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We lack a deep understanding of genetic and metabolic attributes specializing in microbial consortia for initial and

subsequent waves of colonization of our body habitats. Here we show that phylogenetically interspersed bacteria in

Clostridium cluster XIVa, an abundant group of bacteria in the adult human gut also known as the Clostridium coccoides or

Eubacterium rectale group, contains species that have evolved distribution patterns consistent with either early successional or

stable gut communities. The species that specialize to the infant gut are more likely to associate with systemic infections and

can reach high abundances in individuals with Inflammatory Bowel Disease (IBD), indicating that a subset of the microbiota

that have adapted to pioneer/opportunistic lifestyles may do well in both early development and with disease. We

identified genes likely selected during adaptation to pioneer/opportunistic lifestyles as those for which early succession

association and not phylogenetic relationships explain genomic abundance. These genes reveal potential mechanisms by

which opportunistic gut bacteria tolerate osmotic and oxidative stress and potentially important aspects of their metab-

olism. These genes may not only be biomarkers of properties associated with adaptation to early succession and distur-

bance, but also leads for developing therapies aimed at promoting reestablishment of stable gut communities following

physiologic or pathologic disturbances.

[Supplemental material is available for this article.]

Ecologists studying colonization of macro-ecosystems have

built a conceptual framework that can be applied to microbial

community assembly in our various human body habitats. Es-

tablishment of plants in diverse habitats involves systematic

species turnover (‘‘primary succession’’) with subsequent de-

velopment into a relatively stable configuration. Disturbing this

stable configuration triggers secondary succession, where pio-

neer or opportunistic species can thrive (McCook 1994). Some

biological attributes of pioneer species are habitat specific, such

as low shade tolerance in plants, while others are universal. Bi-

ological properties that plant and microbial opportunists may

share include rapid growth on limiting or labile (evanescent)

resources (McCook 1994; Sigler and Zeyer 2004; Fierer et al.

2010; Vieira-Silva and Rocha 2010), high-dispersal capabilities

facilitated by cosmopolitan distribution (Fierer et al. 2010), and

high tolerance to environmental stresses (Callaway and Walker

1997; Sigler and Zeyer 2004; Fierer et al. 2010). We know little

about the specific attributes that typify early microbial colo-

nizers of our bodies. Here we examine this question in the

context of the human gut.

The adult human distal gut contains most of the microbes in

our bodies, and is dominated by bacteria in two phyla: Firmicutes

and Bacteroidetes (Eckburg et al. 2005). The gut microbiota har-

vests energy from otherwise indigestible dietary components

(Sonnenburg et al. 2005), shapes immune system development

(Tsuda et al. 2010; Olszak et al. 2012), and protects against entero-

pathogen invasion (Bartlett 2002). Mechanisms explaining how

this community assembles are poorly understood, although gut

microbial communities increase in diversity and stability over time

(Palmer et al. 2007; Dominguez-Bello et al. 2011), and early colo-

nizers generally grow rapidly (Vieira-Silva and Rocha 2010) and

have high tolerance to stress (Koenig et al. 2011), including oxygen

(Stark and Lee 1982). Disturbances such as acute diarrhea or anti-

biotic treatment often alter community composition and initially

decrease diversity (Young and Schmidt 2004; Mai et al. 2006)—a

characteristic of secondary succession (Schoonmaker and Mckee

1988). Ecological questions about succession in the gut thus arise:

Does a subset of our normal microbiota generally associate with

early succession? If so, does this subset increase in abundance

during gut disturbance?

Culture-independent methods, including 16S rRNA gene se-

quencing, have described bacterial community composition across

human populations as a function of age, physiologic status, and

disease (e.g., Hayashi et al. 2003; Ley et al. 2006; Frank et al. 2007;

Turnbaugh et al. 2009a,b; Biagi et al. 2010; Joly et al. 2010; Koenig

et al. 2011), and these data are complemented by hundreds of
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annotated gut bacterial genomes (Nelson et al. 2010). These data

sets offer an opportunity to identify genomic determinants of

successional order and to ascertain whether these determinants

also identify opportunistic pathogens.

Species in Clostridium cluster XIVa (phylum Firmicutes)

provide an attractive model for studying adaptation to stages of

community succession and the evolution of opportunistic patho-

gens. Species in this cluster are among the most prevalent bacteria

in the distal gut of healthy adult humans (Maukonen et al. 2006),

but can also cause systemic infections (Elsayed and Zhang 2004;

Finegold et al. 2005; Decousser et al. 2007; Huh et al. 2010). Fur-

thermore, flagellins related to those in species in cluster XIVa have

been implicated in the pathogenesis of irritable bowel syndrome

(Schoepfer et al. 2008) and IBD (Duck et al. 2007). Here we show

that species in Clostridium cluster XIVa adapt to different stages of

community succession, and that suspected pathobiont species in

this group (i.e., gut symbionts that can cause disease in permissive

genetic or environmental circumstances) are often adapted to early

succession. Our approach was to first use a co-occurrence network

to reveal how species in Clostridium cluster XIVa codistribute

across healthy and diseased individuals, and then test for niche

differentiation of these microbes during colonization of an infant

human gut as well as the guts of gnotobiotic mice that have re-

ceived a human fecal microbiota transplant. Next, we used over/

underrepresentation of genes in Clostridial genomes to relate dis-

tribution patterns to biological traits. Finally, we determined

whether these genes are similarly represented in unrelated enteric

opportunistic pathogens to test whether the adaptations are line-

age specific or related to opportunism in general. This analytic

approach may have general applicability.

Results

Defining a co-occurrence network in human gut microbiota

To determine which Clostridium cluster XIVa species share eco-

logical properties and hence distribution patterns, we generated

a co-occurrence network from relative abundances of 155 bacterial

species with sequenced genomes (Supplemental Table S1) reported

in analysis of the fecal microbiomes of 124 unrelated European

adults by the MetaHIT consortium of investigators (Qin et al.

2010). This study included 42 obese individuals (BMI>30 kg/m2)

and 25 with IBD. Relative abundances of these bacterial species in

each individual were estimated by Qin and coworkers using 576.7

Gbp of shotgun sequence generated from DNAs prepared from

single fecal samples, as the number of sequence reads uniquely

aligned to each genome at >90% identity threshold (normalized

across individuals to account for differences in sequencing depth).

These 155 genomes were selected from a larger set of 932 publicly

available genomes because theywere nonredundant and prevalent

in the gut samples (see Methods).

A co-occurrence network is built by computing a score for

each species pair from their abundance profiles, then thresholding

these scores to remove chance links. Several similarity scores ex-

ist, including correlation (Qin et al. 2010), hypergeometric dis-

tribution for species presence/absence data (Chaffron et al. 2010;

Freilich et al. 2010), and mutual information (Date and Marcotte

2003). Different scores have different strengths and weaknesses.

For example, Bray-Curtis is recommended for species abundances

because unlike measures not designed to handle the particular

problems of ecological data (e.g., Euclidean distances), it moderates

the impact of highly abundant species and of ‘‘double absences’’

where neither member of a species pair was observed (Legendre and

Legendre 1998). Spearman and Kendall correlations, robust to out-

liers and nonparametric, are recommended for non-normalized

data. Because the 155 species differed in normality, prevalence, and

other attributes across the fecal samples, we combined three corre-

lation scores (Pearson, Spearman, Kendall), two scores of distance

and dissimilarity (Euclidean and Bray Curtis), and one similarity

score (mutual information, implemented in Meyer et al. 2008) to

capture diverse ecological relationships. We also implemented

a bootstrap-based multiple testing correction procedure (BS_FD:

BootStrap with control of False Discoveries) (Lallich et al. 2006) that

is stricter than a permutation test (see Methods). The multiple

testing correction threshold allowed only 1% of co-occurrence

network links to be present by chance. As expected, agreement

among scores increased with stricter thresholds.

We detected only significantly positive and no significantly

negative co-occurrence between taxa. Positive co-occurrence pat-

terns were partly explained by phylogenetic relationships (Fig. 1;

Supplemental Fig. S1): The fraction of species-pairs in the same co-

occurrence module decreased as phylogenetic distance increased,

up to;88%pairwise nucleotide sequence identity of the 16S rRNA

gene (%ID) (Supplemental Fig. S2; see theMethods section for%ID

calculation details). Taxon pairs at >98.5%ID (n = 45) were always

in the same co-occurrence module (Supplemental Fig. S2). From

97% to 98.5% ID (n = 69), only 77%of pairs co-occurred, indicating

that even within the %ID typically used to denote the same spe-

cies, ecological differences can cause differing distribution pat-

terns. Positive co-occurrence between closely related taxa suggests

that habitat filtering, where species sharing traits persist in the

same habitat, drives distribution patterns more than competitive

exclusion, whichwould cause closely related taxa to negatively co-

occur more or to positively co-occur less than more distantly re-

lated taxa (see the Supplemental Discussion).

Species from the same taxonomic group, e.g., Clostridiales

(including Clostridium cluster XIVa), Bacteroidales, or Actino-

bacteriales, have %ID values, suggesting that they would co-occur

(Supplemental Fig. S2). However, phylogeny predicted concen-

tration in co-occurrence modules poorly, instead suggesting niche

diversification and convergence (Supplemental Fig. S1). For ex-

ample, the 19 Clostridium cluster XIVa species have >92%ID and

occur in four different modules (M1–M4 in Fig. 1): This is fewer

modules than expected (P < 0.001 by Monte Carlo simulations; in

1000 random assignments of species to modules, the 19 Clostrid-

ium cluster XIVa species were always found in more than four).

However, within these four modules, phylogenetic relationships

predict membership poorly (Fig. 2).

If Clostridium cluster XIVa species in the same co-occurrence

module were also more closely related phylogenetically, vertically

inherited biological traits would likely drive the distribution. Be-

cause species in the same co-occurrence module (M1–M4) do not

group phylogenetically (Fig. 2), convergence in biological attri-

butesmay drive distribution. This is consistentwith reports of high

horizontal gene transfer (HGT) among gut microbes (Zaneveld

et al. 2010; Smillie et al. 2011).

Clostridium cluster XIVa species associated with systemic in-

fections co-occur in M3, including Clostridium bolteae (Finegold et al.

2005) and C. symbiosum (Elsayed and Zhang 2004; Decousser et al.

2007; Huh et al. 2010). These species group within a 16S rRNA phy-

logeny that contains C. clostridioforme and C. hathewayi—species also

associated with opportunistic infections including bacteremia, intra-

abdominal abscess, andwound infection (Fig. 2; Finegold et al. 2005).

This observation suggests that this clade evolved a predisposition to
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virulence. Genome size in this clade is approximately double that in

other gut-associated cluster XIVa members (Fig. 2).

The biological properties of the five Clostridium cluster XIVa

species in M4 suggest that syntrophy, not shared ecological attri-

butes, drive some of these interactions. For example, Marvin-

bryantia formatexigens, which grows faster in vitro with formate

using the acetate-producing Wood-Ljungdahl pathway (Wolin

et al. 2003), co-occurs positively with Butyrivibrio fibrisolvens 16/4

(Diez-Gonzalez et al. 1999): The latter species is related to a strain

that grows >50% faster and increases formate production when

acetate is present, suggesting syntrophic formate-acetate exchange

(see the Supplemental Discussion).

Distribution of Clostridium cluster XIVa species

in health and disease

M1 species were more abundant than M3 and M4 species, repre-

senting nine of the 17 most abundant species in the 155 human

gut-associated genomes considered in our analysis of the MetaHIT

fecal microbiome data set. To verify that patterns in this 124-

subject cohort are relevant to other populations, and to better

understand host properties influencing distribution, including

age or health status, we examined Clostridium cluster XIVa dis-

tribution patterns in five additional 16S rRNA gene surveys of the

human gut (Supplemental Table S2). In these analyses, species-

per-sample relative abundances were estimated using sequencing

reads with >98%ID to the species’ 16S rRNA gene (see Methods).

This 98%ID threshold approximates the degree of species speci-

ficity in Clostridium cluster XIVa likely attained in the relative

abundance table from the MetaHIT study from which we gener-

ated the co-occurrence network (Qin et al. 2010; see the Supple-

mental Discussion).

The numerical dominance of M1 over M3 members observed

in theMetaHIT data set was even stronger in two independent 16S

rRNA surveys of healthy human adult gut microbiota conducted

by two other groups (Fig. 3A; Supplemental Table S2; Eckburg et al.

Figure 1. Co-occurrence network of human gut bacteria, based on a relative abundance matrix previously reported in Qin et al. (2010). The nodes
represent species whose genomes have been sequenced. The size of the nodes indicates the average relative abundance across the 124 individuals in the
MetaHIT cohort, and the color of the node reflects taxonomic information. Species with significantly positive co-occurrence for any of six measures used
(Pearson, Spearman, Kendall, Bray-Curtis, Euclidean, and mutual information) are joined with an edge. Co-occurrence modules are defined as a set/
collection of species that are connected among each other (directly or via several steps), but not to any other species in the network, and are labeled with
Mx. Species’ full names are shown in Supplemental Table S1, and phylogenetic relationships among them as determined with 16S rRNA are shown in
Supplemental Fig. S1. For further discussion of this network, see the Supplemental Material.
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2005; Turnbaugh et al. 2009a). Thus, only a subset of species in the

numerically dominant Clostridium cluster XIVa group appear to

be abundant in the healthy adult gut; these are phylogenetically

interspersed with absent or low-abundance species.

In contrast, M3 species were rare in healthy but relatively

abundant in diseased guts. In a 16S rRNA data set generated from

colons, small intestines, and mesenteric lymph nodes (MLNs) of

27 patients with Crohn’s disease, 45 with ulcerative colitis, and 41

with other gastrointestinal disorders, primarily colorectal cancer

(Frank et al. 2007), C. bolteae abundance was about average for M1

species in this cohort (Fig. 3A). C. bolteae was detected in mucosa

harvested from colons or ceca of four of 27 (14.8%) Crohn’s disease

patients, seven of 45 (15.6%) ulcerative colitis patients, and four of

41 (9.8%) non-IBD samples, even though these samples were se-

quenced at only;80 bacterial 16S rRNA reads per sample. All three

M3 species (A. caccae, C. symbiosum, and C. bolteae) had compara-

ble abundance to M1 species in the small intestines of the same

subjects. M1 species were never detected in MLNs, but all three

M3 species were detected in at least one of the five MLN samples

(Fig. 3A). Detection of C. symbiosum and C. bolteae in MLNs agrees

with previous reports that these species can invade the gut mucosa

and cause systemic infection (Elsayed and Zhang 2004; Finegold

et al. 2005; Decousser et al. 2007).Matched small intestine samples

indicated that these bacteria are sometimes abundant (up to

16.5%) at intestinal disease sites, where translocation to MLNs

presumably occurred (Supplemental Table S3).

Clostridium cluster XIVa distribution patterns

in gut colonization

Disturbance-associated (secondary) succession is associated with

a compromised stable/complex gut consortium, perhaps in-

dicating a parallel with primary succession, e.g., during de-

velopment of the infant gut microbiota. We compared M1 and

M3 prevalence during colonization events to test the hypothesis

that M3 species adapt to early succession, while M1 species thrive

only in late successional, stable gut communities. To test this

hypothesis, we used two data sets generated by pyrosequencing

V2 amplicons from bacterial 16S rRNA genes. The first data set

was produced frommucosal samples collected along the length of

the guts of adult gnotobiotic C57Bl/6J mice 3 mo after in-

troduction of adult human fecal microbiota (Turnbaugh et al.

2009b); the second was from fecal samples collected during the

first 2.3 yr of life from a single human infant (Koenig et al. 2011;

Supplemental Table S2). This infant was breast fed exclusively

until day 134, when solid food was introduced. On day 161, the

child was first given infant formula. The mother’s stool was also

analyzed.

Both data sets supported our hypothesis about adaptation to

different successional stages.When germ-freemice were colonized

by gavage of freshly voided human fecal sample, 88% of genus-

level bacterial taxa in the donor microbiota survived transfer

(Turnbaugh et al. 2009b).M3 species were significantlymore likely

than M1 to colonize the mice when introduced as part of a com-

plex community, and to appear in fecal samples collected from the

‘‘humanized’’ gnotobiotic animals (P = 0.0032, G-test for in-

dependence). Seven of nine M1 species were detected in the hu-

man donor feces, with variable relative abundances (0.086 6

0.079% of the total population for R. intestinalis to 2.6%6 0.76 for

E. hallii). Only oneM1 species, Ruminococcus torques, colonized the

guts of gnotobiotic mice at the threshold level of detection (Fig.

3B): Its proportional representation was significantly greater in

gnotobiotic mice (17.7% of V2-16S rRNA sequences generated

from small intestine; ;9% from cecum, colon, and feces) com-

pared with the fecal microbiota of the human donor (P = 0.00042,

t-test) (Fig. 3B). In contrast, all three M3 species colonized these

same mice. C. bolteae and C. symbiosum significantly increased in

relative abundance in the feces of humanized mice relative to

human donor feces (P < 0.0034; t-test); both species showed no

strong biogeographical trends and comprised 0.5%–1.4% of 16S

rRNA sequences in communities distributed along the celphalo-

caudal axis of the gut. A. caccae was detected in low abundance in

mouse feces (<0.06%), but at a greater average abundance than in

the human donor (0.007%), although this difference was not sta-

tistically significant (Fig. 3B).

Consistent with specialization to later successional stages, in

the human infant time-series several M1 species were detected in

the mother but colonized the infant late (E. rectale, E. hallii, and

D. formicigenerans) or never (R. obeum) (Fig. 3C). In contrast, M3

species were rare or undetected in the mother, but colonized the

infant. A. caccae colonized just before the introduction of solid

Figure 2. Phylogenetic relationships between species in Clostridium
cluster XIVa. Bootstrap support (based on 1000 replicates) is indicated on
the branches of the 16S rRNA NJ tree when >40% (except for Rumino-
coccus sp. SR1/5, as this was added by parsimony insertion after the initial
tree creation, since only a short region of 16S rRNA sequence was avail-
able; see Methods). The species names are colored according to their
module in the co-occurrence network: M1 (blue), M2 (turquoise), M3
(red), andM4 (green). Species that were evaluated in the network analysis
but showed no significant co-occurrence are in black text. Species that
were not evaluated for co-occurrence are colored purple. These were
added to further support that the species in this group that can cause
disease form a clade with expanded genome size. The branches are col-
ored by genome size rank, with the red branches representing the largest
genomes and the blue branches the smallest. The genome size in Mb is
listed after the species name. Species that have been recovered from
clinical samples (e.g., bacteremia) are marked with a red circle, and those
reported to be in increased abundance with IBD are marked with a blue
circle. Species that contain the genomic machinery for a flagellum are
marked with a blue curved line. Note that the network diagram only shows
species with significant co-occurrence with at least one other species; thus
36.7% (11/30) of evaluated species in Clostridium cluster XIVa, are not
shown. Details about the evaluated species are provided in Table 1.
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foods, and was then quickly lost. Detection of C. bolteae and

C. symbiosum coincided with introduction of formula at ;5-1⁄2
mo, and both species persisted through the first 2 yr of postnatal

life (Fig. 3C). M1 species observed in this infant peaked in relative

abundance at a later age (666.56 199.3 d) thanM3 (1876 57.9 d;

P = 0.011; t-test).

Ruminococcus gnavus falls outsideM3, but showed a strong age

trend coinciding with introduction of solid food, peaking at 35.6%

of the population, then rapidly declining (Fig. 3C). R. gnavus was

among the few Clostridium cluster XIVa species found in MLN of

IBD patients (Supplemental Table S3) that colonized humanized

gnotobiotic mice, supporting its identification as opportunistic.

Interestingly, R. gnavus and R. torques are more abundant in IBD

patients’ mucosa (Png et al. 2010), and R. gnavus increases specif-

ically in patients with ileal Crohn’s disease (Willing et al. 2010).

R. torques is in M1, but nevertheless became dominant when in-

troduced into gnotobiotic mice. Success in primary succession

and increased abundance with IBD suggests that the same species

may thrive in healthy infants and disturbed guts. R. gnavus and

R. torques both metabolize human mucins (Png et al. 2010), sug-

gesting that adaptive foraging of host mucosal glycans contributes

to their success.

Evaluating opportunistic communities in a larger context

Adaptation to different stages of community succession likely re-

quires evolutionary tradeoffs. We previously suggested that selection

between fast-growing ‘‘weedy’’ pioneers and complex interrelated

bacterial consortia explains global bacte-

rial diversity patterns (Ley et al. 2008).

This observation was based on principal

coordinates analysis of 464 published sam-

ples from diverse free-living (e.g., fresh-

water, saltwater, soils) and host-associated

(e.g., mammals and insects) bacterial as-

semblages. Although the first principal co-

ordinate axis (PC1) highlighted differences

between the vertebrate gut and other

communities, the second axis (PC2) sep-

arated environments where opportunis-

tic/pioneer organisms might thrive (e.g.,

samples cultured beforeDNA sequencing,

or from marine ice) versus conditions in

whichmore complex communities could

develop (e.g., culture-independent soil

surveys) (Supplemental Fig. S3). Previous

studies suggested that high culturability

on nonselective media indicates oppor-

tunism and early succession in soil bac-

teria (Garland et al. 2001; Sigler and Zeyer

2004).

Human gut samples also spread

across this second axis: infant samples

from two studies and one sample from an

individual with antibiotic-induced di-

arrhea grouped with opportunistic con-

sortia (e.g., samples from cultured iso-

lates) along PC2, whereas most human

gut samples resembled other complex

consortia (e.g., mature soils and rumen

samples) (Supplemental Fig. S3). Elderly

individuals (ages 75–94) (Hayashi et al.

2003) also had an opportunistic ‘‘signature,’’ matching reports that

centenarians havemore gut pathobionts than younger adults (ages

20–40) (Biagi et al. 2010). To determine whether succession and

antibiotic-induced community changes within an individual

shared these patterns, we added samples from the infant time-se-

ries (Koenig et al. 2011): the mother’s sample plus the infant at

postnatal day 3 (meconium), day 100 (before establishing adult-

like microbiota as determined in Koenig et al. 2011), day 206 (after

establishing adult-like microbiota), and day 432 (during treatment

with the broad-spectrum antibiotic Cefnidir) (see Methods). Early

samples (days 3 and 100), and samples from antibiotic-induced

disturbance (day 432), had opportunistic signatures; the maternal

sample’s signature was least opportunistic; and the child’s day 206

sample was intermediate (Supplemental Fig. S3).

Comparative genomic analysis of M1 versus M3

A general challenge in genomics/metagenomics is determining

which genes are overrepresented in a group because they encode

a biologically relevant trait, and which simply occur in the same

genome as the genes that encode traits that drive distribution.

Using phylogenetic relationships to determine genomic charac-

teristics better explained by environmental distribution than

phylogeny provides a powerful correction for genomic back-

ground (Lozupone et al. 2008). Because A. caccae and C. bolteae/C.

symbiosum are phylogenetically interspersed with M1 species, we

can identify genomic adaptations differentiating M1 from M3.

Gene families selected for in M3 genomes must be conserved in

Table 1. Summary of the Clostridium cluster XIVa species thatwere evaluated for co-occurrence

Full Name Network name
Network
module

%ID to closest
neighbor

Anaerostipes caccae A. caccae M3 96.8
Bacteroides pectinophilus B. pectinophilus M2 93.0
Blautia hansenii DSM 20583 B. hansenii M4 96.1
Blautia hydrogenotrophica DSM 10507 96.8
Butyrivibrio crossotus DSM 2876 B. crossotus M2 94.7
Butyrivibrio fibrisolvens strain 16-4 B. fibrisolvens M4 96.1
Clostridium asparagiforme DSM 15981 98.1
Clostridium bolteae ATCC_BAA-6 C. bolteae M3 98.1
Clostridium hylemonae DSM 15053 C. hylemonae M4 97.0
Clostridium nexile 98.1
Clostridium phytofermentans C. phytofermentans M4 94.5
Clostridium scindens ATCC 35704 96.8
Clostridium sp. L2-50 97.5
Clostridium sp. M62/1 96.3
Clostridium sp. SS2-1 Clostridium sp.SS2-1 M1 96.8
Clostridium symbiosum C. symbiosum M3 96.3
Coprococcus comes SL7 1 C. comes M1 98.1
Coprococcus eutactus ATCC 27759 97.5
Dorea formicigenerans ATCC 27755 D. formicigenerans M1 96.9
Dorea longicatena DSM 13814 97.5
Eubacterium hallii DSM 3353 E. hallii M1 92.5
Eubacterium rectale M104 1 E. rectale M1 96.4
Eubacterium ventriosum ATCC 27560 95.4
Marvinbryantia formatexigens DSM 14469 M. formatexigens M4 95.3
Roseburia intestinalis M50 1 R. intestinalis M1 96.4
Ruminococcus gnavus ATCC 29149 97.5
Ruminococcus lactaris ATCC 29176 97.8
Ruminococcus obeum A2-162 R. obeum M1 97.5
Ruminococcus torques L2-14 R. torques M1 97.8
Ruminococcus sp. SR1_5 Ruminococcus sp.SR1_5 M1 97.5

Species with no specified network module were evaluated for co-occurrence but had no significant
associations. The minimum %ID of each species to any other species in the set is noted. Species with
a low %ID to its closest neighbor have the potential to recruit reads from more distant relatives (see
Supplemental Discussion).
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C. bolteae and C. symbiosum, and independently selected in A.

caccae. We assigned each genome’s genes to orthology groups de-

fined in the Kyoto Encyclopedia of Genes and Genomes (KEGG)

(Kanehisa and Goto 2000) by comparing them to a database of all

KEGG genes with KO assignments using BLAST (we assigned each

gene to its best hit if below a 10�10 E-value threshold). To determine

Figure 3. Relative abundance of species in M1 and M3 in various gut samples. Sample categories are detailed in Supplemental Table S2. (A) Average
relative abundance across samples from individuals with andwithout gastrointestinal disease. (Blue circles) M1 species; (red squares) M3 species. The SEM
for each treatment is plotted. For healthy, estimated using data from (1) stool samples from obese and lean twins and their mothers (Turnbaugh et al.
2009a) (Turnbaugh Feces), (2) samples from three healthy adults from six mucosal sites along the length of the colon (Eckburg et al. 2005) (Eckburg
Mucosal), (3) fecal samples from the same three individuals as in Eckburg Mucosal (Eckburg Feces). For diseased, averaged relative abundance across (1)
colon (Frank Colon), (2) small intestine (Frank SI), and (3) MLNs (Frank MLN) from individuals with gastrointestinal disease including Crohn’s disease,
ulcerative colitis, and colon cancer from Frank et al. (2007) (B) Results from humanized gnotobiotic mice (Turnbaugh et al. 2009b). Fecal samples from the
healthy human donor (donor, [1]) and from the recipient gnotobiotic mice ([2] stomach, [3] small intestine [SI], [4] cecum, [5] colon, and [6] feces). The
points representing R. torques, which was an outlier in this analysis, are marked with a green circle. Error bars represent the median and interquartile range.
(C ) Age trends inM1andM3 species in a single infant using data fromKoenig et al. ( 2011). The x-axis in eachplot is the age indays and the y-axis is the relative
abundance in a single sample. The species in M1 have series colored in blue, M3 red, and those with no detected co-occurring microbes are in black. The
relative abundance of each OTU in the mother is plotted at day 950 in light green. The period before the introduction of solid food is shaded in blue and
between then and the switch frombreastmilk to formula is shaded in yellow. Ruminococcus sp. SR 1/5was not evaluated because sequence information for the
V2 region of its 16S rRNA is incomplete. Coprococcus comes is not shown because it was absent across the infant timeseries and in the mother.
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which gene families differed in the presence/absence or abun-

dance between M1 and M3, we used t-tests, correcting for multi-

ple comparisons by false discovery rate (FDR) (Benjamini and

Hochberg 1995). We only evaluated genes present in more than

two of 12 genomes (1672 gene families). The results revealed 41

gene families that were significantlymore abundant inM3 species’

genomes than M1 (Supplemental Table S4). None were signifi-

cantly less abundant in M3, suggesting that ecological changes in

M3 members were due primarily to new gene acquisition, or reten-

tion of genes lost in M1.

Because genomes were available for multiple strains of several

species, we evaluated the conservation of gene counts across all

available strains (Supplemental Fig. S5). This control was needed

because reads from all strains could contribute to relative abun-

dance estimates used for the Clostridium cluster XIVa co-occur-

rence network (see the Supplemental Discussion). For each of 41

significant genes, we did the t-test again using the average of

counts across available strains. Because some species inM3 andM1

are in bootstrap-supported clades excluding species in the other

module so gene gain/lossmay not have been independent, we also

performed t-tests using a single average count for these species

(Supplemental Table S4). These controls had little effect on the

overall patterns (Supplemental Table S4).

Many overrepresented genes in M3 are important for viru-

lence in diverse gut pathogens (Supplemental Table S4). Selec-

tion for these genes in M3 likely promotes adaptation to a dis-

turbed/inflamed gut, and need not indicate virulence in these

particular species. Consistent with detection of M3 species in

MLNs, overrepresented genes include genes important for sur-

vival in macrophages, including genes involved in resisting

pore-forming antimicrobial peptides (pilB; K02652), resisting

attack with peroxide (peroxyredoxin; ahpC; K03386), and ac-

quisition of Mg2+ (Mg2+ transporter-C mgtC family; K07507;

macrophages represent low Mg2+ environments, and mgtC is

required by Salmonella for macrophage survival [Supplemental

Table S4; Blanc-Potard and Groisman 1997]). Consistent with

reports that osmotic stress responses are important for some en-

teric pathogens (Sleator and Hill 2002), M3 genomes over-

represent an inducible P-type ATPase K+ importer with high K+

affinity (Epstein 1992), whose primary function in bacteria may

be protection from environmental stress (Chan et al. 2010; Sup-

plemental Table S4).

M3 genomes overrepresent other genes known to confer ox-

idative stress resistance, including class I ribonucleotide reductase

(RNR) genes and proteins that repair oxidative DNA damage

(Supplemental Table S4). Some aerotolerance may be essential for

establishing blood and tissue infections (Jean et al. 2004) and A.

caccae has far more aerotolerance than two species in M1 (Flint

et al. 2007). Increased aerotolerance may be key in the infant gut:

Culture-based studies show the anaerobe/aerobe ratio increases in

formula-fed infant feces during the first year of life (Stark and Lee

1982).

The observation that genes selected for in M3 versus M1 may

promote virulence led us to more systematically examine their

representation in the genomes of enteric pathogens. We de-

termined counts of homologs to the 41 discriminatory genes in a

phylogenetically diverse collection of 15 enteric pathogens,

including unrelated Clostridia (C. difficile, C. perfringens, and

C. tetani), Enterobacteria (pathogenic Escherichia coli and Salmo-

nella enterica), Streptococcus sanguinis, Campylobacter jejuni, Heli-

cobacter hepaticus, Lawsonia intracellularis, and Bacteroides fragilis.

Although a few of these genes are overrepresented only in M3

(Supplemental Fig. S4), the majority are in greater abundance in

some of the enteric pathogens compared with the M1 species.

Genes in M3 and in almost all opportunistic pathogens surveyed

included those encoding class I RNR (K00525-6) and peroxiredoxin

(K05386), indicating that oxidative stress tolerance may be gen-

erally important for opportunism in diverse pathogens and that

some molecular mechanisms conferring this biological property

are general. Genes overrepresented in a subset of pathogens

include S. enterica mgtC (K07507 in the KEGG database), in-

volved inMg2+ import and required for survival in macrophages

(Blanc-Potard and Groisman 1997) (present in Clostridial and

Enterobacterial pathogens) and the P-type ATPase K+ importer

(K01546-8; present in Clostridial and Enterobacterial pathogens

and B. fragilis) (Supplemental Fig. S4). Because flagella are also

important for virulence and an important antigen, we explored

their distribution across Clostridium cluster XIVa genomes. Their

distribution is noted in Figure 2 and discussed in the Supple-

mental Material.

Metabolic adaptations in M3 could impact succession

and virulence

We used Cytoscape (Cline et al. 2007) to visualize metabolic re-

actions overrepresented inM3 versusM1 (Fig. 4). KEGG families in

each genomewere converted to a reaction list by parsing the KEGG

KO file (downloaded from KEGG version 49.0). The KEGG reac-

tion_mapformula.lst file was used to build a network where nodes

are compounds and reactions edges, using all reactions present in

any M1 or M3 genome, and colored by overrepresentation in M3.

The overrepresented genes suggest that M3 genomes were

selected for rapid turnover and biosynthesis of RNA, perhaps due

to selection for faster growth rates—a phenotype previously sug-

gested to be important in early successional species (McCook

1994), opportunistic pathogens (Vieira-Silva and Rocha 2010), and

bacteria in the infant gut (Vieira-Silva and Rocha 2010). M3 ge-

nomes have more copies of genes involved in degrading mRNA

(ATP-dependent RNA helicase; K05592), converting RNA mono-

mers to DNA (Class I and Class III RNR genes; K00525-7), and ac-

quiring raw materials for RNA synthesis, (guanine/hypoxanthine

transporter for purine acquisition; K06901) (Supplemental Table

S4). Metabolic network visualization suggests selection for gener-

ating ribose-5-phosphate, including conversion from ribose via

a ribokinase and de novo synthesis from xylulose by conversion of

D-xylulose to D-xylulose-5-phosphate via xylulokinase (K00854),

followed by conversion to D-ribulose-5-phosphate via ribulose-

phosphate 3-epimerase (K01783) (Fig. 4; Supplemental Table S4).

This is of potential significance in the gut because xylose, a meta-

bolic precursor of xylulose, is abundant in plants but not digested by

human genome-encoded carbohydrate-active enzymes (Jackson

and Nicolson 2002).

M3 genomes also selected genes in two parallel pathways for

serine biosynthesis as defined in E. coli: a primary pathway, known

as the phosphorylated pathway (K00058), and a secondary non-

phosphorylated pathway (K00018) (Blatt et al. 1966). M3 species

all have the enzymes necessary to make the precursor for these

reactions (D-glycerate) from fructose/sucrose (Fig. 4). The M3 ge-

nomes also have an extra copy of the b subunit of tryptophan

synthase (K01696), which can convert serine to tryptophan if in-

dole is present (Fig. 4; Supplemental Fig. S6; Xie et al. 2002). In-

creased tryptophan synthesis may benefit M3 species, because

tryptophan limitation is a human immune defense mechanism

(Schaible and Kaufmann 2005). This result agrees with the selection
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of other genes important for M3 survival within macrophages,

including the Mg2+ transporter-C.

M3 species genomes also overrepresent propionate CoA–

transferase (K01026; EC2.8.3.1) (Supplemental Table S4), a key

enzyme in lactate fermentation to propionate (Seeliger et al. 2002).

A. caccae ferments lactate, but produces butyrate rather than pro-

pionate using butyrylCoA:acetate CoA transferase (Duncan et al.

2002). The genomic context of propionate CoA-transferase suggests

that it participates in lactate fermentation to butyrate in A. caccae

and C. symbiosium. Two of the three copies in A. caccae, and the

single copy in C. symbiosum, may be part of an operon that con-

tains 3-hydroxy-butyryl CoA dehydratase (K01715;EC:4.2.1.55),

and in two cases butyryl-CoA dehydrogenase [EC:1.3.99.2]; both

participate in a butyrate-producing pathway (Supplemental Fig. S7).

Two species in M1, E. hallii and R. intestinalis, also ferment lactate to

butyrate. Although these species both have 3-hydroxybutyryl CoA

dehydratase in their genomes, they lack propionate CoA–transferase,

indicating that initial lactate fermentation stages may differ be-

tween these M1 and M3 lactate fermenters. In all three cases, this

operon contains an H+/gluconate symporter family protein

(COG 2610) that can facilitate gluconic acid uptake. Approxi-

mately 70% of dietary gluconic acid reaches the large intestine,

and gluconic acid intake stimulates butyrate production by co-

lonic bacteria, although cross-feeding between lactic acid bacteria

that produce lactate and bacteria that further metabolize lactate

to butyrate has been implicated (Tsukahara et al. 2002; Kameue

et al. 2004). Further experimental work will help verify whether

this operon’s expression correlates with lactate/gluconic acid

metabolism in these strains.

Discussion

That species in Clostridium cluster XIVa differ dramatically in

distribution patterns is consistent with known variation in their

biological properties. Understanding the phylogenetic depth at

which distribution patterns are conserved in different phyloge-

netic groups is crucial for functionally interpreting phylogenetic

marker surveys. The different ecological strategies of species within

Clostridium cluster XIVa, and other important groups in the gut

(Supplemental Fig. S1), indicate that binning sequences by family,

class, or phylum may miss significant associations with environ-

mental parameters such as diet or disease. Informatics tools we

introduced through QIIME (Caporaso et al. 2010), including

scripts for evaluating differences in OTUs defined at any %ID level

using both classical statistical techniques (e.g., ANOVA and Pear-

son correlation) and machine learning, will facilitate analyses at

finer taxonomic scales. Ultimately, high-throughput whole-ge-

nome sequencing, especially from personalized culture collections

of carefully phenotyped individuals (Goodman et al. 2011), are

required for maximum resolution.

Understanding parallels between primary and secondary

succession in the gut, or other body-habitat-associated ecosystems,

Figure 4. Metabolic network. Generated based on the combined metabolic network of M1 and M3 genomes (see Methods). The nodes (circles) are
compounds and the edges are reactions. Edges colored blue have more copies or are more likely present in M3 genomes compared with M1. Red edges
are reactions known to occur, but no described enzymes that perform them are in any of these genomes. The node color indicates the fraction of M3
genomes in which that compound is found with white being 100% and black being 0%. The thick green edges indicate that branches of the network
emanating from that node were eliminated from the figure.
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has important implications for developing strategies that encour-

age establishment of health-promoting, stable communities. For

example, breastfeeding alters the infant gut microbiota and pro-

tects against pathogens in early life (Dominguez-Bello et al. 2011;

Lamberti et al. 2011). Therefore, if infant gut succession shares

features with succession following disturbance, microbes or con-

ditions that breast-feeding promotes may also foster healthier gut

succession after disturbance. Adaptationof gut species to particular

successional stages may also help select new probiotics: Species

adapted to complex stable communities may not be competitive

when introduced into a disturbed gut.

Finally, using comparative genomics to explain distribution

patterns, deployed here for one specific group, may help un-

derstand ecological differentiation more broadly across the tree of

life. We have shown previously that when phylogeny does not

explain distribution or biological properties, we can isolate im-

portant traits against genomic backgrounds (Lozupone et al. 2001,

2008). Sequencing additional reference genomes will extend such

analyses, providing insights and testable hypotheses about bi-

ological factors that drive distribution patterns in various human

gut microbiota and other systems. Increasing numbers of se-

quences per sample, now routine with next-generation sequenc-

ing, will make these finer-scale analyses increasingly practical.

Methods

Co-occurrence

The abundance table of Qin et al. (2010) that we used for co-oc-

currence analysis (kindly provided by Dr. D. Ehrlich [INRA, Jouy en

Josas, France]) included 155 bacterial species that had draft/com-

plete genome sequences, were nonredundant (genomes from 932

publicly available genomes were grouped at 90% identity over 80%

of their length leaving 650 groups; the largest genome represented

each group), andwere found with genome coverage$1% in at least

one individual (coverage defined as the proportion of the genome

matchedby reads aligning to only oneposition among the genomes

at $90% identity).

Bray-Curtis distance was calculated as:

D X;Yð Þ ¼ 1 �
2 3 +n

i�1min xi; yi
� �

+n

i�1xi þ+
n

i�1yi

where x and y are two abundance profiles.

BS_FD for bootstrap with control of false discoveries

Many pairwise association tests for co-occurrence were per-

formed, requiring multiple comparison correction [our 155 spe-

cies yield (155 3 154)/2 = 11,935 tests]. We controlled for false

discoveries with the BS_FD technique (Lallich et al. 2006). BS_FD

first computes the distribution of differences between scores from

original and bootstrapped data. The largest score difference is

kept at each iteration. The adjusted threshold is the sum of the

original threshold and the (1-d)th quantile of the score difference

distribution (for distances, this routine is slightly modified).

Thus, BS_FD takes three parameters: the number of iterations

(here, 10,000), the number of accepted false discoveries (here, 1),

and the risk level (here, 0.05). We discarded species links with

scores below the adjusted threshold. We applied this multiple test

correction to each measure. Initial (lax) thresholds were adjusted

by metric, e.g., initial thresholds for Pearson, Spearman, and

Kendall were set to60.5, but adjusted thresholds were 0.61, 0.69,

and 0.93 respectively (Supplemental Table S6).

Matching 16S rRNA sequences to co-occurrence

network species

We obtained 16S rRNA sequences for most strains from a draft

genome sequence of the same species using NAST (DeSantis et al.

2006). NAST identifies and aligns 16S rRNA homologs within

larger sequences (here, genomic contigs). Some draft genomes

lacked complete 16S rRNA sequences, often screened as repeats by

assemblers. Therefore, we obtained some16S rRNA sequences from

GenBank records for targeted sequencing of the same species.

Ruminococcus sp. SR1-5 was removed from the V2 analyses because

no full-length 16S rRNA sequence was available, and the draft

genome assembly for this gene only partially overlapped the V2

region. We calculated %ID between species from the NAST-

alignments using ARB (Ludwig et al. 2004). Because NAST aligns

hypervariable regions poorly, these were omitted from %ID cal-

culations using lanemaskPH from Phil Hugenholtz’s ARB data-

base at RDP-II (Maidak et al. 2001).

16S rRNA phylogenies

16S rRNA gene sequences were aligned using NAST (DeSantis

et al. 2006), then manually curated in ARB. The region covering

positions 428–6723 in the NAST alignment was present for all

species except Ruminococcus sp. SR1-5, which we excluded from

the initial tree to use more characters. The overlapping region

was filtered with lanemaskPH, excluding hypervariable regions.

From this alignment, we built a neighbor-joining (NJ) tree using

the F84 nucleotide substitution model in PHYLIP 3.65. We es-

timated bootstrap support for nodes with PHYLIP’s seqboot

and consense programs (1000 replicates). We imported this

NJ tree into ARB, and added Ruminococcus sp. SR1-5 using par-

simony insertion. Branches are colored in Figure 2 by genome

size using TopiaryExplorer (Pirrung et al. 2011); genome sizes

were from GOLD (Genomes Online Database: http://www.

genomesonline.org).

We also made a 16S rRNA phylogeny for all species in the co-

occurrence network (Supplemental Fig. S1). We aligned se-

quences with NAST, and built the tree by parsimony insertion

into the reference tree from the RDP-II Arb database noted above.

Hypervariable regions were again excluded with the lanemaskPH

filter.

16S rRNA survey analysis

Supplemental Table S2 details the five 16S rRNA gut microbial

community surveys we reevaluated: These used Sanger sequencing

or multiplex pyrosequencing of the V2 region. We obtained se-

quences and metadata from GenBank (AY916135–AY916390,

AY974810–AY986384 [Eckburg et al. 2005]; EF695452–EF710623

[Frank et al. 2007]) or the investigators. Community analyses of all

samples were previously published, except for MLN samples col-

lected by Frank et al. (2007), but not previously described. We

reevaluated a subset of sequences from a larger set of humanized

gnotobiotic mouse experiments; these evaluated colonization

along the gut (Supplemental Table S2).

We quality-filtered pyrosequencing data using QIIME

(Caporaso et al. 2010), excluding sequences <200 or >100 nt long,

with average quality score <25, with homopolymers >6 nt long, or

with primermismatches. Sanger sequences were quality filtered by

the investigators before GenBank deposition. We built a BLAST

database from sequences from each study and matched Clostrid-

ium cluster XIVa 16S rRNA sequences to each database using

BLASTn, determining the fraction of each sample’s readsmatching

the near-full-length sequence at >98%ID.
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Integrating infant timeseries data into the global PCoA plot

In our earlier PCoA of 464 published samples from diverse free-

living and host-associated bacterial assemblages (Ley et al. 2008),

we observed that human infant gut samples clustered along the

second PC axis with communities likely containing ‘‘weedy’’ or-

ganisms, such as those that can grow in culture. To test whether

successional and antibiotic-induced community changes within

the gut of a human infant followed this pattern, we added five

samples from the infant time-series experiment (Koenig et al.

2011). We chose OTUs at 97%ID using UCLUST, then chose the

most abundant sequence from each OTU as representative using

QIIME (Caporaso et al. 2010).We aligned representative sequences

using NAST (DeSantis et al. 2006), then added them to a tree

containing sequences from the other 464 samples, plus reference

tree sequences from the ARB database of Phil Hugenholz using

parsimony insertion.We excluded hypervariable regions using the

lanemaskPHmask.We performed PCoA of an unweighted UniFrac

distance matrix using this tree via Fast UniFrac (Lozupone and

Knight 2005; Hamady et al. 2010).
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