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In the human gastrointestinal tract, bacterial β-D-glucuronidases (BG;
E.C. 3.2.1.31) are involvedboth inxenobioticmetabolismand in some
of the beneficial effects of dietary compounds. Despite their biolog-
ical significance, investigations are hampered by the fact that only
a few BGs have so far been studied. A functional metagenomic
approach was therefore performed on intestinal metagenomic
libraries using chromogenic glucuronides as probes. Using this strat-
egy, 19 positive metagenomic clones were identified but only one
exhibited strong β-D-glucuronidase activity when subcloned into an
expression vector. The cloned gene encoded a β-D-glucuronidase
(called H11G11-BG) that had distant amino acid sequence homolo-
gies and an additional C terminus domain compared with known
β-D-glucuronidases. Fifteen homologs were identified in public
bacterial genome databases (38–57% identity with H11G11-BG) in
the Firmicutes phylum. The genomes identified derived from strains
from Ruminococcaceae, Lachnospiraceae, and Clostridiaceae. The
genetic context diversity, with closely related symporters and
gene duplication, argued for functional diversity and contribution
to adaptive mechanisms. In contrast to the previously known
β-D-glucuronidases, this previously undescribed type was present
in the publishedmicrobiomeof eachhealthy adult/child investigated
(n = 11) and was specific to the human gut ecosystem. In conclusion,
our functional metagenomic approach revealed a class of BGs that
may be part of a functional core specifically evolved to adapt to the
humangut environmentwithmajor health implications.Wepropose
consensus motifs for this unique Firmicutes β-D-glucuronidase sub-
family and for the glycosyl hydrolase family 2.

functional core | intestinal microbiota | functional metagenomics | glycosyl
hydrolase | Firmicutes

Bacterial β-D-glucuronidases (BG; E.C. 3.2.1.31) are part of the
extensive human intestinal microbiome and are involved in

the metabolism and bioavailability of food and drug compounds
in the human body. They catalyze the hydrolysis of exogenous
β-glucuronides naturally occurring in diet and drugs as well as
endogenous β-glucuronides produced in the liver by glucur-
onosyltransferases, a major xenobiotic detoxication pathway. In-
deed, numerous compounds including metabolites, vitamins,
steroid hormones, xenobiotics, and drugs are excreted via the bile
and the digestive tract after conversion to a more hydrophilic
glucuronidated form. Nevertheless, secondary deglucuronidation,
primarily due to intestinal bacteria (1), promotes recycling of the
aglycone forms through the enterohepatic cycle, which prevents
their removal from the human body. This phenomenon is par-
ticularly well described in the case of xenobiotics (2, 3) and is
suggested for circulating hormones (4, 5). Despite their detri-
mental effects, bacterial BGs are also thought to have beneficial
effects, notably on the bioavailability of active metabolites derived
from dietary compounds, including lignans, flavonoids, sphingo-
lipids, and glycyrrhizin (6–8).
Finally, observations argue in favor of the involvement of

bacterial BGs in several pathologies. Indeed, a lower BG activity
was detected in the feces of Crohn’s disease patients compared to
healthy subjects (9). Conversely, a high BG activity is recognized
as a prognosis marker for colon cancer (10). Furthermore, the
Clostridium leptum group (cluster IV) or Lachnospiraceae (cluster

XIVa), major reservoirs of BG-positive bacteria (11), are dys-
biosis markers in Crohn’s disease (12–15) and in intestinal carci-
nogenesis (16). Nevertheless, the relative contribution of bacterial
strains to the global intestinal BG activity remains unclear, and
the molecular bases are essentially unknown.
In the human digestive tract, bacterial BGs are known to be

distributed among the Enterobacteriaceae family in some Firmi-
cutes genera (Lactobacillus, Streptococcus, Clostridium, Rumino-
coccus, Roseburia, and Faecalibacterium) and in a specific species
of Actinobacteria (Bifidobacterium dentium) (11, 17, 18). On
the basis of their sequence, BGs are highly homologous to
β-galactosidases and only a few of them have been investigated
and clearly annotated as β-D-glucuronidases in sequence data-
bases. The most notorious prokaryotic BGs are those encoded by
uidA homologs (also named gusA) from Escherichia coli, Lacto-
bacillus gasseri, and Ruminococcus gnavus (17, 19, 20).
In the present study, we report the identification of a BG from

intestinal bacteria by a functional metagenomic approach. The
identified enzyme is unrelated to the previous ones and expands
the number of bacterial enzymes responsible for glucuronidase
activity. Furthermore, its sequence and distribution among bac-
terial genomes and metagenomes highlights the relevance and
the diversity of BGs within the intestinal microbiome.

Results
High Frequency and Diversity of BG Activities in Metagenomic
Libraries. A strategy was developed to assay BG activity from met-
agenomic inserts in spite of the constitutive activity of the E. coli
strain used to built the metagenomic libraries (E. coli DH10B)
(Fig. 1). The method consisted of a two-step screen of clones
containing large metagenomic inserts. Using p-nitrophenyl β-D-
glucuronide as chromogenic substrate (PNP-G deglucuronidation
test), the clones’ activity was first compared to the basal activity of
the receiving strain. Fosmids born by positive clones were further
transferred into an E. coli strain deprived of BG activity (E. coli
L90 ΔuidA). The clones were then grown with 5-bromo-4-chloro-
3-indolyl-β-D-glucuronide in the medium (X-GlcA deglucuroni-
dation test) to confirm BG activity.
With this strategy, two libraries from human gut microbiota

were screened: a metagenomic library of 4,608 clones combining
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uncharacterized inserts (Materials and Methods) and a sublibrary
of 1,536 clones previously selected for the presence of 16S rRNA
genes (14). An initial visual screen was performed and revealed
that 1.79% of clones over-expressed BG activity in the unchar-
acterized library. The quantitative validation step confirmed an
over-expression for 40% of them (Fig. 1B), and transfer of the
corresponding metagenomic inserts into theΔuidA strain allowed
the determination of a hit rate of 0.41% of positive fosmids. In-
cluding the second screen performed on the 16S rRNA gene
sublibrary, 19 positive fosmids were identified of a total of 6,144
metagenomic clones. BG activity in the positive clones ranged

from 0.02 to 1.30 U (units) with, as expected, a lower global level
of BG activity when metagenomic inserts were expressed in the
ΔuidA E. coli strain (Fig. 2).

A Unique Class of BGs in the Firmicutes Phylum. An initial attempt
was made to sequence the potential BGs present in the 19 BG-
positive clones on the basis of degenerate primers. The sequence
of the primers used derived from the sequences of known pro-
karyotic BG genes (17, 19). As this approach proved to be un-
successful, the BG-positive fosmids were subcloned and subse-
quently sequenced. The 40-kbp inserts were fully sequenced, and
six candidate genes were identified as potentially encoding BG
activity. The predicted proteins encoded by these genes were the
following: β-galactosidase, antimicrobial peptide ABC transport
system, serine/threonine kinase, sporulation protein, 2C-methyl-
D-erythritol 2,4-cyclodiphosphate synthase, and aspartyl-tRNA
synthetase (Table S1). The corresponding genes were subcloned
into an expression plasmid (pRSF plasmid) and further trans-
formed into E. coli BL21(DE3) or E. coli L90 T7+ (uidA+ and
ΔuidA strains, respectively).
Only the gene encoding the putative β-galactosidase was able to

promote BG over-expression in the uidA+ strain (5.3 versus 0.4 U
for the control deprived of insert) and to induce a BG activity in
the ΔuidA strain (4.9 U). This gene originated from a meta-
genomic insert (H11G11 insert) in which BG activity was in the
range of the 19 fosmids (Fig. 2). This insert was from a pool of fecal
samples from healthy individuals. Remarkably, the identified gly-
cosidase had low homology with known BGs (<33% identity, Fig.
3) and signatures that diverged from the two consensus sequences
of glycosyl hydrolase family 2 (82 and 93% similarity with Prosite
patterns PS00719 and PS00608, respectively; Table S2). This gly-
cosidase also had low homology with putative BGs recently iden-
tified in the gut dominant species Roseburia intestinalis and
Bacteroides ovatus using degenerate PCR primers (27% and 33%
identity, respectively) (11). However, the two glutamate residues
involved in the catalytic mechanism of other members of family 2
BGs (21) were conserved in this BG, and a search in theConserved
Domains Database (22) revealed the highest matches to the TIM
barrel domain of glycosyl hydrolase family 2 (pfam02836) and BGs
(PRK10150) and lower matches to β-galactosidases (COG3250,
PRK09525, PRK10340). An additional C-terminal domain com-
pared to known BGs was identified, but no putative function could
be proposed (expected value 0.01).
A search of homologous proteins in the National Center for

Biotechnology Information (NCBI) nr database revealed a set of
15 H11G11-BG homologs with more than 50% coverage and
similarity (Fig. 4). On the basis of amino acid sequence alignment,
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Fig. 1. Screening of BG activity from metagenomic libraries. The meta-
genomic clones originated from different libraries derived from healthy and
Crohn’s disease subjects’ feces and from a distal ileum biopsy. Metagenomic
libraries were screened for over-expressing clones (compared with the uidA+

E. coli receiving strain) using PNP-G as substrate with a two-step method:
a visual detection and a quantitative validation. Fosmid activity was further
assessed by transfer into a BG-negative strain (E. coli L90 ΔuidA). Subclones
(3-kbp fragments inserted into pcDNA 2.1 plasmids) were further screened
for PNP-G deglucuronidation, and candidate genes were cloned into an
expression vector (pRSFDuet-1) to definitively confirm BG activity. Random
screening of 4,608 metagenomic clones from fecal and ileal libraries (E. coli
DH10B as receiving strain) involved the following: (A) a qualitative screen
with precocity of β-glucuronidase activity detection that yielded 1.79% of
clones over-expressing the activity; (B) a quantitative validation of clones
over-expressing the activity (E. coli DH10B deprived of insert as control) that
yielded 0.73% of positive clones; (C) a selection of fosmids generating
β-glucuronidase activity (following transformation of a β-glucuronidase-
negative strain) yielding 0.41% of positive clones among all clones tested;
and (D) the identification of the genes involved (subcloning, sequencing,
and bioinformatic analysis).
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Fig. 2. BG activity of positive metagenomic fosmids in E. coli DH10B and E.
coli L90ΔuidA. Activity was assayed using PNP-G as substrate and expressed in
units (U) of BG activity (ΔOD 405 nm·min−1 · mg−1). Means and SD values are
determined from experiments performed in quadruplicates for each clone.
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all homologs constituted a biologically relevant group (COFFEE
score: from 89 to 95) with 38–57% identity with H11G11-BG.
These proteins were all identified in prokaryotic genomes under
sequencing and were annotated as “uncharacterized protein” ex-
cept the one from Paenibacillus sp. JDR-2, which was annotated as
a β-galactosidase. The H11G11-BG homologs were identified only

in gut bacteria from the Firmicutes phylum including Bacteroides
capillosus, recently reassigned to Gram-positive bacteria (23). The
only exception was Shuttleworthia satelles DSM 14600, which is
a Firmicutes isolated from the oral cavity (24). The closest neigh-
bors were functionally uncharacterized genes in gut Bacteroidales
and represented a likely subgroup of Bacteroidetes BGs (Fig. 1B).
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Fig. 3. Amino acid sequence alignment of the unique BG (H11G11-BG) and known BGs from the gut microbiota. Alignment was performed using the
ClustalW multiple sequence alignment program. Framed amino acids were conserved in at least three sequences.

Gloux et al. PNAS | March 15, 2011 | vol. 108 | suppl. 1 | 4541



The unique Firmicutes BGs had amino acid sequences distantly
related to known BGs, even from the ones previously character-
ized in this phylum (Table S2 and Fig. S1), and had specific
uncharacterized and additional domains (Fig. S2). Most of the
identified genes were restricted to the Clostridiales order, in-
cluding members of the Ruminococcaceae, Lachnospiraceae, and
Clostridiaceae families (Fig. 4). Three strains were previously
known to exhibit BG activity (i.e., Faecalibacterium prausnitzii
M21/2, R. gnavus ATCC 29149, and Bacteroides capillosus ATCC
29799). Seven strains of Firmicutes and Bacteroidetes containing
H11G11-BG homologs in their genomes were tested for their
ability to hydrolyze PNP-G (i.e., B. ovatus ATCC 8483, Bryantella
formatexigens DSM 14469, Clostridium bartlettii DSM 16795,
Roseburia inulinivorans DSM 16841, Subdoligranulum variabile
DSM 15176, Parabacteroides johnsonii DSM 18315, and Para-
bacteroides merdae ATCC 43184). Except for R. inulinivorans
DSM 16841 (BG activity <0.025 U), all strains tested exhibited
high BG activity. The search of known uidA homologs in their
genomes and in the three Firmicutes strains with known BG ac-
tivity led to different situations (Table S3). For most of the
genomes tested (7/10), the homologs found were more closely
related to the H11G11 protein sequence than to UidA. The
presence of the two classes of BG (uidA and H11G11-like) within
the same genome remained possible for F. prausnitzii M21/2 and
B. formatexigensDSM 14469, and even a third class was suggested
in B. ovatus ATCC 8483. Nevertheless, these data suggest that in
most cases H11G11-BG was responsible for the observed BG
activity. Furthermore, paralogs were found in the genome of S.
variabileDSM 15176, B. formatexigensDSM 14469, and R. gnavus
ATCC 29149.
Because the two existing Prosite consensus signatures (PS00719

and PS00608) for glycosyl hydrolase family 2 could not include
these unique BGs (Table S2), we propose different consensus
motifs and a signature for the unique Firmicutes BG group (Fig. 5

A–B) and more broadly for the glycosyl hydrolase family 2 (Fig.
5C). Interestingly, a clear distinction inside the unique BG family
was observed. Indeed, the invariant histidine/tyrosine/glutamine
motif was conserved in the Bacteroidetes subgroup but was
replaced by a histidine/tyrosine/proline motif in the Firmicutes
subgroup (Fig. 5C and Fig. S3).

Is Functional Diversity of Unique BGs Based on Associated Symporters?
Insert sequence alignments and genetic environment exploration
of 15 of the 17 Firmicutes BGs identified revealed that the con-
served genetic environments close to the BG genes were restricted
to symporters. Fifteen BGs were associated with putative sym-
porters that, by sequence homology, clustered into four types (Fig.
S4). The symporter homologies correlate well to the BG subclades
(Fig. 4). Despite the diversity of the genetic organizations ob-
served (direct vicinity, intermediate sequences, lengths) (Figs. S4
and S5), most of these putative symporters had best hits for
conserved domains corresponding to Na+/melibiose symporter
and related transporters (COG2211) or the sugar transporter Gph
(TIGR00792), indicating that these BGs are involved in the me-
tabolism of extracellular glucuronides.

The Unique BG Within the Phylogenetic Core. Among healthy adults
the human intestinal microbiota phylogenetic core consists of
a restricted set of dominant species (25). To determine the
presence of the H11G11-BG–positive species within this phylo-
genetic core, sequence alignments between the 16S rRNA of
H11G11-BG-positive strains and the 66 prevalent operational
taxonomic units (OTUs) (25) were performed. Almost half of the
BG-positive strains (i.e., F. prausnitzii M21/2, R. inulinivorans
DSM 16841, S. variabile DSM 15176) belonged to the phyloge-
netic core (>99% 16S rRNA identity). Because the phylogenetic
core represents only a very few highly prevalent and dominant

Fig. 4. Identification of a unique class of β-D-glucuronidase, phylogenetic affiliation, and association with potential symporters. Detailed tree view of the
H11G11BG-like homologs identified in GenBank genomic databases (Fig. S1). The unique BGs (>50% of both coverage and similarity with H11G11-BG) have
been identified only in Firmicutes species, but a potential BG subgroup has also been identified in Bacteroidetes constituting an independent subclass of BGs.
Strains known to generate a BG activity are F. prausnitzii M21/2, R. gnavus ATCC 29149, and B. capillosus ATCC 29799. Strains demonstrated as BG positive in
this study are S. variabile DSM 15176, B. formatexigens DSM 14469, C. bartlettii DSM 16795, B. ovatus ATCC 8483, P. merdae ATCC 43184, and P. johnsonii DSM
18315. aClassification according to Carlier et al. (23). bPhylogenetic assignation of metagenomic inserts are as described in Materials and Methods (H11G11
insert: 41% Clostridium genus. C7D2 insert: 81% R. gnavus species.).
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OTUs, this result underlined the importance of this BG function
in the human gut.

A BG Highly Prevalent in and Specific to the Human Gut. The fre-
quency of the unique Firmicutes or Bacteroidetes BGs reached an
average of 9.5 ± 3.0 × 10−8 hit/bp within the human gut meta-
genomes (Fig. 6). At least one homolog can therefore be found
every 107 bp, which is approximately equivalent to 104 bacterial
genes. Previously known BG genes (uidA homologs from Clos-
tridiales, Lactobacillales, and E. coli K12) were at least three

times less frequently represented in the human gut metagenomes.
Remarkably, the H11G11-BGs subgroup was almost not repre-
sented or was totally absent in microbial metagenomes arising
from other environments whereas the uidA BGs subgroup was
more systematically found in soil ecosystems (Waseca County
Farm Soil Metagenome ID 13699).
To determine the distribution among the human population,

homologs of H11G11-BGs were searched in gut metagenomic
databases from different healthy individuals (26) (Fig. 7).
Homologs of the unique Firmicutes or Bacteroidetes BGs
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were identified in all 11 adults and children but only in one infant
among the four explored (Fig. 7 and Fig. S6). In contrast, uidA
BGs were less abundant among the “adults/children” group (6/11,
8/11, and 7/11 for E. coli, Clostridiales, and Lactobacillales BGs,
respectively) but were present in all infants. Furthermore, in
adults and children, the H11G11-BG frequencies were always
higher than those of the gusA/uidA BGs (P ≤ 0.01). They ranged
from 2.3 × 10−8 to 2.2 × 10−7 hit/bp, and the frequency in each
individual was not correlated to the previously determined level of
COG3250 (β-galactosidase/β-glucuronidase) (26).

Discussion
Using a functional metagenomic approach, we revealed a high
frequency of BG activity (0.41%) in the human gut microbiota.
In the high range of hits usually obtained during functional
screens of glycosyl hydrolases from environmental or gut meta-
genomic libraries (from 0.00002% to 0.8%) (27), this result is
coherent with the particular enrichment of the gut microbiome
with β-galactosidase/β-glucuronidase family (28). This result pro-
bably reflects the abundance and the diversity of glucuronide
compounds that reach the intestine and the critical role of BGs
in several bacterial metabolic pathways. However, this high score
could also be due to the secondary deglucuronidation potenti-
alities of proteins that exhibit no obvious sequence homologies
with BGs as suggested in this study. We were unable to find
evidence of BG activity among these cloned genes. Further
investigations of these genes in their genetic context will be
required to definitely demonstrate their functionality.
Our functional screen led to the identification of a unique β-D-

glucuronidase from the human gut microbiota that possesses
several key features, including an additional C terminus domain
and distant sequence homologies with known BGs. Mining of
genome sequence databases demonstrated that this unique BG is
specifically present into several Firmicutes species of the gastro-
intestinal tract or the oral cavity including C. bartlettii, S. variabile,
B. formatexigens, R. gnavus, Penibacillus sp., R. inulinivorans, S.
satelles, and F. prausnitzii. This group includes bacterial strains

already reported to exhibit BG activity (i.e., F. prausnitzii M21/2,
R. gnavus ATCC 29149, and B. capillosus ATCC 29799) (11, 17,
29) and strains that we demonstrated here as BG positive (i.e., S.
variabile DSM 15176, B. formatexigens DSM 14469, C. bartlettii
DSM 16795). In the same way, BG-positive strains from the
Bacteroidetes phylum were evidenced (i.e., B. ovatusATCC 8483,
P. merdae ATCC 43184, and P. johnsonii DSM 18315). Thus this
class of BGs, which is present in many dominant Firmicutes and
Bacteroidetes species, might represent a major deglucuronidation
pathway in the human gut. The unique BGs exhibit conserved
domains that diverged from the Prosite consensus sequences
(PS00719 and PS00608) of glycosyl hydrolase (GHase) family 2.
We thus proposed consensus signatures to include this unique
class of BGs. Interestingly, the invariant “HYP” amino acid motif
found in the PS00719 signature was maintained in Bacteroidetes
BGs but specifically replaced by a “HYQ” motif in Firmicutes
BGs. These Firmicutes BGs may therefore have originated from
a common ancestor and evolved in the context of the intestinal
environment. Considering the importance of GHase family 2,
which is the third most abundant family of GHases in the Human
gut (27), the functional significance of these sequence specificities
deserves further investigation.
Our observations support an important physiological role for

these unique BGs. Indeed, in contrast to previously identified BGs
(UidA/GusA homologs), these BGs are found with high fre-
quency and high specificity in the human gut microbiome and are
well represented and distributed among adults and children but
absent in most of the very young infants tested despite the relative
known abundance of Firmicutes in their microbiota (26, 30). The
absence of correlation between frequencies of H11G11-BG
homologs and the galactosidase/glucuronidase COG family
within human gut microbiomes demonstrates the necessity of
improving this family classification and annotation. Furthermore,
among the bacterial species harboring this enzyme family, three
Firmicutes species belong to the restricted phylogenetic core of
the human intestinal microbiota (25), suggesting an ecological
drive that ensures the presence of the activity in spite of micro-
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Fig. 7. Distribution of theunique and knownBGs amongadult, child, and infant gutmetagenomes. Homologs of unique and knownBGproteinswere searched
in the two projects Human Gut Metagenome (13 healthy individuals) (ID 28117) and Human Distal Gut Biome (ID16729) as described in Fig. 6. Results are pre-
sented per BGgroup (i.e., Firmicutes-BGs, Bacteroidetes-BGs, UidAhomologs) and expressed asmeans of hits per base pair for eachgroup (details per BGprotein,
Fig. S6).
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biota variability among humans. This unique class of BGs might
therefore play a critical role in the establishment of a definitive
and stabilized adult microbiota (31). Results also revealed du-
plication of unique BG-encoding genes in several strains and as-
sociation with diverse permeases. These organizations are
biologically highly relevant because they are important in gener-
ating genetic variability and in facilitating adaptive evolution and
functional diversity. Interestingly, most of the species harboring
the unique BG were from the C. leptum group (cluster IV) or
Lachnospiraceae (cluster XIVa), both subject to microbiota dis-
turbances in the physiopathological contexts of Crohn’s disease
(12, 32–34), ulcerative colitis (35), familial Mediterranean fever
(36), and intestinal carcinogenesis in Apc (Min)mice (16). Recent
studies revealed a functional link between xenobiotic neutraliza-
tion, steroid metabolism, and inflammation via mutual repression
of xenobiotic and hormone nuclear receptors and the NF-κB–
signalling pathways in the intestine (37–39). Determination of
potential xenobiotics or hormone substrates for BGs may be
critical to determining their physiological function(s) and potential
contribution to the modulation of eukaryotic regulatory networks.
In conclusion, the functional metagenomic approach reported

here allows the identification of a unique BG type, which is pre-
dominant in the gut microbiota of human adults and children. This
BG family, identified in several Firmicutes, may be part of the
functional core of the human microbiome recently proposed
for the GIT ecosystem (40) and may represent an adaptive
evolution. Further investigations should address the impact of
functional BGs in individuals‛ gut physiology and their involve-
ment in the crosstalk with host cells, especially with respect to
immune homeostasis.

Materials and Methods
Metagenomic Libraries. Fosmidic metagenomic libraries were constructed as
previously described using the EpiFOS Library production kit (Epicentre Tech-
nologies) and E. coli DH10B as a host (14). Three fosmidic metagenomic li-
braries were used in this study; namely the “Healthy,” “Crohn,” and “Ileum”

libraries. Thefirst two librarieswerepreviously constructed frombacterial DNA
extracted from pools of feces of six healthy individuals and six inflammatory
bowel disease patients, respectively (14), and the third from a colorectal cancer
patient biopsy obtained from the healthy distal part of the ileum. From these
we used a set of 4,600 clones that contained random genomic bacterial DNA
and a set of 1,536 clones selected for the presence of 16S rRNA genes by DNA
hybridization (14).

Screening of BG-Positive Fosmid Clones. Because the E. coli strain used to build
the metagenomic libraries (E. coli DH10B) constitutively expressed a β-
glucuronidase encoded by the uidA gene, an initial visual screening was
performed to detect metagenomic clones over-expressing BG activity. Met-
agenomic cloneswere grown overnight in 2YTmediumwith chloramphenicol
(12.5 μg · ml−1), and the activity was measured on permeabilized cells after
toluene treatment (10%, 10 min at 4 °C). BG activity was measured by adding
2 mM of PNP-G (Sigma-Aldrich) (41). Positive clones were submitted to a sec-
ond quantitative screen using a kinetic measurement with E. coli DH10B
transformed with an empty fosmid as control. Eight replicates were per-
formed for each clone. Activity and bacterial density (E. coli dry weight) were
estimated by measuring ΔOD405nm and OD600nm, respectively. The BG activity
was expressed in units of ΔOD405nm.min−1·mg−1 of dry weight.

As E. coliDH10B possesses a β-glucuronidase activity encoded by the uidA
gene, the ΔuidA E.coli L90 strain was used to unambiguously identify fos-
mids expressing β-glucuronidase activity. This strain was derived from the
TG1 ΔuidA::Kanr strain that was previously constructed by gene homolo-
gous recombination (3). The kanamycine resistance cassette was removed
using FLP recombinase borne by the pCP20 plasmid. Purified fosmids
(NucleoSpin 96 Flash, extraction kit, Marchery Nagel) were then electro-
transferred (25 μFd, 200Ω, and 2.5 Kv) in the E. coli L90 strain. Transformants
were grown on LB agar containing the appropriate antibiotic with 5-bromo-
4-chloro-3-indolyl-β-D-glucuronide (25 μg·ml−1) (X-gluc, VWR) to reveal
BG activity.

Fosmids Subcloning and Sequence Analysis.Metagenomic fosmidswerepurified
using the NucleoSpin 96 Flash extraction kit (Macherey-Nagel). Insert size was

estimated by HindIII digestion followed by pulsed-field gel electrophoresis.
Fosmid DNA was subjected to mechanical shearing, and 3-kbp fragments were
inserted into the high-copy plasmid pcDNA2.1. A total of 384 subclones origi-
nating from each metagenomic BG-positive clone were screened for BG activity,
andpositivesubcloneswerefurthersequenced(MWGBiotech).Ahomologsearch
wasmadeusing theBlastp algorithmavailable on theNCBIweb site (http://www.
ncbi.nlm.nih.gov/BLAST/). Domain architectures, potential functions, and asso-
ciated patterns were analyzed using the InterProScan (http://www.ebi.ac.uk/
InterProScan/), MyHits (http://www.isb-sib.ch/), PROSITE (http://www.expasy.org/
prosite/), SMART (http://smart.embl-heidelberg.de/), PFAM (http://www.sanger.
ac.uk/Software/Pfam/),Motif Scan (http://myhits.isb-sib.ch/cgi-bin/motif_scan), or
SUPERFAMILY (http://supfam.org/SUPERFAMILY/) softwares.

β-Glucuronidase Candidates, Cloning, and Expression. Genes encoding putative
BG were amplified by PCR with metagenomic fosmid DNA as templates and
appropriate primers (Table S4). PCR products were purified by agarose gel elec-
trophoresis and the Wizard SV Gel and PCR clean up system kit (Promega). PCR
products were subcloned into pGEM-T plasmid (Promega) and fully sequenced.
pGEM-T plasmids with exact insert sequence were digested by BamHI and PstI
restriction enzymes (except for the putative serine/threonine protein kinase
cloned with the EcoRI and PstI restriction site). Inserts were further purified by
agarose gel electrophoresis and the Wizard SV Gel and PCR clean up system kit
(Promega). Purified inserts were ligated into pRSFDuet-1 plasmid (Novagen)
previously digested with the same restriction enzymes. All cloned genes were
sequencedtoensurethatnoerrorswere introduced.Theplasmidsobtainedwere
transformed into both E. coli BL21(DE3) (Stratagene) and the L90 T7+ E. coli
strain. The L90 T7+ E. coli strain was obtained by transforming the L90 ΔuidA
E. coli strainwith thepAR1219plasmid,whichexpresses theT7polymeraseunder
the control of an isopropyl 1-thio-β-D-galactopyranoside (IPTG)-inducible pro-
moter. The resulting clones were analyzed for PNP-G deglucuronidation as de-
scribed above, after gene expression induction with IPTG.

Sequence Analysis of the Unique BG Group and Associated Symporters.
Homologs of H11G11-BG were searched on May 2009 by Blastp method
(limit expect E-value ≤2e-45) on the NCBI nr database, including all non-
redundant GenBank coding sequences. Radial tree of Blastp results was
computed by the fast minimum evolution method (threshold of maximum
sequence difference: 0.85). Definitive presentation and phylogenetic symbols
were realized using Molecular Evolutionary Genetics Analysis (MEGA) soft-
ware version 4.0 after conversion in Newick file format. Proteins showing at
least 50% length coverage and 50% similarity of aligned sequences were
retained to constitute the group of H11G11-BG homologs. Sequence simi-
larities with the current conserved patterns of the glycosyl hydrolases family 2
(BG and galactosidases, PROSITE documentation PDOC00531, http://www.
expasy.org/prosite/) were determined using PATTINPROT (http://npsa-pbil.
ibcp.fr/). Conserved motifs were determined by using the motif-based se-
quence analysis tool MEME (http://meme.nbcr.net/meme4_1/). The patterns
proposed were obtained by using the discover patterns tool PRATT (http://
www.expasy.ch/tools/pratt/). Comparative analysis of codon usage was per-
formedwith known Firmicutes BGs and H11G11-like BG proteins identified by
using the Blastp software.

The genetic environments of the H11G11 and C7D2 BGs were analyzed
using GeneMark (Version 2.4) for Prokaryotes (http://opal.biology.gatech.
edu/GeneMark/gmhmm2_prok.cgi). The different types of putative sym-
porters and their identities/similarities within types were determined after
homology search and ClustalW multiple alignment.

Phylogenetic Assignment. The phyla and family assignments of H11G11-BG
homologs from genomic databases were from the taxonomy reports auto-
matically generated by NCBI (completed with the classification of R. gnavus
ATCC 29149 using the Ribosomal Database Project).

The C7D2 insert was isolated from the 16S rDNA sublibrary and thus harbor-
ed a 16S rRNA gene (NCBI accession no. AY850499) allowing phylogenetic as-
signmentbytheRibosomalDatabaseProjectclassifier (http://rdp.cme.msu.edu/).
However, for C7D2 and H11G11 inserts, potential ORFs were determined using
MetaGene (http://metagene.cb.k.u-tokyo.ac.jp/), and sequences were further
phylogenetically assigned using the best blast hits (Blastn or Blastx software) on
NCBI databases. Thefinalphylogeneticassignmentwas expressed inpercentage
of insert length coverage.

Phylogenetic relationships with the human gut bacterial phylogenetic core
(25) were analyzed in retrieving the 16s rRNA gene sequences of the H11G11-
BG–containing strains and analyzing them with the RapidOTU pipeline (25)
(0.02% identity cut-off, Kimura-2 parameter distance method). The per-
centage of identity between the 16s rRNA sequences of BG-positive strains
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and their closest phylogenetic core homologs was determined using pairwise
alignment with Jalview 2.4.0b2.

BG Activity Assay in Gut Bacteria. Strains encoding a H11G11 homolog in their
genomes were grown for 24 h at 37 °C under anaerobic conditions using the
Hungate method in appropriate media. The Cooked Meat Medium (Difco)
supplemented with yeast extract (5 g/L, Sigma), KH2PO4 (5 g/L, Sigma), and
cysteine (0.5 g/L, Sigma) was used for C. bartlettii DSM 16795. B. ovatus ATCC
8483 and R. gnavus ATCC 29149 were grown in LYHBHI medium [brain–heart
infusion medium with 0.5% yeast extract (Difco) and 5 mg/L hemin] supple-
mented with cysteine (0.25 mg/mL; Sigma). The same medium was supple-
mented with cellobiose (0.5 mg/mL; Sigma–Aldrich) and maltose (0.5 mg/mL;
Sigma) for S. variabile DSM 15176 and F. prausnitzii M21/2. Soluble starch
(0.5 mg/mL; Sigma) was added to this medium to grow P. merdaeATCC 43184
and P. johnsonii DSM 18315, and 0.4% of clarified rumen juice (42) was also
necessary to grow B. formatexigens DSM 14469 and R. inulinivorans DSM
16841. PNP-G activity was tested as described above for E. coli.

Comparative Metagenomic Analysis. Comparative metagenomic analysis was
performed on May 2009 using the tBlastn software to search for H11G11-BG
homologousproteins in the followingNCBImetagenomicprojectdatasets (http://
metasystems.riken.jp/metabiome/metagenome.php): Human Gut Metagenome
(13 healthy individuals) (ID 28117), Human Distal Gut Biome (ID16729), Com-
bined Gut Metagenome from Obese and Lean Mice (ID17401), Termite Gut
Metagenome (ID19107), Fish Metagenome (ID28955), Whale Fall Metagenome
(ID13700), Microbial Mat Isolate (ID29795), Waseca County Farm Soil Meta-
genome (ID13699), and Global Ocean Sampling (ID19733). The same approach
was performed with representative known or putative BGs (UniProtKB data-
bases, http://www.uniprot.org/, June 2009). The similarity hit threshold was at
least 50% similarity with 50% sequence coverage. To compare frequencies be-
tween databases, results are expressed as hits per base-pair unit.
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