing B. cellulosilyticus WH2 PULs demonstrating strong diet-specific expression patterns in vivo. (A) The
PUL spanning BWH2_4044–55 includes a four-gene cassette comprising two consecutive susC/D pairs, multiple genes encoding GHs and CEs, and a
gene encoding a putative hybrid two-component system (HTCS) presumed to play a role in the regulation of this locus. GH10 enzymes are endo-
xylanases (most often endo-b-1,4-xylanases), while some GH5 and GH8 enzymes are also known to have endo- or exo-xylanase activity. CE6 enzymes
are acetyl xylan esterases, as are some members of the CE1 family. A second PUL spanning BWH2_4072–6 contains a susC/D cassette, an endo-
xylanase with dual GH10 modules as well as dual carbohydrate (xylan) binding modules (CBM22), a hypothetical protein of unknown function, and a
putative HTCS. (B) Heatmap visualization of GeneChip expression data for BWH2_4044–55 and BWH2_4072–6 showing marked up-regulation of these
putative PULs when mice are fed either a plant polysaccharide-rich LF/HPP diet or a diet high in fat and simple sugar (HF/HS), respectively. Data are
from cecal contents harvested from mice at the endpoint of experiment E1. (C) Mass spectrometry-based quantitation of the abundance of all cecal
proteins from the BWH2_4044–55 and BWH2_4072–6 PULs that were detectable in the same material used for GeneChip quantitation in panel (B). Bars
represent results (mean 6 SEM) from two technical runs per sample. For each MS run, the spectral counts for each protein were normalized against
the total number of B. cellulosilyticus WH2 spectra acquired. (D) Comparison of in vivo PUL gene expression as measured by RNA-Seq (top) and the
degree to which disruption of each gene within each PUL by a transposon impacts the fitness of B. cellulosilyticus WH2 on each diet, as measured by
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level analysis disclosed that BWH2_4047 was the most highly

expressed B. cellulosilyticus WH2 susD homolog on this diet.

Likewise, BWH2_4046/4, the two susC-like genes within this

PUL, were the 2nd and 4th most highly expressed B.

cellulosilyticus WH2 susC-like genes in LF/HPP-fed animals,

and exhibited expression level reductions of 99.5% and 93% in

animals consuming the HF/HS diet. The same LF/HPP diet

bias was observed for other genes within this PUL (Figures 2A

and 4B) but not for neighboring genes. The same trends were

obvious and amplified when we quantified protein expression

(Figure 4C). In mice fed LF/HPP chow, only three B.

cellulosilyticus WH2 SusC-like proteins had higher protein levels

than BWH2_4044/6, and only two SusD-like proteins had

higher levels than BWH2_4045/7. Strikingly, we were unable to

detect a single peptide from 9 of the 12 proteins in this PUL in

samples obtained from mice fed the HF/HS diet, emphasizing

the strong diet specificity of this locus.

A second PUL in the B. cellulosilyticus WH2 genome composed of

a susC/D-like pair (BWH2_4074/5), a putative hybrid two-

component system regulator (BWH2_4076), and a xylanase

(GH10) with dual carbohydrate binding module domains

(CBM22) (BWH2_4072) (Figure 4A) demonstrated a strong but

opposite diet bias, in this case exhibiting significantly higher

expression in animals consuming the HF/HS ‘‘Western’’-like diet.

Our mRNA-level analysis showed that this xylanase was the

second most highly expressed B. cellulosilyticus WH2 CAZyme in

animals consuming this diet (Figure 2A). As with the previously

described PUL, shotgun metaproteomics validated the transcrip-

tional analysis (Figure 4B,C); with the exception of the gene

encoding the PUL’s presumed transcriptional regulator

(BWH2_4076), diet specificity was substantial, with protein-level

fold changes ranging from 10–33 across the locus (Table S10).

Recent work by Cann and co-workers has done much to

advance our understanding of the regulation and metabolic role of

xylan utilization system gene clusters in xylanolytic members of the

Bacteroidetes, particularly within the genus Prevotella [41]. The

‘‘core’’ gene cluster of the prototypical xylan utilization system

they described consists of two tandem repeats of susC/susD

homologs (xusA/B/C/D), a downstream hypothetical gene (xusE)

and a GH10 endoxylanase (xyn10C). The 12-gene PUL identified

in our study (BWH2_4044–55) appears to contain the only

instance of this core gene cluster within the B. cellulosilyticus WH2

genome, suggesting that this PUL, induced during consumption of

a plant polysaccharide-rich diet, is likely to be the primary xylan

utilization system within this organism. A recent study character-

izing the carbohydrate utilization capabilities of B. ovatus ATCC

8483 also identified two PULs involved in xylan utilization

(BACOVA_04385–94, BACOVA_03417–50) whose gene configura-

tions differ from those described in Prevotella spp. [25]. Interest-

ingly, the five proteins encoded by the smaller xylanase-containing

PUL described above (BWH2_4072–6) are homologous to the

products of the last five genes in BACOVA_4385–94 (i.e.,

BACOVA_4390–4). The order of these five genes in these two loci

is also identical. The similarities and differences observed when

comparing the putative xylan utilization systems encoded within

the genomes of different Bacteroidetes illustrate how its members

may have evolved differentiated strategies for utilizing hemicellu-

loses like xylan.

Having established that expression of BWH2_4044–55 and

BWH2_4072–6 is strongly dictated by diet, we next sought to

determine if these PULs are required by B. cellulosilyticus WH2 for

fitness in vivo. A follow-up study was performed in which mice were

fed either a LF/HPP or HF/HS diet after being colonized with an

artificial community similar to the one used in E1 and E2 (see

Materials and Methods). The wild-type B. cellulosilyticus WH2 strain

used in our previous experiments was replaced with a transposon

mutant library consisting of over 90,000 distinct transposon

insertion mutants in 91.5% of all predicted ORFs (average of 13.9

distinct insertion mutants per ORF). The library was constructed

using methods similar to those reported by Goodman et al. ([42];

see Materials and Methods) so that the relative proportion of each

insertion mutant in both the input (orally gavaged) and output

(fecal) populations could be determined using insertion sequencing

(INSeq). The INSeq results revealed clear, diet-specific losses of

fitness when components of these loci were disrupted (Figure 4D).

Additionally, as observed in E1 and E2, expression of each PUL

was strongly biased by diet, with genes BWH2_4072–5 demon-

strating up-regulation on the HF/HS diet and BWH2_4044–55 on

the LF/HPP diet. The extent to which a gene’s disruption

impacted the fitness of B. cellulosilyticus WH2 on one diet or the

other correlated well with whether or not that gene was highly

expressed on a given diet. For example, four of the five most highly

expressed genes in the BWH2_4044–55 locus were the four genes

shown to be most crucial for fitness on the LF/HPP diet. Of these

four genes, three were susC or susD homologs (the fourth was the

putative endo-1,4-b-xylanase thought to constitute the last element

of the xylan utilization system core). Though the fitness cost of

disrupting genes within BWH2_4044–55 varied from gene to gene,

disruption of any one component of the BWH2_4072–6 PUL had

serious consequences for B. cellulosilyticus WH2 in animals fed the

HF/HS diet. This could suggest that while disruption of some

components of the BWH2_4044–55 locus can be rescued by

similar or redundant functions elsewhere in the genome, the same

is not true for BWH2_4072–5. Notably, disruption of

BWH2_4076, which is predicted to encode a hybrid two-

component regulatory system, had negative consequences on

either diet tested, indicating that regulation of this locus is crucial

even when the PUL is not actively expressed. While many genes

outside of these two PULs were also found to be important for the

in vivo fitness of B. cellulosilyticus WH2, those within these PULs

were among the most essential to diet-specific fitness, suggesting

that these loci are central to the metabolic lifestyle of B.

cellulosilyticus WH2 in the gut.

Characterizing the Carbohydrate Utilization Capabilities
of B. cellulosilyticus WH2 and B. caccae

The results described in the preceding section indicate that B.

cellulosilyticus WH2 prioritizes xylan as a nutrient source in the gut

and that it tightly regulates the expression of its xylan utilization

machinery. Moreover, the extraordinary number of putative

CAZymes and PULs within the B. cellulosilyticus WH2 genome

suggests that it is capable of growing on carbohydrates with diverse

structures and varying degrees of polymerization. To characterize

its carbohydrate utilization capabilities, we defined its growth in

minimal medium (MM) supplemented with one of 46 different

carbohydrates [25]. Three independent growths, each consisting

insertion sequencing (INSeq, bottom). For the lower plots, fitness measurements were calculated by dividing a mutant’s representation (normalized
sequencing counts) within the fecal output population by its representation within an input population that was introduced into germ-free animals
via a single oral gavage along with other members of the artificial community. For cases in which no instances of a particular mutant could be
measured in the fecal output (resulting in a fitness calculation denominator of zero), data are plotted as ‘‘,0.01’’ and are drawn without error bars.
doi:10.1371/journal.pbio.1001637.g004
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of two technical replications, yielded a total of six growth curves

for each substrate. Of the 46 substrates tested, B. cellulosilyticus

WH2 grew on 39 (Table S11); they encompassed numerous

pectins (6 of 6), hemicelluloses/b-glucans (8 of 8), starches/

fructans/a-glucans (6 of 6), and simple sugars (14 of 15), as well as

host-derived glycans (4 of 7) and one cellooligosaccharide

(cellobiose). The seven substrates that did not support growth

included three esoteric carbohydrates (carrageenan, porphyran,

and alginic acid), the simple sugar N-acetylneuraminic acid, two

host glyans (keratan sulfate and mucin O-glycans), and fungal cell

wall-derived a-mannan. B. cellulosilyticus WH2 clearly grew more

robustly on some carbohydrates than others. Excluding simple

sugars, fastest growth was achieved on dextran (0.09960.048

OD600 units/h), laminarin (0.09560.014), pectic galactan

(0.08860.018), pullulan (0.08860.026), and amylopectin

(0.08560.003). Although one study has reported that the type

strain of B. cellulosilyticus degrades cellulose [43], the WH2 strain

failed to demonstrate any growth on MM plus cellulose

(specifically, Solka-Floc 200 FCC from International Fiber Corp.)

after 5 d. Maximum cell density was achieved with amylopectin

(1.1760.02 OD600 units), dextran (1.1260.20), cellobiose

(1.0960.08), laminarin (1.0860.08), and xyloglucan (0.9960.04).

Total B. cellulosilyticus WH2 growth (i.e., maximum cell density

achieved) on host-derived glycans was typically very poor, with

only two substrates achieving total growth above 0.2 OD600 units

(chondroitin sulfate, 0.5060.04; glycogen, 0.9960.02). The

disparity between total growth on plant polysaccharides versus

host-derived glycans, including O-glycans that are prevalent in

host mucin, indicates a preference for diet-derived saccharides,

consistent with our in vivo mRNA and protein expression data.

We also determined how the growth rate of B. cellulosilyticus WH2

on these substrates compared to the growth rates for other

prominent gut Bacteroides spp. After subjecting B. caccae to the same

phenotypic characterization as B. cellulosilyticus WH2, we combined

our measurements for these two strains with previously published

measurements for B. thetaiotaomicron and B. ovatus [25]. The results

underscored the competitive growth advantage B. cellulosilyticus WH2

likely enjoys when foraging for polysaccharides in the intestinal

lumen. For example, of the eight hemicelluloses and b-glucans tested

in our carbohydrate panel, B. cellulosilyticus WH2 grew fastest on six

while B. ovatus grew fastest on two (Table S11). B. caccae and B.

thetaiotaomicron, on the other hand, failed to grow on any of these

substrates. Across all the carbohydrates for which data are available

for all four species, B. cellulosilyticus WH2 grew fastest on the greatest

number of polysaccharides (11 of 26) and tied with B. caccae for the

greatest number of monosaccharides (6 of 15). B. thetaiotaomicron and

B. caccae did, however, outperform the other two Bacteroides tested

with respect to utilization of host glycans in vitro, demonstrating

superior growth rates on four of five substrates tested (Table S11).

B. cellulosilyticus WH2’s rapid growth to high densities on xylan,

arabinoxylan, and xyloglucan, as well as xylose, arabinose, and

galactose, is noteworthy given our prediction that two of its most

tightly regulated, highly expressed PULs appear to be involved in

the utilization of xylan, arabinoxylan, or some closely related

polysaccharide. To identify specific mono- and/or polysaccharides

capable of triggering the activation of these two PULs, as well as

the 111 other putative PULs within the B. cellulosilyticus WH2

genome, we used RNA-Seq to characterize its transcriptional

profile at mid-log phase in MM (Table S12) plus one of 16 simple

sugars or one of 15 complex sugars (Table S13) (see Materials and

Methods; n = 2–3 cultures/substrate; 5.2–14.0 million raw Illumina

HiSeq reads generated for each of the 90 transcriptomes). After

mapping each read to the B. cellulosilyticus WH2 reference gene set,

counts were normalized using DESeq to allow for direct

comparisons across samples and conditions. Hierarchical cluster-

ing of the normalized dataset resulted in a well-ordered

dendrogram in which samples clustered almost perfectly by the

carbohydrate on which B. cellulosilyticus WH2 was grown

(Figure 5A). The consistency of this clustering illustrates that (i)

technical replicates within each condition exhibit strong correla-

tions with one another, suggesting any differences between

cultures in a treatment group (e.g., small differences in density

or growth phase) had at best minor effects on aggregate gene

expression, and (ii) growth on different carbohydrates results in

distinct, substrate-specific gene expression signals capable of

driving highly discriminatory differences between treatment

groups. The application of rigorous bootstrapping to our

hierarchical clustering results also revealed several cases of higher

level clusters in which strong confidence was achieved. These

dendrogram nodes (illustrated as white circles) indicate sets of

growth conditions that yield gene expression patterns more like

each other than like the patterns observed for other substrates.

Two notable examples were xylan/arabinoxylan (which are

structurally related and share the same xylan backbone) and L-

fucose/L-rhamnose (which are known to be metabolized via

parallel pathways in E. coli [44]).

Importantly, these findings suggested that by considering in vitro

profiling data alongside in vivo expression data from the artificial

community, it might be possible to identify the particular

carbohydrates to which B. cellulosilyticus WH2 is exposed and

responding within its gut environment. To explore this concept

further, we compared expression of each gene in each condition to

its expression on our control treatment, MM plus glucose (MM-

Glc). The results revealed a dynamic PUL activation network in

which some PULs were activated by a single substrate, some were

activated by multiple substrates, and some were transcriptionally

silent across all conditions tested. Of the 118 putative susC/D pairs

in B. cellulosilyticus WH2 that we have used as markers of PULs, 30

were dramatically activated on one or more of the substrates

tested; in these cases, both the susC- and susD-like genes in the

cassette were up-regulated an average of .100-fold relative to

MM-Glc across all technical replicates (Figure 5B). At least one

susC/D activation signature was identified for every one of the 17

oligosaccharides and polysaccharides and for six of the 13

monosaccharides tested (Table S14). The lack of carbohydrate-

specific PUL activation events for some monosaccharides (fructose,

galactose, glucuronic acid, sucrose, and xylose) was expected,

given that these loci are primarily dedicated to polysaccharide

acquisition. Further inspection of gene expression outside of PULs

disclosed that B. cellulosilyticus WH2 prioritizes use of its non-PUL-

associated carbohydrate machinery, such as putative phospho-

transferase system (PTS) components and monosaccharide

permeases, when grown on these monosaccharides (Table S14).

Several carbohydrates activated the expression of multiple

PULs. Growth on water-soluble xylan and wheat arabinoxylan

produced significant up-regulation of five susC/D-like pairs

(BWH2_0865/6, 0867/8, 4044/5, 4046/7, and 4074/5). No

other substrate tested activated as many loci within the genome,

again hinting at the importance of xylan and arabinoxylan to this

strain’s metabolic strategy in vivo. Cecal expression data from E1

showed that 15 of these activated PULs were expressed in vivo on

one or both of the diets tested (see circles to the right of the

heatmap in Figure 5B). In mice fed the polysaccharide-rich LF/

HPP chow, B. cellulosilyticus WH2 up-regulates three susC/D pairs

(BWH2_2717/8, 4044/5, 4046/7) whose expression is activated in

vitro by arabinan and xylan/arabinoxylan. The three most

significantly up-regulated susC/D pairs (BWH2_1736/7, 2514/5,

4074/5) in mice fed the HF/HS diet rich in sugar, corn starch,

Modeling Diet–Human Gut Microbiota Interactions

PLOS Biology | www.plosbiology.org 11 August 2013 | Volume 11 | Issue 8 | e1001637



Figure 5. In vitro microbial RNA-Seq profiling of B. cellulosilyticus WH2 during growth on different carbohydrates. (A) Hierarchical
clustering of the gene expression profiles of 90 cultures grown in minimal medium supplemented with one of 31 simple or complex sugars (n = 2–3
replicates per condition). Circles at dendrogram branch points identify clusters with strong bootstrapping support (.95%; 10,000 repetitions). Solid
circles denote clusters comprising only replicates from a single treatment group/carbohydrate, while open circles denote higher level clusters
comprising samples from multiple treatment groups. Colored rectangles indicate the type of carbohydrate on which the samples within each cluster
were grown. (B) Unclustered heatmap representation of fold-changes in gene expression relative to growth on minimal medium plus glucose (MM-
Glc) for 60 of the 236 paired susC- and susD-like genes identified within the B. cellulosilyticus WH2 genome (for a full list of all paired and unpaired
susC and susD homologs, see Table S2). Data shown are limited to those genes whose expression on at least one of the 31 carbohydrates tested
demonstrated a .100-fold increase relative to growth on MM-Glc for at least one of the replicates within the treatment group. Yellow boxes denote
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and maltodextrin are activated in vitro by amylopectin, ribose, and

xylan/arabinoxylan, respectively. All three PULs identified as

being up-regulated at the RNA level in LF/HPP-fed mice were

also found to be up-regulated at the protein level (Figure 5B). Two

of the three PULs up-regulated at the mRNA level in HF/HS-fed

mice were up-regulated at the protein level as well. The presence

of an amylopectin-activated PUL among these two loci is

noteworthy, given the significant amount of starch present in the

HF/HS diet. The up-regulation of four other PULs in HF/HS-fed

animals was only evident in our LC-MS/MS data, reinforcing the

notion that protein data both complement and supplement mRNA

data when profiling microbes of interest.

Two of the five susC/D pairs activated by xylan/arabinoxylan

form the four-gene cassette in the previously discussed PUL

comprising BWH2_4044–55 that is activated in mice fed the plant

polysaccharide-rich chow (see Figure 4A). Another one of the five

is the susC/D pair found in the PUL comprising BWH2_4072–6

that is activated in mice fed the HF/HS ‘‘Western’’-like chow (see

Figure 4A). Thus, we have identified a pair of putative PULs in

close proximity to one another on the B. cellulosilyticus WH2

genome that encode CAZymes with similar predicted functions,

are subject to near-identical levels of specific activation by the

same two polysaccharides (i.e., xylan, arabinoxylan) in vitro, but are

discordantly regulated in vivo in a diet-specific manner. The highly

expressed nature of these PULs in the diet environment where

they are active, their shared emphasis on xylan/arabinoxylan

utilization, and their tight regulation indicate that they are likely to

be important for the in vivo success of this organism in the two

nutrient environments tested. However, the reasons for their

discordant regulation are unclear. One possibility is that in

addition to being activated by xylan/arabinoxylan and related

polysaccharides, these loci are also subject to repression by other

substrates present in the lumen of the gut, and this repression is

sufficient to block activation. Alternatively, the specific activators

of each PUL may be molecular moieties shared by both xylan and

arabinoxylan that do not co-occur in the lumenal environment

when mice are fed the diets tested in this study.

Prospectus
Elucidating generalizable ‘‘rules’’ for how microbiota operate

under different environmental conditions is a substantial chal-

lenge. As our appreciation for the importance of the gut

microbiota in human health and well-being grows, so too does

our need to develop such rules using tractable experimental

models of the gut ecosystem that allow us to move back and forth

between in vivo and ex vivo analyses, using one to inform the other.

Here, we have demonstrated the extent to which high-resolution

DNA-, mRNA-, and protein-level analyses can be applied (and

integrated) to study an artificial community of sequenced human

gut microbes colonizing gnotobiotic mice. Our efforts have

focused on characterizing community-level and species-level

adaptation to dietary change over time and ‘‘leveraging’’ results

obtained from in vitro assessments of individual species’ responses

to a panel of purified carbohydrates to deduce glycan exposures

and consumption strategies in vivo. This experimental paradigm

could be applied to any number of questions related to microbe–

microbe, environment–microbe, and host–microbe interactions,

including, for example, the metabolic fate of particular nutrients of

interest (metabolic flux experiments), microbial succession, and

biotransformations of xenobiotics.

Studying artificial human gut microbial communities in

gnotobiotic mice also allows us to evaluate the technical limitations

of current molecular approaches for characterizing native

communities. For example, the structure of an artificial commu-

nity can be evaluated over time at low cost using short read

shotgun DNA sequencing data mapped to all microbial genomes

within the community (COPRO-Seq). This allows for a much

greater depth of sequencing coverage (i.e., more sensitivity) and

much less ambiguity in the assignment of reads to particular taxa

than traditional 16S rRNA gene-based sequencing. Short read

cDNA sequences transcribed from total microbial community

RNA can also often be assigned to the exact species and gene from

which they were derived, and the same is also often true for

peptides derived from particular bacterial proteins. However,

substantial dynamic range in species/transcript/protein abun-

dance within any microbiota, defined or otherwise, imposes limits

on our ability to characterize the least abundant elements of these

systems.

The effort to obtain a more complete understanding of the

operations and behaviors of minor components of the microbiota

is an area deserving of significant attention, given known examples

of low-abundance taxa that play key roles within their larger

communities and in host physiology [2,45]. Developing such an

understanding requires methods and assays that are collectively

capable of assessing the structure and function of a microbiota at

multiple levels of resolution. The need for high sensitivity and

specificity in these approaches will become increasingly relevant as

we transition towards experiments involving defined communities

of even greater complexity, including bacterial culture collections

prepared from the fecal microbiota of humans [46]. We anticipate

that the study of sequenced culture collections transplanted to

gnotobiotic mice will be instrumental in determining the degree to

which physiologic or pathologic host phenotypes can be ascribed

to the microbiota as well as specific constituent taxa.

The recent development of a low-error 16S ribosomal RNA

amplicon sequencing method (LEA-Seq) and the application of

this method to the fecal microbiota of 37 healthy adults followed

for up to 5 years indicated that individuals in this cohort contained

195648 bacterial strains representing 101627 species [47].

Furthermore, stability follows a power-law function, suggesting

that once acquired, most gut strains in a person are present for

decades. New advances in the culturing of fastidious gut microbes

may one day allow us to capture most (or all) of the taxonomic and

functional diversity present within an individual’s fecal microbiota

as a clonally arrayed, sequenced culture collection, providing a

perfectly representative and defined experimental model of their

gut community. In the meantime, first-generation artificial

communities of modest complexity such as the one described

here offer a way of studying many questions related to the

microbiota. However, the limited complexity and composition of

our 12-species artificial community, and the way in which it was

assembled in germ-free mice, make it an imperfect model of more

areas of the map where both genes in a susC/D pair were up-regulated .100-fold for at least two of the replicates in a treatment group and where
the average up-regulation for each gene in the pair was .100-fold across all replicates of the treatment group. Two sets of columns to the right of
the heatmap indicate PULs that were detectably expressed at the mRNA level (left set of columns) and/or protein level (right set of columns) in
experiment 1 (E1). Red and black circles indicate that both genes in a susC/D pair were consistently expressed on a particular diet, as determined by
GeneChip analysis of cecal RNA ($5 of 7 animals assayed) or LC-MS/MS analysis of cecal protein (2 of 2 animals assayed). In both cases, a red circle
denotes significantly higher expression on one diet compared to the other.
doi:10.1371/journal.pbio.1001637.g005
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complex human microbiota. Native microbial communities, for

example, are subject to the influence of variables that are

notably absent from this system, such as intraspecies genetic

variability and exogenous microbial inputs. There are also taxa

(e.g., Proteobacteria, Bifidobacteria) and microbial guilds (e.g.,

butyrate producers) typical of human gut communities that are

absent from our defined assemblage that could be used to

augment this system in order to improve our understanding of

how their presence/absence influences a microbiota’s response

to diet and a spectrum of other variables of interest. These

future attempts to systematically increase complexity should

reveal what trends, patterns, and trajectories observed in

artificial assemblages such as the one reported here map or do

not map onto natural communities.

Finally, one of the greatest advantages of studying defined

assemblages in mice is that they afford us the ability to interrogate

the biology of key bacterial species in a focused manner. The

artificial community we used in our experiments included B.

cellulosilyticus WH2, a species that warrants further study as a model

gut symbiont given its exceptional carbohydrate utilization

capabilities, its apparent fitness advantage over many other

previously characterized gut symbionts, and its genetic tractability.

This genetic tractability should facilitate future experiments in

which transposon mutant libraries are screened in vivo as one

component of a larger artificial community in order to identify this

strain’s most important fitness determinants under a wide variety

of dietary conditions. Identifying the genetic elements that allow B.

cellulosilyticus to persist at the relatively high levels observed,

regardless of diet, should provide microbiologists and synthetic

biologists with new ‘‘standard biological parts’’ that will aid them

in developing the next generation of prebiotics, probiotics, and

synbiotics.

Materials and Methods

Ethics Statement
All experiments involving mice used protocols approved by the

Washington University Animal Studies Committee in accordance

with guidelines set forth by the American Veterinary Medical

Association. Trained veterinarians from the Washington Univer-

sity Division of Comparative Medicine supervised all experiments.

The laboratory animal program at Washington University is

accredited by the Association for Assessment and Accreditation of

Laboratory Animal Care International (AAALAC).

B. cellulosilyticus WH2 Genome Sequencing
A strain of B. cellulosilyticus designated ‘‘WH2’’ (see Figure

S1A,B) was isolated from a human fecal sample during an iteration

of the Microbial Diversity Summer Course overseen by A. Salyers

(University of Illinois, Urbana-Champaign) at the Marine

Biological Laboratory (Woods Hole, MA). The genome of this

isolate was sequenced using a combination of long-read and short-

read technologies, yielding 51,819 plasmid and fosmid end reads

(library insert sizes: 3.9, 4.9, 6.0, 8.0, and 40 kb; ABI 3730

platform), 333,883 unpaired 454 reads (FLX+ and XL+ chemis-

try), and 10 million unpaired Illumina reads (HiSeq; 42 nt read

length). A hybrid assembly was constructed using MIRA v3.4.0

(method, de novo; type, genome; quality grade, accurate) with

default settings [48,49]. Gene calling was performed using the

YACOP metatool [50]. Additionally, the four ribosomal RNA

(rRNA) operons within the B. cellulosilyticus WH2 genome were

sequenced individually to ensure high sequence accuracy in these

difficult-to-assemble regions. Further details for the B. cellulosilyticus

WH2 assembly are provided in Table S1.

Bacterial Strains
Details regarding the 12 bacterial strains used in this study are

provided in Table S4. Cells were grown in supplemented TYG

(TYGS; [42]) at 37uC under anaerobic conditions in a Coy

anaerobic chamber (atmosphere: 75% N2, 20% H2, 5% CO2).

After reaching stationary phase, cells were pelleted by centrifuga-

tion and resuspended in TYGS medium supplemented with 20%

glycerol. Individual aliquots containing 400–800 mL of each cell

suspension were stored at 280uC in 1.8 mL borosilicate glass vials

with aluminum crimp tops. The identity of each species was

verified prior to its use in experiments by extracting DNA from a

frozen aliquot of cells, amplifying the 16S rRNA gene by PCR

using primers 8F/27F (AGAGTTTGATCCTGGCTCAG; [51])

and 1391R (GACGGGCGGTGWGTRCA; [52]), sequencing the

entire amplicon with an ABI 3730 capillary sequencer (Retrogen,

Inc.), and comparing the assembled 16S rRNA gene sequence to

the known reference sequence.

Preparation of Strains for Oral Gavage
Details regarding the construction of each inoculum are

provided in Table S3. The inocula used to gavage germ-free

mice in each experiment were prepared either directly from frozen

stocks (experiment 1, E1) or from a combination of frozen stocks

and overnight cultures (experiment 2, E2). The recoverable cell

density for each batch of frozen stocks used in inoculum

preparation was determined prior to pooling, while the same

values for overnight cultures were calculated after pooling. To do

so, an aliquot of cells from each overnight culture or set of frozen

stocks was used to prepare a 10-fold dilution series in phosphate-

buffered saline (PBS), and each dilution series was plated on brain-

heart-infusion (BHI; BD Difco) agar supplemented with 10% (v/v)

defibrinated horse blood (Colorado Serum Co.). Plates were grown

for up to 3 d at 37uC under anaerobic conditions in a Coy

chamber, colonies were counted, and the number of colony-

forming units per milliliter (CFUs/mL) was calculated. The

volume of each cell suspension included in the final inoculum was

normalized by its known or estimated viable cell concentration in

an effort to ensure that no species received an early advantage

during establishment of the artificial community in the germ-free

animals. Total CFUs per gavage were estimated at 8.06107 and

4.26108 for experiments E1 and E2, respectively.

Mice
Experiments were performed using protocols approved by the

animal studies committee of the Washington University School of

Medicine. For each experiment, two groups of 10–12-wk-old male

germ-free C57BL/6J mice were maintained in flexible film

gnotobiotic isolators under a strict 12 h light cycle, during which

time they received sterilized food and water ad libitum. Animals

were fasted for 4 h prior to gavage with 500 mL of a cell

suspension inoculum containing the 12 sequenced, human gut-

derived bacterial symbionts. After gavage, animals were main-

tained in separate cages throughout the course of the experiment.

Fresh fecal pellets were periodically collected directly into screw-

cap sample tubes that were immediately frozen in liquid nitrogen.

At the time of sacrifice, the contents of each animal’s cecum were

divided into thirds and snap-frozen in liquid nitrogen for later use

in DNA, RNA, and total protein isolations.

Diets
Animals were subjected to dietary oscillations comprising three

consecutive phases of 2 wk each (see Figure S3). Prior to

inoculation, germ-free mice were maintained on a standard
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autoclaved chow diet low in fat and rich in plant polysaccharides

(LF/HPP, B&K rat and mouse autoclavable chow #73780000,

Zeigler Bros, Inc). Three days prior to inoculation, one group of

germ-free animals was switched to a sterile ‘‘Western’’-like chow

high in fat and simple sugars (HF/HS, Harlan Teklad TD96132),

while the other continued to receive LF/HPP chow. After gavage,

each group of animals was maintained on its respective diet for

2 wk, after which each treatment group was switched to the

alternative diet. Two weeks later, the mice were switched back to

their original starting diet and were retained on this diet until the

time of sacrifice.

DNA and RNA Extraction
DNA and RNA were extracted from fecal pellets and cecal

contents as previously described [11].

Community Profiling by Sequencing (COPRO-Seq)
COPRO-Seq measurements of the proportional representation

of all species present in each fecal/cecal sample analyzed were

performed as previously described [11] using short-read (36 nt)

data collected from an Illumina sequencer (data were generated

using a combination of the Genome Analyzer I, Genome Analyzer

II, and Genome Analyzer IIx platforms). After demultiplexing

each barcoded pool, reads were trimmed to 25 bp and aligned to

the reference genomes. An abundance threshold cutoff of 0.003%

was set for determining an artificial community members’

presence/absence, based on the proportion of reads from each

experiment that were found to spuriously align to distractor

reference genomes of bacterial species not included in this study.

Normalized counts for each bacterial species in each sample were

used to calculate a simple intrasample percentage. In order to

make changes in abundance over time more easily comparable

between species with significantly different relative abundances,

these percentages were also in some cases normalized by the

maximum abundance (%) observed for a given species across all

time-points from a given animal. This transformation resulted in a

value referred to as the percentage of maximum achieved

(‘‘PoMA’’) that was used to evaluate which species were most/

least responsive to dietary interventions.

Ordination of COPRO-Seq Data Using QIIME
COPRO-Seq proportional abundance data were subjected to

ordination using scripts found in QIIME v1.5.0-dev [53]. Data

from both E1 and E2 were combined to generate a single tab-

delimited table conforming to QIIME’s early (pre-v1.4.0-dev)

OTU table format. This pseudo-OTU table was subsequently

converted into a BIOM-formatted table object that was used as the

input for beta_diversity.py to calculate the pairwise distances

between all samples using a Hellinger metric. PCoA calculations

were performed using principal_coordinates.py. These coordinates

and sample metadata were passed to make_3d_plots.py to

generate PCoA plots. Plots shown are visualized using v2.21 of

the KiNG software package [54].

Metatranscriptomics
GeneChip. A custom Affymetrix GeneChip (‘‘SynComm1’’)

with perfect match/mismatch (PM/MM) probe sets targeting

97.6% of the predicted protein-coding genes within the genomes

of the 12 bacterial species in this study (plus three additional

species not included in the model human gut microbiota) was

designed and manufactured in collaboration with the Affymetrix

chip design team. Control probes targeting intergenic regions from

each genome were also tiled onto the array to allow detection of

any contaminating gDNA. Hybridizations were carried out with

0.9–5.1 mg cDNA using the manufacturer’s recommended proto-

cols. Details regarding the design of this GeneChip are deposited

under Gene Expression Omnibus (GEO) accession GPL9803.

Custom mask files were generated for each species on the

GeneChip for the purpose of performing data normalization one

species at a time. Normalization of raw intensity values was carried

out in Affymetrix Microarray Suite (MAS) v5.0. MAS output was

exported to Excel where advanced filtering was used to identify

those probe sets called present in at least five of seven cecal RNA

samples in at least one diet tested. Data from probe sets that did

not meet these criteria (i.e., genes that were not expressed on either

condition) were not included in subsequent analyses. Normalized,

filtered data were evaluated using the Cyber-T web server [55] to

identify differentially expressed genes. Genes were generally

considered significantly differentially expressed in cases meeting

the following three criteria: p , 0.01, PPDE(,p) $ 0.99, and

|fold-change|$ 2.

Microbial RNA-Seq. Methods for extracting total microbial

RNA from mouse feces and cecal contents, depleting small RNAs

(e.g., tRNA) and ribosomal RNA (5S, 16S, and 23S rRNA), and

for converting depleted RNA to double-stranded cDNA were

described previously [14]. Illumina libraries were prepared [11]

from 26 fecal samples obtained from the second diet oscillation

experiment (four animals, 6–7 time-points surveyed per animal),

using 500 ng of input double-stranded cDNA/sample/library.

RNA-Seq reads were aligned to the reference genomes using the

SSAHA2 aligner [56]. Normalization of the resulting raw counts

was performed using the DESeq package in R [57]. Raw counts

derived from the metatranscriptome were normalized either at the

community level (i.e., counts from all genes were included in the

same table during normalization) for purposes of looking at

community-level representation of functions (ECs) of interest, or at

the species level (i.e., counts from each species were independently

normalized) for purposes of looking at gene expression changes

within individual species. Data adjustment (logarithmic transfor-

mation) and hierarchical clustering were performed using Cluster

3.0 [58] and GENE-E. Heatmap visualizations of expression data

were prepared using JavaTreeview [59] and Microsoft Excel. The

B. cellulosilyticus WH2 in vitro gene expression dendrogram

presented was prepared using GENE-E. Bootstrap probabilities

at each edge of the dendrogram were calculated using the

‘‘pvclust’’ package in R (10,000 replications). Clusters with

bootstrap p values .0.95 were considered strongly supported

and statistically significant.

Metaproteomics
Sample Preparation. Cecal contents were collected from

four mice and solubilized in 1 mL SDS lysis buffer (4% w/v SDS,

100 mM Tris?HCl (pH 8.0), 10 mM dithiothreitol (DTT)), lysed

mechanically by sonication, incubated at 95uC for 5 min, and

centrifuged at 21,0006g. Crude protein extracts were precipitated

using 100% trichloroacetic acid (TCA), pelleted by centrifugation,

and washed with ice-cold acetone to remove lipids and excess

SDS. Protein precipitates were resolubilized in 500 mL of 8 M urea

and 100 mM Tris?HCl (pH 8.0), reduced by incubation in DTT

(final concentration of 10 mM) for 1 h at room temperature, and

sonicated in an ice water bath (Branson (model SSE-1) sonicator;

20% amp; 2 min total (cycles of 5 s on, 10 s off)). An aliquot of

each protein extract was quantified using a bicinchoninic acid

(BCA)-based protein assay kit (Pierce). Protein samples (1 mg)

were subsequently diluted with 100 mM Tris?HCl and 10 mM

CaCl2 (pH 8.0) to a final urea concentration below 4 M.

Proteolytic digestions were initiated with sequencing grade trypsin
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(1/100, w/w; Promega) and incubated overnight at room

temperature. A second aliquot of trypsin was added (1/100) after

the reactions were diluted with 100 mM Tris?HCl (pH 8.0) to a

final urea concentration below 2 M. After incubation for 4 h at

room temperature, samples were reduced by incubation in 10 mM

DTT for 1 h at room temperature. Finally, the peptides were

acidified (protonated) in 200 mM NaCl and 0.1% formic acid,

filtered, and concentrated with a 10 kDa molecular weight cutoff

spin column (Sartorius).

LC-MS/MS Data Collection. The peptide mixture from

each mouse was analyzed in technical duplicate via two-

dimensional liquid chromatography (LC)-MS/MS on a hybrid

LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scien-

tific). Peptides (,100 mL per sample) were separated using a split

phase 2D (strong-cation exchange (SCX) and C18 reverse phase

(RP))-LC column over a 12-step gradient for each run. All MS

analyses were performed in positive ion mode. Mass spectral data

were acquired using Xcalibur (v2.0.7) in data-dependent acquisi-

tion mode for each chromatographic separation (22 h run). One

precursor MS scan was acquired in the Orbitrap at 30K resolution

followed by 10 data-dependent MS/MS scans (m/z 400–1,700) at

35% normalized collision energy with dynamic exclusion enabled

at a repeat count of 1. MS/MS spectra were searched with

SEQUEST (v.27; [60]) using the following settings: enzyme

type = trypsin; precursor ion mass tolerance = 3.0 Da; fragment

mass tolerance = 0.5 Da; fully tryptic peptides and those resulting

from up to four missed cleavages only. All datasets were filtered

with DTASelect (v1.9; [61]) using the following parameters:

Xcorrs of 1.8, 2.5, and 3.5 for singly, doubly, and triply charged

precursor ions; DeltCN $ 0.08; $2 fully tryptic peptides per

protein.

A custom-built FASTA target-decoy database [62,63] was

generated and searched with SEQUEST at a peptide-level false

positive rate (FPR) estimated at #0.5%. The database contained

theoretical proteomes predicted from the genomes of the 12

bacterial species characterized in this study (see Tables S4 and S8),

some diet components (e.g., rice and yeast), and common

contaminants (e.g., keratins). Three additional theoretical bacterial

proteomes predicted from the genomes of Eubacterium rectale,

Faecalibacterium prausnitzii, and Ruminococcus torques were included as

distractors (negative controls) that were not expected to be present

in any of the samples analyzed. An in silico tryptically digested

protein sequence database was also used to generate a theoretical

peptidome of unique peptides within a mass range of 600–

4,890 Da and #1 miscleavages.

Analysis of Proteomic Datasets. Spectral counts for each

protein were normalized by either the total number of spectra

collected for all species in a sample (normalization by community,

‘‘NBC’’), or by the total number of spectra collected for all proteins

from a given species (normalization by species, ‘‘NBS’’). p values

for each protein were calculated using the Mann–Whitney U test.

To correct for multiple comparisons, q values were calculated

using an optimized false discovery rate (FDR) approach with the

‘‘qvalue’’ package in BioConductor. Regardless of the normaliza-

tion strategy employed, p and q values were only calculated for

proteins with at least three valid runs, where a valid run was one

with more than five spectral counts. In NBC data, p and q values

were calculated for all proteins within the model metaproteome. In

NBS data, p and q values were calculated for each species-specific

set of proteins. Differences in spectral counts between treatment

groups (diets) were calculated using group medians. A protein was

designated as ‘‘UP’’-regulated if both its p and q values were less

than 0.05 and the spectral count difference between treatment

groups was greater than 5. The same criteria were applied in the

opposite direction for proteins labeled as ‘‘DOWN.’’ For proteins

labeled ‘‘NULL,’’ there was insufficient evidence to report any

significant difference between the two treatment groups. Finally, a

protein was considered detected or ‘‘present’’ in a sample if at least

four (raw) spectral counts were assigned to that protein when

aggregating the results from the two runs (technical replications)

performed on the sample.

Phenotypic Screen for the Growth of Bacteroides spp. on
Various Carbohydrates

The ability of B. cellulosilyticus WH2 and B. caccae ATCC 43185

to grow on a panel of 47 simple and complex carbohydrates was

evaluated using a phenotypic array whose composition has been

previously described [25]. Growth measurements were collected

in duplicate (two wells per substrate) over the course of 3 d at

37uC under anaerobic conditions. A total of three independent

experiments were performed for each species tested (n = 6

growth profiles/substrate/species). Total growth (Atot) was

calculated from each growth curve as the difference between

the maximum and minimum optical densities (OD600) observed

(i.e., Amax2Amin). Growth rates were calculated as total growth

divided by time (Atot/(tmax2tmin)), where tmax and tmin

correspond to the time-points at which Amax and Amin,

respectively, were collected. Consolidated statistics from all six

replicates for each of the 47 conditions tested for each species

are provided in Table S11.

Profiling B. cellulosilyticus WH2 Gene Expression During
Growth in Defined MM Containing Various
Carbohydrates

RNA-Seq. To characterize the impact of select mono- and

polysaccharides on the in vitro gene expression of B. cellulosilyticus

WH2, cells were cultured in MM supplemented with one of 31

distinct carbohydrates (for the formulation of MM and a list of the

carbohydrates used as growth substrates, see Tables S12 and S13).

After recovery from a frozen stock on BHI blood agar, a single

colony was picked and inoculated into 5 mL of MM containing

5 mg/mL glucose (MM-Glc). Anaerobic conditions were gener-

ated within each individual culture tube using a previously

described method [64] with the following modifications: (i) the

cotton plug was lit and extinguished before being pushed below

the lip of the culture tube, and (ii) 200 mL of saturated sodium

bicarbonate was combined with 200 mL 35% (w/v) pyrogallate

solution on top of the cotton plug before a bare rubber stopper was

used to seal the tube. Cultures were grown overnight at 37uC.

Twenty microliters of this ‘‘starter’’ culture were subsequently

inoculated into a series of ‘‘acclimatization’’ cultures, each

containing 5 mL of MM plus one of the 31 carbohydrates to be

tested (5 mg/mL final concentration), and anaerobic culturing was

carried out as above. This second round of culturing served two

purposes: (i) it ensured cells were acclimated to growth on their

new carbohydrate substrate prior to the inoculation of the final

cultures that were harvested for RNA, and (ii) it provided an

opportunity to obtain OD600 measurements indicating, for each

carbohydrate, the range of optical densities corresponding to B.

cellulosilyticus WH2’s logarithmic phase of growth. Finally, 50 mL of

each ‘‘acclimatization’’ culture were inoculated into triplicate

10 mL volumes of medium of the same composition, and the 90

‘‘harvest’’ cultures were grown anaerobically at 37uC. At mid-log

phase, 5 mL of cells were immediately preserved in Qiagen

RNAprotect Bacteria Reagent according to the manufacturer’s

instructions. Cells were then pelleted, RNAprotect reagent was

poured off, and the bacteria were stored at 280uC.
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After thawing, while still cold, each bacterial cell pellet was

combined with 500 mL Buffer B (200 mM NaCl, 20 mM EDTA),

210 mL of 20% SDS, and 500 mL of acid phenol:chloroform:i-

soamyl alcohol (125:24:1, pH 4.5). The pellet was resuspended by

manual manipulation with a pipette tip and transferred to a 2 mL

screwcap tube containing acid-washed glass beads (Sigma, 212–

300 mm diameter). Tubes were placed on ice, bead-beaten for

2 min at room temperature (BioSpec Mini-Beadbeater-8; set to

‘‘homogenize’’), placed on ice, and bead-beaten for an additional

2 min, after which time RNA was extracted as described above for

fecal and cecal samples.

Identification of Diet-Specific Fitness Determinants
within the B. cellulosilyticus WH2 Genome Using Insertion
Sequencing (INSeq)

Whole genome transposon mutagenesis of B. cellulosilyticus WH2

was performed using protocols originally developed for B.

thetaiotaomicron [42,46], with some modifications. Initial attempts

to transform B. cellulosilyticus WH2 with the pSAM_Bt construct

reported by Goodman et al. yielded very low numbers of

antibiotic-resistant clones, which we attributed to poor recognition

of one or more promoters in the mutagenesis plasmid. Replace-

ment of the promoter driving expression of the transposon’s

erythromycin resistance gene (ermG) with the promoter for the

gene encoding EF-Tu in B. cellulosilyticus WH2 (BWH2_3183)

dramatically improved the number of resistant clones recovered

after transformation. The resulting library consisted of 93,458

distinct isogenic mutants, with each mutant strain containing a

single randomly inserted modified mariner transposon. Of all

predicted ORFs, 91.5% had insertions covering the first 80% of

each gene (mean, 13.9 distinct insertion mutants per ORF).

At 11 wk of age, male germ-free C57BL/6J mice (individually

caged) were fed either a diet low in fat and rich in plant

polysaccharides (LF/HPP) or high in fat and simple sugars (HF/

HS). After a week on their experimental diet, animals received a

single gavage containing the B. cellulosilyticus WH2 transposon

library and 14 other species of bacteria (i.e., this artificial

community consisted of the 12 species listed in Figure 1A, plus

B. thetaiotaomicron 7330, E. rectale ATCC 33656, and Clostridium

symbiosum ATCC 14940). After 16 d, fecal pellets were collected,

and total fecal DNA was extracted.

500 ng of each fecal DNA extraction was diluted in 15 mL of

TE buffer and digested with MmeI (4 U, New England Biolabs) in

a 20 mL reaction supplemented with 10 pmoles of 12 bp DNA

containing an MmeI restriction site (to improve the efficiency of

restriction enzyme digestion) [42]. The reaction was incubated for

1 h at 37uC and then terminated (80uC for 20 min). MmeI-

digested DNA was subsequently purified using 125 mL of AMPure

beads (after washing the beads once with 100 mL of sizing solution

(1.2 M NaCl and 8.4% PEG 8000)). The digested DNA was added

to the beads and the solution incubated at room temperature for

5 min. Beads were pelleted with a magnetic particle collector

(MPC), washed twice (each time using a mixture composed of

20 mL TE buffer (pH 7.0) and 100 mL sizing solution, with bead

recovery via MPC after each wash), followed by two ethanol

washes (180 mL 70% ethanol/wash) and air-drying for 10 min.

Samples were resuspended in 18 mL TE buffer (pH 7.0), and DNA

was removed after pelleting beads with the MPC. Ligation of

adapters was performed in a 20 mL reaction that contained 16 mL

of purified DNA, 1 mL of T4 Ligase (2000 U/mL; NEB), 2 mL 106
ligase buffer, and 10 pmol of barcoded adapter (incubation for 1 h

at 16uC). Ligations were subsequently diluted with TE buffer

(pH 7.0) to a final volume of 50 mL, mixed with 60 mL of AMPure

beads, and incubated at room temperature for 5 min. Beads with

bound DNA were pelleted using the MPC and washed twice with

70% ethanol as above. After allowing the ethanol to evaporate for

10 min, 35 mL of nuclease-free water was added, and the mixture

was incubated at room temperature for 2 min before collecting the

beads with the MPC. Enrichment PCR was performed in a final

volume of 50 mL using 32 mL of the cleaned up sample DNA,

10 mL 106 Pfx amplification buffer (Invitrogen), 2 mL 10 mM

dNTPs, 0.5 mL 50 mM MgSO4, 2 mL of 5 mM amplification

primers (forward primer: 59CAAGCAGAAGACGGCATACG39,

reverse primer: 59AATGATACGGCGACCACCGAACACTC-

TTTCCCTACACGA39), and 1.5 mL Pfx polymerase (2.5 U/mL;

Invitrogen) (cycling conditions: denaturation at 94uC for 15 s;

annealing at 65uC for 1 min; extension at 68uC for 30 s; total of 22

cycles). The 134 bp PCR product from each reaction was purified

(4% MetaPhor gel; MinElute Gel Extraction Kit (Qiagen)) in a

final volume of 20 mL and was quantified (Qubit, dsDNA HS

Assay Kit; Invitrogen). Reaction products were then combined in

equimolar amounts into a pool that was subsequently adjusted to

10 nM and sequenced (Illumina HiSeq 2000 instrument).

Data Deposition
All short read Illumina data used for COPRO-Seq and RNA-

Seq analyses, GeneChip data, and genome sequencing/assembly

data are available through GEO SuperSeries GSE48537 and

NCBI BioProject ID PRJNA183545. The draft genome assembly

for B. cellulosilyticus WH2 has been deposited at DDBJ/EMBL/

GenBank under accession number ATFI00000000. Raw MS data

are available from the Dryad Digital Repository: http://dx.doi.

org/10.5061/dryad.7fj1k.

Supporting Information

Figure S1 Phylogenetic relatedness of B. cellulosilyticus
WH2 to other Bacteroides species. (A) Near full-length 16S

rRNA gene sequences from the B. cellulosilyticus WH2 isolate, its

closest relatives (two strains of Bacteroides xylanisolvens, three strains

of Bacteroides intestinalis, and the type strain of B. cellulosilyticus), and

Parabacteroides distasonis (the latter was included as an outgroup)

were aligned against the SILVA SEED using the SINA aligner

[65]. The 59 and 39 ends of the resulting multiple sequence

alignment were trimmed to remove ragged edges, and the final

alignment was used to construct an approximately maximum-

likelihood phylogenetic tree using FastTree v2.1.4 [66]. Sequences

in the trimmed alignment used to generate the tree shown

correspond to bases 22–1498 of the Escherichia coli 16S rRNA gene

[67]. Parenthetical identifiers indicate the locus tag (for B.

cellulosilyticus WH2, whose genome contains four copies of the

16S rRNA gene) or GenBank accession number (for all other

strains) of each sequence included in the phylogenetic analysis. (B)

Identity matrix summarizing the pairwise similarities (as %

nucleotide sequence identity) for all 16S rRNA gene sequences

used to construct the tree shown in panel (A).

(EPS)

Figure S2 Representation of all putative GH families
identified in the B. cellulosilyticus WH2 genome com-
pared to their representation in other sequenced
Bacteroidetes species. Enumeration of the GH repertoire of

B. cellulosilyticus WH2 relative to (A) the six other Bacteroidetes

species included in the artificial microbial community described in

Figure 1A, and (B) the 86 Bacteroidetes currently annotated in the

CAZy database. GH numbers in red signify CAZy families whose

representation is greater in B. cellulosilyticus WH2 than in any of the

other Bacteroidetes to which it is being compared. An asterisk

following a GH family number indicates that genes encoding
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proteins from that family were found exclusively in the B.

cellulosilyticus WH2 genome. In (B), GH family numbers are

ordered from left to right and from top to bottom by their average

representation within the 87 Bacteroidetes genomes included in

the analysis.

(TIF)

Figure S3 Design and sampling schedule for experi-
ments E1 and E2. In each experiment, two groups of C57BL/6J

germ-free mice were gavaged at 10–12 wk of age with a 12-

member artificial human gut microbial community (the day of

gavage, referred to as day 0, is denoted by a large black arrow).

Over time, animals were fed diets low in fat and high in plant

polysaccharides (LF/HPP, bold green) or high in fat and simple

sugar (HF/HS, bold orange) in alternating fashion. Fecal pellets

and cecal contents were collected as indicated for profiling

community membership and gene expression (sample types are

denoted by a circle’s color and the methods applied to each sample

are indicated in parentheses within the sample key). Values shown

along the time course indicate the number of days since gavage of

the artificial community into germ-free animals.

(EPS)

Figure S4 COPRO-Seq analysis of the proportional
representation of component taxa in the 12-member
artificial community as a function of time after coloni-
zation of gnotobiotic mice and the diet they were
consuming. (A) Average DNA yields from fecal and cecal

samples collected from each treatment group in experiment E1. (B)

DNA yields from samples collected in experiment E2. (C)

COPRO-Seq quantitation of the 12 bacterial species comprising

the assemblage used to colonize germ-free mice in experiments E1

and E2. Vertical dashed lines at days 14 and 28 denote time-points

at which diets were switched. Panels (A–C) share a common key,

provided in the upper right. Circles and triangles denote samples

from experiments E1 and E2, respectively. Cecal sample data

points (obtained at sacrifice on day 42 of the experiment) are

plotted as for fecal sample data, but with inverted colors (i.e.,

colored outline, solid black fill). For all panels (A–C), data shown

are mean 6 SEM.

(EPS)

Figure S5 Further COPRO-Seq analysis of the relative
abundance of components of the 12-member bacterial
community as a function of diet and time. (A) Plot of the

ordination results for experiment 1 (E1) from the PCoA

described in Figure 1B. COPRO-Seq data from E1 and E2

were ordinated in the same multidimensional space. For clarity,

only data from E1 are shown (for the E2 PCoA plot, see

Figure 1B). Color code: red/blue, feces; pink/cyan, cecal

contents. (B) Heatmap representation of the relative abundance

data from E1 normalized to each species’ maximum across all

time-points within a given animal (‘‘Percentage of maximum

achieved (PoMA)’’). Each heatmap cell denotes the mean for

one treatment group (n = 7 animals), and each treatment group

is shown as its own heatmap.

(EPS)

Figure S6 GeneChip profiling of the cecal metatran-
scriptome in mice fed different diets. (A) Venn diagram

illustrating the number of bacterial genes whose expression was

scored as ‘‘present’’ (i.e., detectable in $5 of 7 animals), only in

mice that were consuming the plant polysaccharide-rich LF/HPP

diet, only in mice that were consuming a ‘‘Western’’-like HF/HS

diet, or in both groups. (B) Overview of the diet-specificity of

CAZyme gene expression in the 12-member model microbiota

and in four prominent taxa that maintained a proportional

representation in the cecal microbiota that was .5% on each diet.

(EPS)

Figure S7 Dissecting the in vivo expression of EC
3.2.1.8 (endo-1,4-b-xylanase). (A) Gene expression in E2 fecal

samples was evaluated by microbial RNA-Seq. After data from all

12 species in the model human gut microbiome were binned by

EC number annotation and normalized (i.e., data were ‘‘commu-

nity-normalized’’ at the level of ECs), a significant decrease in the

representation of EC 3.2.1.8 in the metatranscriptome was

observed when comparing the final time-point of the first diet

phase (day 13, LF/HPP diet) and the final time-point of the second

diet phase (day 27, HF/HS diet) (Mann–Whitney U test, p = 0.03).

(B) Transcribed B. cellulosilyticus WH2 genes account for .99% of

community-normalized RNA-Seq counts assignable to EC 3.2.1.8

(note how counts at the community level in panel (A) compare to

those attributable to B. cellulosilyticus WH2 in panel (B)). Thus, B.

cellulosilyticus WH2 essentially dictates the degree to which

expressed endo-1,4-b-xylanase genes are represented within the

metatranscriptome. (C) B. cellulosilyticus WH2 contributes a greater

number of community-normalized RNA-Seq counts to the

metatranscriptome in LF/HPP-fed mice than in HF/HS-fed

animals. (D) When B. cellulosilyticus WH2 gene expression data are

normalized independently of data from other taxa (i.e., when data

are ‘‘species-normalized’’), statistically significant increases in the

representation of EC 3.2.1.8 within the B. cellulosilyticus WH2

transcriptome become apparent in HF/HS-fed mice. (E) Break-

down of the total species-normalized counts in panel (D) by the B.

cellulosilyticus WH2 gene from which they were derived. For all

panels (A–E), mean values 6 SEM are shown. Means for all panels

were calculated from data from four animals at each time-point,

except day 26 (n = 2). In each of the first four panels (A–D), the

differences between day 13 and day 27 were deemed statistically

significant by Mann–Whitney U test (p = 0.03 for each of the four

tests performed).

(EPS)

Figure S8 Shotgun metaproteomic analysis of cecal
samples from gnotobiotic mice colonized with the 12-
member artificial community. (A) Each species’ theoretical

proteome was subjected to in silico trypsinization (see Materials and

Methods). Of the resulting peptides, those specific to a single protein

within our database of all predicted proteins encoded by the

genomes of the 12 assemblage members, the mouse, and three

bacterial ‘‘distractors’’ (E. rectale, F. prausnitzii, and R. torques) were

classified as ‘‘unique,’’ while all others were considered ‘‘non-

unique.’’ The ‘‘unique’’ fraction of a species’ predicted peptides

indicates how many can be unambiguously traced back to a single

protein of origin if detected by LC-MS/MS. (B) Comparison of

the average relative cecal abundance of each assemblage member

(dark gray bars) with the percentage of proteins within its

theoretical proteome that were detected by LC-MS/MS (red

bars), and the percentage of all genes within its genome whose

expression was detected using our custom GeneChip (light gray

bars). Data shown are mean values 6 SEM. (C) Scatter plots

illustrating the Pearson correlation coefficient (r) between log-

transformed averages of diet-specific fold-differences in expression

as determined by GeneChip assay (RNA, x-axis) and LC-MS/MS

(protein, y-axis) in E1. Data points within the black scatter plot

represent the 448 B. cellulosilyticus WH2 genes for which reliable

quantitative data could be obtained for animals in both diet

treatment groups for both the GeneChip and LC-MS/MS assays

(i.e., any gene for which a signal could not be detected on at least

one diet treatment in at least one assay was excluded). Scatter plots
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in color represent the results of correlation analyses performed on

subsets of genes within the black plot whose KEGG annotations

fall within particular functional categories, including ‘‘Transla-

tion’’ (r = 0.03, 59 genes), ‘‘Energy metabolism’’ (r = 0.36, 58

genes), ‘‘Amino acid metabolism’’ (r = 0.48, 67 genes), and

‘‘Carbohydrate metabolism’’ (r = 0.69, 110 genes). For both (B)

and (C), n = 2 mice per treatment group (4 mice total).

(EPS)
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(XLSB)

Table S2 B. cellulosilyticus WH2 genome features with
relevance to carbohydrate metabolism.

(XLSB)

Table S3 Composition of the 12-member artificial
community inoculated by oral gavage into germ-free
animals.

(XLSB)

Table S4 Bacterial strains included in this study.

(XLSB)

Table S5 COPRO-Seq quantitation of the relative
abundances of artificial community members over time.

(XLSB)

Table S6 GeneChip measurements of cecal gene ex-
pression for the 12 bacterial species comprising the
artificial human gut microbial community studied in
experiment E1.

(XLSB)

Table S7 List of EC numbers whose representation
within the fecal metatranscriptome is significantly
impacted by diet.

(XLSB)

Table S8 Summary of theoretical peptidome statistics.

(XLSB)

Table S9 Number of proteins detected within each cecal
sample for each species in our custom SEQUEST
database.
(XLSB)

Table S10 Raw and normalized MS/MS spectral counts
for detectable proteins in E1 cecal samples.
(XLSB)

Table S11 Growth of B. cellulosilyticus WH2 and B.
caccae on a panel of structurally diverse carbohydrates.
(XLSB)

Table S12 Preparation of minimal medium for in vitro
gene expression profiling of B. cellulosilyticus WH2.
(XLSB)

Table S13 Carbohydrate substrates tested during in
vitro gene expression profiling of B. cellulosilyticus WH2.
(XLSB)

Table S14 RNA-Seq gene expression values for B.
cellulosilyticus WH2 grown in vitro on 31 simple and
complex saccharides.
(XLSB)

Text S1 Supplementary results.
(DOCX)

Acknowledgments

We thank Maria Karlsson, David O’Donnell, Sabrina Wagoner, and Su

Deng for superb technical assistance, as well as Nathan VerBerkmoes,

Alejandro Reyes, and Federico Rey for helpful suggestions throughout the

course of this study.

Author Contributions

The author(s) have made the following declarations about their

contributions: Conceived and designed the experiments: NPM JIG.

Performed the experiments: NPM MW ARE NAP. Analyzed the data:

NPM MW ARE CP BKE ECM NAP BDM BH. Contributed reagents/

materials/analysis tools: ECM BH RLH JIG. Wrote the paper: NPM ARE

RLH JIG.

References

1. Flint HJ, Bayer EA, Rincon MT, Lamed R, White BA (2008) Polysaccharide

utilization by gut bacteria: potential for new insights from genomic analysis. Nat

Rev Microbiol 6: 121–131.

2. Gibson GR, Macfarlane GT, Cummings JH (1993) Sulphate reducing bacteria

and hydrogen metabolism in the human large intestine. Gut 34: 437–439.

3. Roberfroid MB, Van Loo JA, Gibson GR (1998) The bifidogenic nature of

chicory inulin and its hydrolysis products. J Nutr 128: 11–19.

4. Sela DA, Li Y, Lerno L, Wu S, Marcobal AM, et al. (2011) An infant-associated

bacterial commensal utilizes breast milk sialyloligosaccharides. J Biol Chem 286:

11909–11918.

5. Garrido D, Barile D, Mills DA (2012) A molecular basis for bifidobacterial

enrichment in the infant gastrointestinal tract. Adv Nutr 3: 415S–421S.

6. Faith JJ, McNulty NP, Rey FE, Gordon JI (2011) Predicting a human gut

microbiota’s response to diet in gnotobiotic mice. Science 333: 101–104.

7. Turnbaugh PJ, Ridaura VK, Faith JJ, Rey FE, Knight R, et al. (2009) The effect

of diet on the human gut microbiome: a metagenomic analysis in humanized

gnotobiotic mice. Sci Transl Med 1: 6ra14.

8. Walker AW, Ince J, Duncan SH, Webster LM, Holtrop G, et al. (2011)

Dominant and diet-responsive groups of bacteria within the human colonic

microbiota. ISME J 5: 220–230.

9. Wu GD, Chen J, Hoffmann C, Bittinger K, Chen YY, et al. (2011) Linking

long-term dietary patterns with gut microbial enterotypes. Science 334: 105–

108.

10. Smith MI, Yatsunenko T, Manary MJ, Trehan I, Mkakosya R, et al. (2013) Gut

microbiomes of Malawian twin pairs discordant for kwashiorkor. Science 339:

548–554.

11. McNulty NP, Yatsunenko T, Hsiao A, Faith JJ, Muegge BD, et al. (2011) The

impact of a consortium of fermented milk strains on the gut microbiome of

gnotobiotic mice and monozygotic twins. Sci Transl Med 3: 106ra106.

12. Mahowald MA, Rey FE, Seedorf H, Turnbaugh PJ, Fulton RS, et al. (2009)

Characterizing a model human gut microbiota composed of members of its two

dominant bacterial phyla. Proc Natl Acad Sci U S A 106: 5859–5864.

13. Fischbach MA, Sonnenburg JL (2011) Eating for two: how metabolism

establishes interspecies interactions in the gut. Cell Host Microbe 10: 336–347.

14. Rey FE, Faith JJ, Bain J, Muehlbauer MJ, Stevens RD, et al. (2010) Dissecting

the in vivo metabolic potential of two human gut acetogens. J Biol Chem 285:

22082–22090.

15. Woting A, Clavel T, Loh G, Blaut M (2010) Bacterial transformation of dietary

lignans in gnotobiotic rats. FEMS Microbiol Ecol 72: 507–514.

16. Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, et al. (2005)

Diversity of the human intestinal microbial flora. Science 308: 1635–1638.

17. Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, et al.

(2009) A core gut microbiome in obese and lean twins. Nature 457: 480–484.

18. Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, et al. (2010) A human gut

microbial gene catalogue established by metagenomic sequencing. Nature 464:

59–65.

19. Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, et al. (2011)

Enterotypes of the human gut microbiome. Nature 473: 174–180.

20. HMP Consortium (2012) Structure, function and diversity of the healthy human

microbiome. Nature 486: 207–214.

21. Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-Bello MG, et al.

(2012) Human gut microbiome viewed across age and geography. Nature 486:

222–227.

22. Koropatkin NM, Cameron EA, Martens EC (2012) How glycan metabolism

shapes the human gut microbiota. Nat Rev Microbiol 10: 323–335.

23. Xu J, Mahowald MA, Ley RE, Lozupone CA, Hamady M, et al. (2007)

Evolution of symbiotic bacteria in the distal human intestine. PLoS Biol 5: e156.

doi:10.1371/journal.pbio.0050156

Modeling Diet–Human Gut Microbiota Interactions

PLOS Biology | www.plosbiology.org 19 August 2013 | Volume 11 | Issue 8 | e1001637



24. Bolam DN, Koropatkin NM (2012) Glycan recognition by the Bacteroidetes

Sus-like systems. Curr Opin Struct Biol 22: 563–569.

25. Martens EC, Lowe EC, Chiang H, Pudlo NA, Wu M, et al. (2011) Recognition

and degradation of plant cell wall polysaccharides by two human gut symbionts.

PLoS Biol 9: e1001221. doi:10.1371/journal.pbio.1001221

26. Martens EC, Roth R, Heuser JE, Gordon JI (2009) Coordinate regulation of

glycan degradation and polysaccharide capsule biosynthesis by a prominent
human gut symbiont. J Biol Chem 284: 18445–18457.

27. Pagani I, Liolios K, Jansson J, Chen IM, Smirnova T, et al. (2012) The Genomes

OnLine Database (GOLD) v.4: status of genomic and metagenomic projects and
their associated metadata. Nucleic Acids Res 40: D571–579.

28. Cantarel BL, Coutinho PM, Rancurel C, Bernard T, Lombard V, et al. (2009)
The Carbohydrate-Active EnZymes database (CAZy): an expert resource for

Glycogenomics. Nucleic Acids Res 37: D233–238.

29. Cantarel BL, Lombard V, Henrissat B (2012) Complex carbohydrate utilization
by the healthy human microbiome. PLoS One 7: e28742. doi:10.1371/

journal.pone.0028742

30. Bjursell MK, Martens EC, Gordon JI (2006) Functional genomic and metabolic

studies of the adaptations of a prominent adult human gut symbiont, Bacteroides
thetaiotaomicron, to the suckling period. J Biol Chem 281: 36269–36279.

31. Tancula E, Feldhaus MJ, Bedzyk LA, Salyers AA (1992) Location and

characterization of genes involved in binding of starch to the surface of
Bacteroides thetaiotaomicron. J Bacteriol 174: 5609–5616.

32. Xu J, Bjursell MK, Himrod J, Deng S, Carmichael LK, et al. (2003) A genomic
view of the human-Bacteroides thetaiotaomicron symbiosis. Science 299: 2074–

2076.

33. Lynch JB, Sonnenburg JL (2012) Prioritization of a plant polysaccharide over a
mucus carbohydrate is enforced by a Bacteroides hybrid two-component system.

Mol Microbiol 85: 478–491.

34. Chu SH, Walker WA (1986) Developmental changes in the activities of sialyl-

and fucosyltransferases in rat small intestine. Biochim Biophys Acta 883: 496–

500.

35. Thomsson KA, Holmen-Larsson JM, Angstrom J, Johansson ME, Xia L, et al.

(2012) Detailed O-glycomics of the Muc2 mucin from colon of wild-type, core 1-
and core 3-transferase-deficient mice highlights differences compared with

human MUC2. Glycobiology 22: 1128–1139.

36. Katayama T, Sakuma A, Kimura T, Makimura Y, Hiratake J, et al. (2004)
Molecular cloning and characterization of Bifidobacterium bifidum 1,2-alpha-L-

fucosidase (AfcA), a novel inverting glycosidase (glycoside hydrolase family 95).
J Bacteriol 186: 4885–4893.

37. Keller M, Hettich R (2009) Environmental proteomics: a paradigm shift in
characterizing microbial activities at the molecular level. Microbiol Mol Biol

Rev 73: 62–70.

38. Wilmes P, Bond PL (2006) Metaproteomics: studying functional gene expression
in microbial ecosystems. Trends Microbiol 14: 92–97.

39. Bertin PN, Heinrich-Salmeron A, Pelletier E, Goulhen-Chollet F, Arsene-
Ploetze F, et al. (2011) Metabolic diversity among main microorganisms inside

an arsenic-rich ecosystem revealed by meta- and proteo-genomics. ISME J 5:

1735–1747.

40. Verberkmoes NC, Russell AL, Shah M, Godzik A, Rosenquist M, et al. (2009)

Shotgun metaproteomics of the human distal gut microbiota. ISME J 3: 179–
189.

41. Dodd D, Mackie RI, Cann IK (2011) Xylan degradation, a metabolic property

shared by rumen and human colonic Bacteroidetes. Mol Microbiol 79: 292–304.

42. Goodman AL, McNulty NP, Zhao Y, Leip D, Mitra RD, et al. (2009)

Identifying genetic determinants needed to establish a human gut symbiont in its
habitat. Cell Host Microbe 6: 279–289.

43. Robert C, Chassard C, Lawson PA, Bernalier-Donadille A (2007) Bacteroides

cellulosilyticus sp. nov., a cellulolytic bacterium from the human gut microbial
community. Int J Syst Evol Microbiol 57: 1516–1520.

44. Baldoma L, Aguilar J (1988) Metabolism of L-fucose and L-rhamnose in
Escherichia coli: aerobic-anaerobic regulation of L-lactaldehyde dissimilation.

J Bacteriol 170: 416–421.

45. Backhed F, Ley RE, Sonnenburg JL, Peterson DA, Gordon JI (2005) Host-

bacterial mutualism in the human intestine. Science 307: 1915–1920.
46. Goodman AL, Kallstrom G, Faith JJ, Reyes A, Moore A, et al. (2011) Extensive

personal human gut microbiota culture collections characterized and manipu-

lated in gnotobiotic mice. Proc Natl Acad Sci U S A 108: 6252–6257.
47. Faith JJ, Guruge JL, Charbonneau M, Subramanian S, Goodman AL, et al.

(2013) The long-term stability of the human gut microbiota. Science 341:
1237439. doi:10.1126/science.1237439

48. Chevreux B, Wetter T, and Suhai S (1999) Genome sequence assembly using

trace signals and additional sequence information. Computer Science and
Biology: Proceedings of the German Conference on Bioinformatics (GCB) 99:

45–56.
49. Chevreux B, Pfisterer T, Drescher B, Driesel AJ, Muller WEG, et al. (2004)

Using the miraEST assembler for reliable and automated mRNA transcript
assembly and SNP detection in sequenced ESTs. Genome Res 14: 1147–1159.

50. Tech M, Merkl R (2003) YACOP: enhanced gene prediction obtained by a

combination of existing methods. In Silico Biol 3: 441–451.
51. Eden PA, Schmidt TM, Blakemore RP, Pace NR (1991) Phylogenetic analysis of

Aquaspirillum magnetotacticum using polymerase chain reaction-amplified 16S
rRNA-specific DNA. Int J Syst Bacteriol 41: 324–325.

52. Lane DJ (1991) 16S/23S rRNA sequencing. In: Stackebrandt E, Goodfellow M,

editors. Nucleic Acid Technology in Bacterial Systematics. New York: John
Wiley & Sons. pp. 115–175.

53. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, et al. (2010)
QIIME allows analysis of high-throughput community sequencing data. Nat

Methods 7: 335–336.
54. Chen VB, Davis IW, Richardson DC (2009) KING (Kinemage, Next

Generation): a versatile interactive molecular and scientific visualization

program. Protein Sci 18: 2403–2409.
55. Baldi P, Long AD (2001) A Bayesian framework for the analysis of microarray

expression data: regularized t-test and statistical inferences of gene changes.
Bioinformatics 17: 509–519.

56. Ning Z, Cox AJ, Mullikin JC (2001) SSAHA: a fast search method for large

DNA databases. Genome Res 11: 1725–1729.
57. Anders S, Huber W (2010) Differential expression analysis for sequence count

data. Genome Biol 11: R106.
58. de Hoon MJ, Imoto S, Nolan J, Miyano S (2004) Open source clustering

software. Bioinformatics 20: 1453–1454.
59. Saldanha AJ (2004) Java Treeview—extensible visualization of microarray data.

Bioinformatics 20: 3246–3248.

60. Eng JK, McCormack AL, Yates JR, (1994) An approach to correlate tandem
mass spectral data of peptides with amino acid sequences in a protein database.

J Am Soc Mass Spectrom 5: 976–989.
61. Tabb DL, McDonald WH, Yates JR, (2002) DTASelect and Contrast: tools for

assembling and comparing protein identifications from shotgun proteomics.

J Proteome Res 1: 21–26.
62. Peng J, Elias JE, Thoreen CC, Licklider LJ, Gygi SP (2003) Evaluation of

multidimensional chromatography coupled with tandem mass spectrometry
(LC/LC-MS/MS) for large-scale protein analysis: the yeast proteome.

J Proteome Res 2: 43–50.
63. Elias JE, Gygi SP (2007) Target-decoy search strategy for increased confidence

in large-scale protein identifications by mass spectrometry. Nat Methods 4: 207–

214.
64. Lockhart WR (1953) A single tube method for anaerobic incubation of bacterial

cultures. Science 118: 144.
65. Pruesse E, Peplies J, Glockner FO (2012) SINA: accurate high-throughput

multiple sequence alignment of ribosomal RNA genes. Bioinformatics 28: 1823–

1829.
66. Price MN, Dehal PS, Arkin AP (2010) FastTree 2—approximately maximum-

likelihood trees for large alignments. PLoS One 5: e9490. doi:10.1371/
journal.pone.0009490

67. Brosius J, Palmer ML, Kennedy PJ, Noller HF (1978) Complete nucleotide

sequence of a 16S ribosomal RNA gene from Escherichia coli. Proc Natl Acad
Sci U S A 75: 4801–4805.

Modeling Diet–Human Gut Microbiota Interactions

PLOS Biology | www.plosbiology.org 20 August 2013 | Volume 11 | Issue 8 | e1001637


