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Microbiota from the distal guts of lean and obese
adolescents exhibit partial functional redundancy
besides clear differences in community structure
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Summary

Recent research has disclosed a tight connection
between obesity, metabolic gut microbial activities
and host health. Obtaining a complete understanding
of this relationship remains a major goal. Here, we
conducted a comparative metagenomic and metapro-
teomic investigation of gut microbial communities in
faecal samples taken from an obese and a lean ado-
lescent. By analysing the diversity of 16S rDNA ampli-
cons (10% operational phylogenetic units being
common), 22Mbp of consensus metagenome
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sequences (~ 70% common) and the expression pro-
files of 613 distinct proteins (82% common), we found
that in the obese gut, the total microbiota was more
abundant on the phylum Firmicutes (94.6%) as com-
pared with Bacteroidetes (3.2%), although the meta-
bolically active microbiota clearly behaves in a more
homogeneous manner with both contributing equally.
The lean gut showed a remarkable shift towards
Bacteroidetes (18.9% total 16S rDNA), which become
the most active fraction (81% proteins). Although the
two gut communities maintained largely similar gene
repertoires and functional profiles, improved pili- and
flagella-mediated host colonization and improved
capacity for both complementary aerobic and anaero-
bic de novo B, synthesis, 1,2-propanediol catabolism
(most likely participating in de novo Bi, synthesis)
and butyrate production were observed in the obese
gut, whereas bacteria from lean gut seem to be more
engaged in vitamin Bg synthesis. Furthermore, this
study provides functional evidence that variable com-
binations of species from different phyla could ‘pre-
sumptively’ fulfil overlapping and/or complementary
functional roles required by the host, a scenario
where minor bacterial taxa seem to be significant
active contributors.

Introduction

The human distal gut harbours a vast ensemble of
microbes that perform vital processes for human physiol-
ogy and nutrition, although these are not yet completely
understood (O’Hara and Shanahan, 2006; Hattori and
Taylor, 2009). It is increasingly evident that gut microbes
play a pivotal role in host carbohydrate, lipid and amino
acid metabolisms and in the production of vitamins
(Hooper and Gordon, 2001), indicating the existence of an
extensive trans-genomic, trans-mural co-metabolism of
multiple substrates, including those involved in host meta-
bolic regulation (Nicholson et al., 2005; Marchesi, 2011).
The distal human intestine can be considered an anaerobic
bioreactor with trillions of bacteria that add a vast gene
catalogue to host genetics, providing complementary
metabolic pathways for energy harvesting, food digestion,
detoxification, production of bioactive compounds and
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assimilation of otherwise inaccessible nutrients from our
diet (Qin et al., 2010). Recent studies showed that each
human has a unique and relatively stable gut microbiota
dominated by the Bacteroidetes and Firmicutes divisions
that constitute over 90% of the phylogenetic categories,
together with Actinobacteria, Proteobacteria and Verru-
comicrobia as minority members, most of which have not
yet been isolated or characterized (Marchesi, 2010; Aru-
mugam et al., 2011). It should be noted that these patterns
were apparent only in data averaged over many speci-
mens. Increasing evidence suggests that microbiota status
is linked to inflammatory disorders, human metabolism and
immune system activity (Turnbaugh et al., 2006; Peterson
et al., 2008) and that its composition can be disrupted by
external factors, such as antibiotic treatment (Jernberg
et al., 2010) and dietary modulation (Hildebrandt et al.,
2009). Furthermore, specific strains of the gut microbiota
and/or supplied probiotics have been shown to decrease
intestinal inflammation and to normalize dysfunctions of
the gut mucosa (Cani and Delzenne, 2011).

Obesity is an enormous public health problem that
arises as a consequence of complex socioeconomic and
genetic factors that favour increased dietary intake and
reduced physical activity, ultimately disrupting energy
homeostasis (Turnbaugh and Gordon, 2009; Swinburn
et al., 2011). Recent experimental evidence revealed that
the ob/ob leptin-deficient obese mouse has a microbiome
with a 50% reduction in Bacteriodetes and a concurrent
increase in Firmicutes (Turnbaugh et al., 2006). More-
over, comparative metagenomics revealed enrichment in
genes that encode enzymes involved in the initial steps of
breaking down indigestible dietary polysaccharides,
starch/sucrose metabolism, galactose metabolism and
butanoate metabolism, which might increase the capacity
to harvest energy from the diet (Turnbaugh et al., 2006).
Approximately 400 genes in metabolic pathways have
been shown to be enriched or depleted in the human gut
microbiome of obese individuals compared with lean con-
trols (Turnbaugh et al., 2009). An interesting example of
these is an enrichment of phosphotransferase systems
responsible for microbial processing of carbohydrates
(Booijink et al.,, 2010). Another recent study identified
Hx-producing Prevotellaceae and the Hp-using Methano-
bacteriales in the guts of obese individuals (Zhang et al.,
2009). Methanogens are reported to increase the extrac-
tion of energy by the host from otherwise indigestible
polysaccharides. In obese humans, the pattern of micro-
bial diversity and gene-encoded functions is more intri-
cate (Turnbaugh et al., 2009; Musso et al., 2011), and
contradictory reports on the composition of microbial
communities complicate the identification of functional
and molecular hotspots associated with obesity (Tschép
et al., 2009; Elli et al., 2010; Ley, 2010; Schwiertz et al.,
2010).

Overall, the understanding of the underlying microbial
metabolic contribution to obesity is sparse. The main
reason for this is that the majority of investigations rely on
indirect evidence of DNA-based approaches, which only
provide the blueprint, or an inventory of genes of human-
associated microbial communities, but lack the proof of
functionality that might be derived from studies of gene
expression and protein synthesis. To solve this problem,
techniques such as two-dimensional electrophoresis
(2-DE) coupled to high-throughput mass spectrometry-
based analytical platforms and direct shotgun proteomic
approaches have been used to separate and identify
thousands of proteins from at least 14 human faeces-
associated bacterial phylotypes (Klaassens et al., 2007,
Verberkmoes et al., 2009; Cantarel et al., 2011; Rooijers
et al,, 2011; Kolmeder et al., 2012) among the estimated
5000 bacterial species in the human microbiome. Addi-
tionally, apart from whole-gut metaproteome analyses,
defined proteomes from prominent human intestinal sym-
bionts have been reported, the results of which have
revealed that specific microbes, such as Bacteroides
thetaiotaomicron, contain an elaborate environment-
sensing apparatus (Xu et al., 2004). Accordingly, the iden-
tification of highly expressed proteins from human faecal
samples has been aided by creating extensive databases
containing the genome sequences of human-associated
microbes and human-associated microbiome sequences
(Rooijers et al., 2011).

Taking all of the above information into consideration,
we performed a thorough and holistic (or eco-systems
biology) phylogenetic and functional analysis of the gut
microbial communities of one obese and one lean indi-
vidual (for characteristics see Experimental procedures).
Instead of performing an extensive analysis of the gene
repertoire, special emphasis is given to the identification
and analysis of active bacterial members and their
expressed proteins present in lean and obese micro-
biomes and how they might form metabolically active
networks operating in each community.

Results and discussion

Bacterial diversity and composition blueprints of lean
and obese microbiomes

DNA isolated from each microbial community was
assayed using a PCR-based 16S rDNA gene diversity
survey. More than 300 clones were generated in each
library and were screened by restriction fragment length
polymorphism (RFLP) analysis using the enzyme Mspl.
Additionally, we used the 16S rDNA gene partial
sequences obtained in the metagenome survey. For this
purpose, we just used those sequences with a length
> 600 nucleotides. All shorter sequences were discarded.

© 2012 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 15, 211-226

85U SUOWILLIOD BANER1D 3|ceotdde U3 Aq pause0b a1 s3Il VO '8N 4O SBNI 10 AReIG1T BUIIUO 8|1 UO (SUORIPUCD-PUR-SWLBHALIOD™AB| 1M ARR1C]1)BU1UO//SURU) SUORIPUOD PUE SUWLB L 3U3 89S *[5202/T0/0E ] U0 A%1q 1T 8UIIUO ABIIM ‘BpeuRID 8Q PepsIRAIIN AQ X'Sp820°ZT0Z 0262-29¢ T [TTTT 0T/I0p/wio0" A3 1n ARe.q1 Ul |UO'S EUANO (=010 1LIOIAUS//SAIY W14 Papeolumod ‘T ‘ETOZ ‘026229vT



Table 1. Diversity data and indices for the 16S rDNA libraries gen-
erated from ‘Obese’ and ‘Lean’ individuals.

‘Lean’ ‘Obese’
No. of clones 165 185
No. of taxa 52 32
Dominance (D) 0.05 0.13
Shannon-Wiener index (H) 3.39 2.59
Simpson’s index (1-D) 0.95 0.87
Equitability index (J) 0.86 0.75
Evenness (E) 0.57 0.43
Good'’s coverage (%) 69.4 82.7

A total of 22 sequences were obtained, and analysed.
Based on sequence similarity, 77 operational phyloge-
netic units (OPUs) were detected (Table 1): 8 conformed
to the common set and 45 and 24 were only found in
‘Lean’ and ‘Obese’ respectively. Higher values for
Shannon-Wiener's, Simpson’s and equitability indices
indicated that the ‘Lean’ library was more diverse and less
dominated by a few abundant populations. Representa-
tives of the OPUs were selected for sequencing and phy-
logenetic affiliation. The overall phylogenetic composition
of the libraries is shown in Figs 1 and 2, in which one OPU
was derived from Archaea and the rest branched to four
phyla of the domain Bacteria in RDP: Firmicutes,
Bacteroidetes, Actinobacteria and Proteobacteria. Most of
the OPUs (‘Lean’: 32; ‘Obese’: 22) were closely related
(97% identity cut-off) to uncultured gut bacteria found in

Lean l

Obese iy
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other diversity surveys (Eckburg et al., 2005). The biodi-
versity in the ‘Obese’ and ‘Lean’ libraries was dominated
by sequences belonging to Firmicutes (94.6% and 78.8%
respectively); however, the ‘Lean’ library had more OPUs
affiliated with Bacteroidetes (18.9% in ‘Lean’ versus 3.2%
in ‘Obese’), and the ‘Lean’ OPUs were more heteroge-
neous than those in the ‘Obese’ library (Fig. 1). The dif-
ferences in the compositions of our libraries agree with
the diversity profile of the EVASYON study (Santacruz
et al., 2009) that reported lower Bacteroides-Prevotella
abundance and greater frequencies of Clostridium cluster
XIVa members in obese subjects. Although there are con-
tradictory reports on the patterns of gut microbial commu-
nities in obese humans (Ley, 2010), and the 77 identified
OPUs described here only capture a portion of the pre-
dicted microbial diversity of the intestinal microbiota, the
compositions of our samples are consistent with the ‘low
Bacteroidetes/high Firmicutes hypothesis initially pro-
posed by Turnbaugh and colleagues (2006) that associ-
ated obesity with decreased bacterial diversity and
reduced representation of Bacteroidetes.

In the ‘Obese’ library, Firmicutes OPUs were dominated
by the class Clostridia (Fig. 2), with 30.8% of 16S gene
sequences branching to the Lachnospiraceae lineage
(Clostridium cluster XIVa), followed by Ruminococcaceae
(Clostridium cluster 1V, 16.2%), Clostridiaceae (9.2%),
and unclassified Clostridiales (1.6%). Members of the
phylum Firmicutes branched to the classes Erysipelotri-

Fig. 1. Phylogenetic compositions of the
clone libraries retrieved from ‘Obese’ and
‘Lean’ individuals. Clones belonging to the
same RFLP group were affiliated according to
the sequences of the representative clones.
At the level of bacterial division or family,
sectors represent the percentages of each
group of the total number of clones in each
library. Smaller circles represent the
abundances of clones belonging to different
families within the divisions Bacteroidetes (up)
and Firmicutes (down), with respect to the
total of clones from these divisions.

Labels are as follows: A, Actinobacteria;

B, Bacteroidetes; F, Firmicutes;

P, Proteobacteria.

[ Rikenellaceae [ ] Lactobacillaceae [ christensenellaceae
[[T] Bacteroidaceae [l Acidaminococcaceae [ Erysipelotrichia
[] prevoteliaceae [l Peptococcaceae [l streptococcaceae

[ Porphyromonadaceae [ Unclassified Clostridiales [ ] Clostridiaceae

|7 Lachnospiraceae [l Ruminococcaceae
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Fig. 2. Dendrogram of the 16S rDNA gene clones (OPUs). Clones are designated as ‘O’ (red), ‘L’ (blue), or ‘LO’ (green) for ‘Obese’, ‘Lean’, or
‘Lean’/‘Obese’ microbiota respectively. The tree was calculated with nearly complete reference sequence data obtained from EMBL and RDP
databases. Closest type strains or isolates of each OPU were added. The number of sequences contained in each OPU is specified. Bacterial
lineages are as follows: A, Actinobacteria; Ac, Acidaminococcaceae; Ar, Archaea; B, Bacteroidetes; B, Betaproteobacteria; C, Clostridiaceae;
Ch, Christensenellaceae; 8, Delta-proteobacteria; E, Erysipelotrichaceae; L, Lactobacillaceae; Lc, Lachnospiraceae; P, Peptococcaceae; R,
Ruminococcaceae; S, Streptococcaceae; uC, unclassified Clostridiales; uF, unclassified Firmicutes.

chia (33%) and Bacilli (family Streptococcaceae, 3.2%).
Bacterial phylogeny in the ‘Obese’ library included the
phylum Actinobacteria (2.2%) and Bacteroidetes
members (3.2%). The ‘Lean’ microbial community was
more diverse, and a shift to Clostridium cluster IV
members in the class Clostridia was observed. Represen-

tatives of the Ruminococcaceae lineage (33.5%) were
more abundant than were Lachnospiraceae (19.4%), fol-
lowed by unclassified Clostridiales (4.1%), Christensenel-
laceae (2.9%) and Peptococcaceae (0.8%). The phylum
Firmicutes was completed with representatives of the
class Bacilli (Lactobacillaceae, 0.8%) and Acidaminococ-
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Table 2. General features of the metagenomes of the human faeces
from ‘Lean’ and ‘Obese’ subjects.

Parameter ‘Lean’ ‘Obese’
Size (bp) 11 889 690 10731 170
Contigs 14 607 12074
Average contig size (bp) 814 889
Average GC content (%) 48.59 44.48
Protein-coding genes (CDS) 21230 18 099
Average CDS size (bp) 470 456
tRNAs 164 186
rRNAs 80 74
Total RNAs 244 260
ORFs with predicted function 10614 9122
Hypothetical 4 347 3525
Conserved hypothetical 6 269 5452
Assigned to COGs 10176 8714
KEGG 14 684 12 322

caceae family (2.9%). Relatively few representatives of
Proteobacteria were detected (2.4%), and these
branched into Betaproteobacteria and Deltaproteobacte-
ria. Finally, ‘Lean’ and ‘Obese’ libraries shared 8 OPUs
populated by the Prevotella copri, Alistipes putredinis,
Eubacterium siraeum, Eubacterium fissicatena, Turici-
bacter sanguinis, Ruminoccous obeum and Faecalibacte-
rium prausnitzii clades.

Due to the clear shifts in community structure detected
among the faecal samples taken from obese and lean
individuals, it is important to compare the metabolically
active bacteria and to establish the ‘presumptive’ meta-
bolic capabilities that characterized them, which was
further evidenced by using a metaproteomic survey.

Active faecal microbiota in lean and obese guts

Using a complementary approach, DNA was sequenced
using a Roche GS FLX DNA sequencer. Pyrosequencing
of the metagenomes produced raw DNA sequences that
were assembled into 11.9 Mbp (15319 contigs) and
10.7 Mbp (13 206 contigs) for ‘Lean’ and ‘Obese’ micro-
bial metagenomes respectively. Further information
regarding the metagenome features is given in Table 2.
With a threshold of greater than 95% identity and an
aligned length of more than 150 bp, the majority of pre-
dicted genes in the metagenomes could be phylogeneti-
cally assigned, the analysis of which returned results
comparable to those found in the 16S rDNA assignments
at the phylum level, i.e. most fragments were assigned to
Bacteroidetes and Firmicutes in ‘Lean’ and ‘Obese’
respectively (data not shown). A total of 21 230 (for ‘Lean’)
and 18 099 (for ‘Obese’) protein-coding sequences (CDS)
were predicted. Approximately half of the predicted genes
(‘Lean’: 10 176; ‘Obese’: 8714) were assigned to clusters
of orthologous groups (COG) protein families, and
approximately 70% were assigned to Kyoto Encyclopedia

Metaproteomic insights associated to human obesity 215

of Genes and Genomes (KEGG) pathways (Table 2).
Neither the COG nor the KEGG profile exhibited promi-
nent overall differences (data not shown), and among the
CDS predicted, 7831 (or 37%) and 6054 (or 33%) were
unique for the ‘Lean’ and ‘Obese’, respectively, whereas
25 444 formed a common set. With a maximum E-value
criterion of 10~° and an alignment length of 75% minimum,
21% and 22% of the ‘Lean’ and ‘Obese’ sequences,
respectively, had no sequence similarity; these numbers
are in consonance with previous studies, in which almost
20-25% of all recognized proteins in human gut micro-
biomes were classified as ‘hypothetical proteins’ as they
did not belong to well-characterized protein families
(Kurokawa et al., 2007; Verberkmoes et al., 2009; Ellrott
etal, 2010; Qin et al.,, 2010). Additionally, ¢. 30% and
48% were similar to proteins of unknown function (‘con-
served hypothetical’), which is typical in metagenomic
projects (Sleator et al., 2008). Thus, an important fraction
of the microbiomes remains unknown, and their metabo-
lisms are difficult to unravel.

Using a complementary approach, the metaproteomes
of ‘Lean’ and ‘Obese’ were investigated via one-
dimensional (1-DE) gel-based pre-separation of proteins
and subsequent tryptic digestion, fractionation and iden-
tification of the resulting peptides by a nano-UPLC system
coupled to an LTQ-Orbitrap mass spectrometer. The DNA
metagenome sequences and a database containing
sequence information of human-associated microbes
(Rooijers et al., 2011) were used as templates. A total of
613 proteins were unambiguously quantified (Table S1)
following the criteria described in Experimental proce-
dures, of which 71 were ‘Lean’ specific, 37 were ‘Obese’
specific and 505 formed a common set. The number of
identified proteins is within common ranges that have
been observed for other human gut-associated commu-
nities and is only three times lower than that observed for
cultivable organisms. For example, more than 200 protein
spots were visualized in 2D gels of proteins collected from
faecal samples of infants (Klaassens et al., 2007), and by
using shotgun proteomic approaches 600-900 proteins
were identified in two faecal samples collected from two
healthy female identical twins (Verberkmoes et al., 2009)
and 1790 in three healthy, omnivorous females (Kolmeder
et al., 2012). The identified proteins only capture a portion
of the predicted coding capacity of the intestinal micro-
biome; however, as the majority of the spectra could be
assigned to a taxonomic and functional annotation based
on highly similar homologues, the metaproteomic
approach applied here allowed us to compare taxonomic
annotations to evaluate the differences between the con-
tributions of particular groups of organisms to the global
community, that is, to identify metabolically active
members, and to predict the importance of particular sets
of proteins and the microbes containing them for the
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Fig. 3. Phylogenetic classification based on phylogenetic and metaproteome analysis.
A. Taxonomic bins for bacterial 16S rDNA gene sequences (OPUs) and phylogenetic categories at the phylum level of proteins that were

identified in the metaproteomes (as shown in Table S1).

B. Phylogenetic categories at the genus level of proteins that were identified in the metaproteomes (as shown in Table S1). Assignments were

performed as described in Experimental procedures.

overall functioning of the community. Moreover, a label-
free quantification based on protein intensities has been
adopted to quantify the relative abundance of proteins in
analysed shotgun proteomic data.

To ascertain which bacteria were responsible for the
observed protein expression, we determined their taxo-
nomic assignments as described in Experimental proce-
dures. As illustrated in Fig. 3A, the compositions of active
bacteria for the ‘Lean’ and ‘Obese’ samples were clearly
different. In the ‘Lean’ sample there are mainly proteins
assigned to Bacteroidetes (81%), albeit this phylum rep-
resents only about 20% (based on 16S rDNA) of the total
community (Fig. 3A), followed by those assigned to Firmi-
cutes (12%) and, to a minor extent, Actinobacteria and
Proteobacteria (approximately 3% in total). In the ‘Obese’
sample the major taxa responsible for protein expression
was Firmicutes phylum (56%) in agreement with its domi-
nance in the total bacteria (94% 16S rDNA). Active
Bacteroidetes (42%) are almost equally abundant, with
Actinobacteria and Proteobacteria accounting for only
1.7% of the total hits; the shift towards active

Bacteroidetes members in ‘Obese’ was noteworthy as
they account only 3.2% of the total community (Fig. 3A).
This suggests that minor bacterial taxa may play a signifi-
cant active role in overall ‘Lean’ and ‘Obese’ gut metabo-
lisms, with Bacteroides members possibly playing a major
active role in both ‘Lean’ (rDNA/protein abundance ratio of
1:4) and ‘Obese’ (rDNA/protein abundance ratio of 1:13)
guts. At the genus level, proteins attributed to Prevotella
and Bacteroides predominated (59% and 20% respec-
tively) in the ‘Lean’ gut, whereas the ‘Obese’ gut was
mainly dominated by active Bacteroides and Eubacterium
members (33% and 30% respectively) (Fig. 3B).

The identification of the different active members
in both individuals may be of important significance as,
in the gut ecosystem, few studies have focused on
metatranscriptomics and metaproteomics to provide infor-
mation on metabolically active bacteria and associated
proteins in faecal samples, any of them related to obese-
lean comparisons. Turnbaugh and colleagues (2010)
focused on the gene expression analysis of faecal samples
from a monozygotic twin pair, whereas Booijink and col-
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leagues (2010) and Gosalbes and colleagues (2011)
studied the faecal metatranscriptome of healthy volunteers
using cDNA-AFLP or pyrosequencing respectively. It was
found that the two bacterial phyla, Firmicutes (c. 50%) and
Bacteroidetes (c. 30%), provided the largest number of
16S rRNA transcripts. More recently, a metaproteomic
analysis of three healthy, omnivorous female subjects,
revealed Firmicutes phylum as the most active one (60—
86% of assigned spectra) as compared with Bacteroidetes
(6—11%) (Kolmeder et al., 2012). Therefore, the taxonomic
classification of the active microbiota in faeces from the
‘Lean’ sample herein investigated seems to differ from that
reported for other human faecal samples.

Functional activities of the microbial communities in
lean and obese guts

Among the 613 proteins identified and quantified, only 86
were characterized as hypothetical, predicted or putative
in the annotation. A total of 505 proteins were identified in
both samples and exhibited an exponential distribution
(Fig. 4), with the relative intensities of 144 (from 619- to
2.8-fold) and 191 (from 852- to 3.1-fold) proteins being
significantly higher in ‘Lean’ and ‘Obese’ respectively. This
clearly indicated that both communities displayed consid-
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erable heterogeneity in terms of protein expression, in
accord with their distinct phylogenetic compositions
(Figs 1 and 2). As shown in Table S1, the ten most abun-
dant proteins in ‘Lean’ were five outer membrane proteins
most likely involved in siderophore/ion/sugar binding and
transport, one pectate lyase yielding oligosaccharides
from galacturonan, and enzymes involved in glycolysis
such as aldose 1-epimerase. Among the proteins found
only in ‘Lean’, we identified 5 rubrerythrin/rubredoxins
(ferritin-like diiron-binding domain proteins). The physi-
ological role of rubrerythrins, which have also been iden-
tified in faecal samples from healthy female identical twins
(Verberkmoes etfal, 2009), has not been identified;
however, they have been shown to be protective against
oxidative stress. A superoxide dismutase, also involved in
the oxidative stress response, was also found among the
proteins exclusive to ‘Lean’. In contrast, the 10 most
abundant microbial proteins in ‘Obese’ included an o-L-
arabinofuranosidase involved in yielding oligosaccharides
from arabinans and xylans, the large (o) subunit of Bis-
dependent diol dehydratase, possibly involved in 1,2-
propanediol metabolism, two outer membrane transport
proteins, most likely involved in siderophore/ion/sugar
binding and transport, a B-subunit DNA-directed RNA
polymerase, a fibronectin type 3 domain-containing
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Fig. 4. Normalized intensity distribution of proteins that were identified in ‘Obese’ (left) and ‘Lean’ (right) human distal gut metaproteomes.
Graphs represent the normalized intensities per each of the identified proteins calculated as described in Experimental procedures, using an
artificial metagenome based on a set of bacterial and archaeal genomes listed by Rooijers and colleagues (2011) (upper panels) or the
metagenomic data from the ‘Obese’ and ‘Lean’ samples (lower panels). For details see Table S1.
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protein possibly involved in cell adhesion (Jee etal,
2002), an IM30-like phage shock protein A that has been
demonstrated to maintain the energetic state of the mem-
brane under stress conditions (Kleerebezem et al., 1996;
Kobayashi et al., 2007), and an orotidine 5-phosphate
decarboxylase, an enzyme essential to the de novo bio-
synthesis of the pyrimidine nucleotides. Among those
exclusively found in ‘Obese’, the identifications of a CbiK
anaerobic cobalt chelatase and a flagellin superfamily
protein were noteworthy, and the biological significance of
these proteins will be discussed below.

To predict the metabolic potential and to look for sig-
nificantly over- and under-represented COGs and pro-
teins, a comparative analysis was further used. COG
profiing analysis (Fig. 5 and Table S1) demonstrated
similarities between both communities, as it has also
been reported previously when trying to define a
common core microbiota between different subjects (Gill
et al., 2006; Kurokawa et al., 2007). In both cases, the
overall COG distribution exhibited a uniform pattern with
a high representation of COGs classified into the ‘Car-
bohydrate Metabolism’, ‘Amino Acid Transport and
Metabolism’, ‘Nucleotide Transport and Metabolism’ and
‘Energy Production and Conversion’ groups; however,
clear differences were observed that characterized the
‘Obese’ gut, that will be discussed below. Significant
over-representations of proteins from COGs for ‘Cell
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Fig. 5. COG distribution of the proteins detected in the
metaproteomes of ‘Lean’ and ‘Obese’ human distal gut samples.
The COG functional category distribution, based on the identified
proteins assigned to particular groups (see details in Table S1), is
visualized. COG categories as follows: C, energy production and
conversion; D, cell division and chromosome partitioning; E, amino
acid transport and metabolism; F, nucleotide transport and
metabolism; G, carbohydrate transport and metabolism; H,
coenzyme metabolism; I, lipid metabolism; J, translation, ribosomal
structure and biogenesis; K, transcription; M, cell envelope
biogenesis, outer membrane; N, cell motility and secretion; O,
post-translational modification, protein turnover, chaperones; P,
inorganic ion transport and metabolism; R, general function
prediction only; S, Function unknown; T, signal transduction
mechanisms.

Motility’ and, to a lesser extent, ‘Lipid transport and
metabolism’ and ‘Translation, ribosomal structure and
biogenesis’ were remarkable. Only COG proteins
assigned to ‘Nucleotide Transport and Metabolism’ were
more abundant in the ‘Lean’ gut.

Shifts associated to potential microbes—host interacting
components such as flagellin and pili

The striking abundance [log, of the ratios of average
intensities (‘Obese’/'Lean’) from 3.1 to 5.5) of 3 pili-
formation proteins and 5 proteins containing the flagellin
domain within the ‘Cell motility’ category was noteworthy
in the ‘Obese’ microbiome, and a flagellin (Tad-like)
superfamily protein was also determined to be ‘Obese’
specific (Fig. 6). Three of these proteins were assigned
to Bacteroides and 6 to Firmicutes. Additionally, a
glycoprotein containing the fibronectin type 3 domain,
most likely involved in binding extracellular matrix compo-
nents, such as collagen, fibrin and proteoglycans, was
also detected at a significantly higher level in the ‘Obese’
gut [log.(‘Obese’/‘Lean’) of 8.1]. No representative of pro-
teins belonging to the ‘Cell Motility’ COG category was
identified in the ‘Lean’ metaproteome. The intestinal
flagellin may provide microbes the capacity to be motile,
allowing them to better reach their food sources, namely
carbohydrates (O’Connell Motherway etal, 2011;
Kolmeder et al., 2012). The fact that the ‘Obese’ gut may
contain a higher amount of carbohydrates may explain
flagellin genes being expressed; however, the possibility
that abnegation of motility may be an adaptation mecha-
nism of gut microbes to persist in the intestinal environ-
ment, as flagella are highly immunogenic, cannot be ruled
out. In this context, it has been recently reported that the
abundances of genes for the biosynthesis of flagella and
chemotaxis in wean-type microbiota are greater than the
abundances in adult microbiota (Kurokawa et al., 2007).
Therefore, this study provided experimental evidence that
suggests that not only age but also obesity may be driving
forces for lowering or improving cell motility and adhesion
and, thus, host colonization and persistence in the human
gut. Additional large-scale comparative studies of faecal
samples from different individuals may be required to
further confirm this hypothesis.

Shifts associated to microbes-mediated biosynthesis
of vitamins

In the COG category ‘Coenzyme transport and metabo-
lism’, which was shown to be twofold enriched in the
‘Lean’ gut, distinct ‘presumptive’ capacities for the produc-
tions of vitamin B and B, were observed that differentiate
the microbial communities residing in ‘Lean’ and ‘Obese’
guts respectively (Fig. 6). This was shown by the identifi-
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Fig. 6. Relevant proteins detected in the metaproteomes of ‘Lean’ and ‘Obese’ human distal gut samples with significant abundance changes.
Full details of identified and quantified proteins are provided in Table S1. Graph represent the logarithms of the ratios to the base of 2 of the
normalized intensities per each of the identified proteins calculated as described in Experimental procedures. For upregulation of protein
expression in the ‘Obese’ environment, a threshold of at least 1.5 in the ratio value was set; for downregulation, a maximum value of —1.5 was
set. Protein ID as described in Table S1: R refers to protein identified using an artificial metagenome based on a set of bacterial and archaeal
genomes listed by Rooijers and colleagues (2011), and M refers to proteins identified using the metagenomic data. Protein names as follows:
Pilw, type IV pilus biogenesis/stability protein; FIgL, flagellar hook-associated protein; TadD, Flp pilus assembly protein; CbiK, anaerobic cobalt
chelatase; PduB, 1,2-Propanediol utilization protein B; CobN, cobaltochelatase subunit CobN; PdxS, Pyridoxal biosynthesis lyase. H,
coenzyme metabolism; G, carbohydrate transport and metabolism; |, lipid metabolism; N, cell motility and secretion; M, cell envelope

biogenesis, outer membrane.

cation of three pyridoxal biosynthesis lyases (PdxS) that
were expressed at higher levels in the ‘Lean’ as compared
with the ‘Obese’ gut [logo(‘Obese’/'Lean’) from —2.0 to
—6.0); additionally, a functional partner of PdxS, phospho-
ribosylaminoimidazole carboxylase (catalytic subunit),
was found only in the ‘Lean’ gut. These proteins most
likely all binned to members of Prevotella. Both types of
proteins are essential in pyridoxine (vitamin Bg) synthesis.
In the case of vitamin B, biosynthesis, cobalt is inserted
into a macrocycle by a cobaltochelatase, which is specific
to either the aerobic (oxygen-dependent) or the anaerobic
pathway for cobalamin biosynthesis (Lobo et al., 2008).
The identification of two cobaltochelatases in the ‘Obese’
gut metaproteome, including one aerobic CobN-like
binned to a member of the Bacteroides genus
[logo(‘Obese’/’Lean’) of 4.2] and one anaerobic CbiK-like
binned to Eubacterium (only found in ‘Obese’), is note-
worthy. This suggests that in the ‘Obese’ gut, vitamin B,
most likely is biosynthesized by two distinct active path-
ways. Possibly, different members of the community are
able to complement each other in an aerobic-anaerobic
inter alia association for the synthesis of host-important
molecules, such as cofactors and vitamins. Although a
study with greater statistical power may be required for

further interpretation, our results suggest that the biologi-
cal production of vitamins and the uptake of key metals
such as Co?* through microbes in the human gut may be
affected positively or negatively in lean and obese indi-
viduals. This is important because animals are not
capable of synthesizing vitamin B, (among other vita-
mins), and only bacteria have the enzymes required for its
synthesis. Altered capacity for its production may have
additional biological implications, including host health
and the activation or deactivation of Bi.-dependent
enzymes (Rodionov et al., 2003). This is in agreement
with previous observations that reported higher levels of
propionate in obese subjects and that propionate fermen-
tation is mediated by a B.-dependent methylmalonyl-CoA
mutase (Schwiertz et al,, 2010). Our results also agree
with previous observations that demonstrated that the
distal gut microbiomes of healthy adults are enriched with
a variety of COGs involved in the synthesis of essential
vitamins, including B, and Bs (Gill et al., 2006); however,
our study provides further experimental evidences that
suggest that in lean and obese individuals the biosynthe-
sis of multiple vitamins and, in turn, their contributions to
the overall gut metabolism, may be altered at different
levels through the enrichment or depletion of set of
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enzymes. Taken together, these results agree with a
recent study by Greenblum and colleagues (2012), which
through a ‘metagenomic system biology’ approach has
revealed gain or loss of certain peripheral metabolic
enzymes and that lean and obese microbiomes differ
primarily in their interface with the host in the way they
interact with host metabolisms, as has been also evi-
denced here (i.e. vitamin metabolic network between gut
microbes—host).

In relation to the synthesis of vitamin By, the identifica-
tion of a Firmicutes-binned 1,2-propanediol utilization
protein, a PduB protein, in the ‘Obese’ should also be
highlighted (Fig. 6). The pdu genes have been shown to
be contiguous and co-regulated with the cobalamin (cob)
(B12) biosynthetic genes, indicating that propanediol
catabolism is the primary reason for de novo B+, synthesis
in some organisms (for details see Bobik et al., 1999 and
references therein). The enzymes of the propanediol uti-
lization (pdu) operon may work during either aerobic or
anaerobic growth (Krooneman et al., 2002), which also
agrees with the aerobic and anaerobic features of the two
cobalt chelatases identified in the obese microbiome (see
above) and suggests the presence of at least two distinct
active bacteria operating in vitamin B, synthesis, which is
also important for 1,2-propanediol utilization. The PduB
proteins have been shown to be involved in the formation
of polyhedral bodies that contain genes (i.e. dehydrates)
devoted to 1,2-propanediol degradation, and their roles in
protecting essential proteins from oxygen and in bacterial
survival and niche establishment have been reported
(Krooneman et al., 2002). This agrees with the further
identification of the small and large subunits of 1,2-
propanediol dehydrates and a phosphate propanoyltrans-
ferase in the ‘Obese’ metaproteome (Fig. 6) and suggests
the presence of 1,2-propanediol-fermenting, facultative
anaerobic and hetero-fermentative bacteria in the ‘Obese’
gut.

Shifts associated to microbes-mediated hydrolysis and
fermentation of dietary-fibre or host-derived glycans

Butyrate kinase was the most highly enriched COG in a
human gut metagenomic study by Gill and colleagues
(2006) after examining DNA sequences obtained from the
faecal DNA of two healthy adults. Although we did not
identify butyrate kinases in the shotgun metaproteomes,
we did find that three 3-hydroxybutyryl-CoA dehydratases,
two butyryl-CoA dehydrogenases and two thiolases
(acetyl-CoA acetyltransferases), all possibly involved in
butyrate metabolism, had relatively higher expression
levels in the ‘Obese’ microbiome [log.(‘Obese’/Lean’)
ranging from 1.9 to 7.2 and one specific; Fig. 6]. These
proteins contributed to the approximate fourfold over-
abundance of proteins within the ‘Lipid transport and

metabolism’ category (Fig.5). The high abundance of
butyryl-CoA dehydrogenases, also reported in healthy
female identical twins (Verberkmoes et al., 2009), is note-
worthy. Butyrate producers that colonize the human gut are
strict Firmicutes (anaerobes), with the two most abundant
groups being related to Eubacterium rectale/Roseburia
spp. and to Faecalibacterium prausnitzii. Accordingly, all
proteins possibly involved in butyrate metabolism herein
identified in the ‘Obese’ gut most likely binned to Firmicutes
members, such as Eubacterium. The activation of butyrate
production in the ‘Obese’ microbiome, which may be linked
to dietary polysaccharide fermentation, may have practical
beneficial implications, as butyrate is thought to play an
important role in maintaining colonic health in humans as
the major source of energy to the colonic mucosa (Louis
and Flint, 2009).

In both microbiomes, there were over-representations
of proteins belonging to the COG classified as ‘Carbohy-
drate Transport and Metabolism’, with 32 (for ‘Lean’) and
48 (for ‘Obese’) proteins identified (Fig. 5 and Table S1).
In both cases, abundances and high expression levels of
proteins involved in xylose, arabinose, glucose, galactose
and mannose metabolism were observed, in agreement
with the fact that xylan-, pectin- and arabinose-containing
carbohydrate structures are among those commonly con-
sumed by humans (Gill et al., 2006). Among these, 6 and
12 distinct glycosyl hydrolases (and a number of enzymes
acting against the produced oligosaccharides) were iden-
tified in ‘Lean’ and ‘Obese’ metaproteomes respectively
(Table S1). All ‘Lean’ proteins binned to Prevotella
members of the Bacteroides phylum, whereas among the
proteins identified in the ‘Obese’ (see Table S1), the
majority (~ 90%) binned to Firmicutes members, espe-
cially to Ruminococcus. This shift is also observed when
examining the proteomic signatures in relation to the
uptake and hydrolysis of cellobiose. Two cellobiose phos-
phorylases were identified, including one ‘Lean’ specific
and one that was more abundant in the ‘Obese’ gut
[logo(‘Obese’/'Lean’) of 1.95] (Fig.6). Whereas the
first enzyme binned to a Prevotella member of the
Bacteroides phylum, the second binned to a Faecalibac-
terium member of the Firmicutes phylum. Taken together,
the results provided evidences that suggest that different
metabolically active bacterial members in ‘Lean’ and
‘Obese’ microbiomes mediate similar functions, in agree-
ment with previous investigations that associated cellu-
lolytic activity to different bacterial groups (Turnbaugh
etal., 2010). It is also worth mentioning the identification
of a putative GT1-glycogen phosphorylase and an HPr
kinase/phosphorylase that were more abundant in the
‘Obese’ gut [logx(‘Obese’/'Lean’) from ~ 5.0 to 7.0]. These
enzymes, together with other oligosaccharide phosphory-
lases, catalyse the breakdown of oligosaccharides
[i.e. glycogen (from host tissue), starch or maltodextrins]
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into glucose-1-phosphate units and are thus important
enzymes in carbohydrate metabolism. Additionally,
several COGs responsible for fucose (most likely originat-
ing from host mucus) utilization are enriched in the human
gut microbiome (Gill et al., 2006). This is also supported
by this investigation: 4 distinct L-fucose isomerases were
identified in both ‘Lean’ and ‘Obese’ guts (2 hits each)
(Table S1), thus providing experimental evidence that
fucose is an attractive and accessible source of energy for
members of the microbiome — in particular, Bacteroides in
the ‘Lean’ gut and Firmicutes in the ‘Obese’ gut (as dem-
onstrated by binning analysis of the corresponding protein
sequences) (Table S1).

Presence of other proteins in lean and obese guts

Additionally, a number of proteins were identified in both
‘Lean’ and ‘Obese’ guts (Table S1), including glutamate
dehydrogenases (12), aminotransferases such as
ornithine/acetylornithine (9) and phosphoserine ami-
notransferases (3), lactate dehydrogenase (1) and phos-
phoenolpyruvate carboxykinases (4), most likely playing
roles as electron sinks and in gluconeogenesis, pyruvate-
formate lyases (4), which are spread in anaerobes and
convert pyruvate to acetyl-CoA and formate, and GroEL
chaperonins (9) and a NifU protein with chaperone func-
tion (1). This set of proteins has also been reported as
being expressed in the guts of healthy adults (Kolmeder
et al., 2012), which corroborates their relevance in human
gut microbiomes in both ‘Lean’ and ‘Obese’ individuals.

Conclusions

The human distal gut is a metabolically active organ that
consumes a considerable amount of energy; when the
food supply, and thereby the energy supply, is modified,
structural and functional changes occur rapidly with con-
sequences that have been suggested to modulate path-
ways controlling the overall metabolism. Global changes in
microbial diversity have been visualized by a number
of approaches, but a complete understanding of this
process from a functional point of view remains to be
achieved. Here, cultivation-independent metagenomic,
shotgun metaproteomic and 16S rDNA assessments were
employed to deduce correlations between metabolic
potential and phylogenetic, genomic and proteomic blue-
prints of the microbial communities active in faecal
samples from one ‘Lean’ and one ‘Obese’ adolescent. Our
metagenomic approach revealed that the putative origins
(at the phylum level) of genes encoded by the recovered
DNA fragments were in accordance with the observed 16S
rDNA gene diversity and reflected the expected range of
organisms that thrive in gut environments. A few ecological
and metabolic clues can be correlated to differences in
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bacterial lineages defined by full-length 16S rDNA
sequences and proteins identified by shotgun proteomics.
Thus, there was a drastic change in total and active micro-
bial community. For active bacteria, Firmicutes and
Bacteroidetes represent both the most active phyla in
‘Obese’ gut, whereas a clear shift towards active
Bacteroidetes was observed in ‘Lean’. Furthermore, our
data suggest that the ‘Obese’ gut contains a subset of
specialized primary Firmicutes degraders that use pili and
fibronectin domain-containing proteins to adhere tightly to
substrates and/or host tissues. Accordingly, recent in vitro
studies showed that the colonization of starch by human
microbiota was mainly performed by Eubacterium rectale
and Ruminococcus bromii (Leitch et al., 2007), whose
clade members account for 20% and 4% in the ‘Obese’ and
‘Lean’ libraries respectively. Moreover, many of these bac-
teria are hydrogen producers that, in association with an
acetogen, use hydrogen to produce acetate (Chassard
and Bernalier-Donadille, 2006). The production of fermen-
tation products from released oligosaccharides is distrib-
uted among many clostridial clusters; however, an
abundant group of butyrate producers belongs to Rose-
buria and Faecalibacterium genera (acetate converters)
and to Eubacterium halii and Anaerostipes caccae
(acetate and lactate converters) that are also hydrogen
producers (Flint et al., 2007). Although no differences in
the abundance of butyrate producers were found between
our samples at the level of 16S rDNA, the net functional
activation of butyrate metabolism and acetogenesis (OPU
41, Clostridium ruminantium clade) was only observed in
the ‘Obese’ library. These data suggest that the ‘Obese’
faecal ecosystem provides a more efficient cross-feeding
interaction between consortia members for dietary
polysaccharide fermentation. Finally, this study should be
of special interest in defining the roles of individual func-
tional microbial pathways in human metabolism, as differ-
ences in vitamin biosynthetic pathways were observed on
several levels in ‘Lean’ and ‘Obese’ gut microbiomes.
Furthermore, this study provides experimental evidence
that the functional roles of bacterial members can be
interchanged in ‘Lean’ and ‘Obese’ gut microbiomes to
produce stable functional communities depending on the
food (or energy) supply. Accordingly, gut microbial commu-
nities may display a higher metabolic plasticity than previ-
ously assumed. The study herein reported for two
individuals highlights the importance of integrated metage-
nomic and metaproteomic approaches, towards unravel-
ling the dynamics and mechanisms underlying the
response of intestinal microbiota to obesity. This is of
special significance as we know that most research relied
on indirect evidence from DNA-based approaches that fail
to provide information on actual protein synthesis. Further
studies investigating different (un)related individuals and
alternative integrated meta-omic approaches, such as
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metatranscriptomic and metametabolomic, should be
required to ascertain the metabolic consequences in rela-
tion to obesity.

Experimental procedures

Subjects, anthropometric measures and
biochemical analyses

Subjects for the study were selected according to their body
mass index [BMI; weight (kg) height (m)~?] from the panel of
adolescents collected during the course of the EVASION
study (Nadal et al., 2009; Santacruz et al., 2009). The study
was designed to develop a multidisciplinary obesity treatment
programme that was assessed and controlled by Paediatric
services in Spain. The study was approved by the local ethics
committees and was conducted in accordance with the
ethical rules of the Helsinki Declaration (Hong Kong revision,
September 1989), following the EEC Good Clinical Practice
guidelines (document 111/3976/88 of July 1990) and current
Spanish law, which regulates clinical research in Humans
(Royal Decree 561/1993 regarding clinical trials). Written
informed consent was obtained from all participants and their
parents. The subjects had not been subjected to any antibi-
otic treatments, dietary interventions, or specific diets for at
least 1 month prior to sampling and considered themselves
healthy. Overweight (including obesity) in participants was
determined according to the International Obesity Task Force
criteria defined by Cole and colleagues (2000). Fasting
plasma glucose and insulin, uric acid, total cholesterol, trig-
lycerides, and HDL and LDL cholesterol levels were mea-
sured in obese subjects as described in Nadal and
colleagues (2009). Individuals designated ‘Lean’ (lean ado-
lescent) and ‘Obese’ (obese subject) were the focus of our
study. The anthropometric and clinical characteristics of both
adolescents are as follows: sex (‘Lean’: female; ‘Obese’
male), Age (‘Lean’: 15 years; ‘Obese’ 15 years), weight
(‘Lean’: 63.1 kg; ‘Obese’: 102.7 kg), Height (‘Lean’: 165 cm;
‘Obese’: 171 cm), BMI (kg m?) (‘Lean: 23.18; ‘Obese’
35.12), fasting glucose (mgdli™) (‘Lean’ n.d. — not deter-
mined; ‘Obese’: 80), fasting insulin (pg ml") (‘Lean’: n.d.;
‘Obese’: 517), uric acid (mg dI”') (‘Lean’: n.d.; ‘Obese’: 8.6),
total cholesterol (mg dI”') (‘Lean’: n.d.; ‘Obese’ 198), HDL
cholesterol (mg dI”') (‘Lean’: n.d.; ‘Obese’”: 46), LDL choles-
terol (mg dI”") (‘Lean’: n.d.; ‘Obese’: 118), and tryglicerides
(mg dI') (‘Lean’: n.d.; ‘Obese’: 172).

Faecal sample collection and preparation for
protein extraction

Fresh faecal samples were collected, immediately frozen at
—20°C and stored at —80°C until they were analysed. Faeces
were thawed, diluted in 0.05% L-cysteine PBS, pH 7.5, solu-
tion and vigorously mixed at 37°C for 10 min. After low-speed
centrifugation (2000 g, 15 min), the supernatant was col-
lected and centrifuged at 16 000 g for 5 min to precipitate
faecal bacteria. Faecal bacteria were further washed with
0.05% L-cysteine PBS, pH 7.5, solution and then centrifuged
at 16 000 g for 5 min. The resultant pellet of bacteria was
lysed in BugBuster Protein Extraction Reagent (Novagen,

Darmstadt, Germany) for 30 min at room temperature.
Faecal bacteria were treated with Lysonase Bioprocessing
Reagent (Novagen) for 1 h at 4°C, with further disruption by
sonication for 2.5 min on ice. The extract was then centri-
fuged for 10 min at 12 000 g to separate cell debris and intact
cells. The supernatant was carefully aspirated (to avoid dis-
turbing the pellet) and transferred to a new tube, and proteins
were precipitated by methanol-chloroform precipitation and
dry pellet stored at —80°C until they were analysed.

DNA extraction

DNA was extracted from faecal bacteria as described by
Zoetendal and colleagues (1998). Faecal samples of
100 mg each were homogenized in 1 ml of TN150 buffer
(10 mM Tris-HCI pH 8.0 and 150 mM NaCl) with 0.3 g of
glass beads (0.1 mm diameter) and 150 ml of buffered
phenol. Bacteria were disrupted with a mini bead beater at
5000 r.p.m. for 1 min at 4°C (Biospec Products, Bartlesville,
OK, USA). After centrifugation, genomic DNA was purified
from the supernatant with a GNOME DNA isolation kit (MP
Biomedicals, USA), quality-checked by agarose electro-
phoresis and spectrophotometrically quantified (NanoDrop,
Fisher Scientific, Spain).

DNA sequencing, assembly, gene prediction, annotation
and gene taxonomic assignments

Sequencing was performed with a Roche 454 GS FLX Ti
sequencer (454 Life Sciences, Branford, CT, USA) at Lifese-
quencing S.L. (Valencia, Spain), with one picotiterplate each.
Assembly was performed with Roche’s Newbler assembler v.
2.5.3 with default parameters. For the identification of 16S
rDNA gene partial sequences (with a length > 600 nucle-
otides), raw sequences were used.

Potential protein-coding genes were identified by using
MetaGene (Noguchi et al., 2006). Additionally, contigs without
ORF predictions by MetaGene were translated into artificial
reading frames and were then BLAST-searched against the
NCBI-nr database for similar sequences. Artificial translations
with similarities were further processed in the same way as the
predicted ORFs from MetaGene. Transfer RNA genes were
identified using tRNAScan-SE (Lowe and Eddy, 1997), and
ribosomal RNA genes were identified with Meta-RNA 1.0
(Huang et al., 2009). Annotation was performed with GenDB,
version 2.2 (Meyer et al., 2003), supplemented by the tool
JCoast, version 1.7 (Richter et al., 2008). For each predicted
ORF, observations were collected from similarity searches
against the sequence databases NCBI-nr, Swiss-Prot, KEGG
and genomesDB (Richter et al., 2008) and the Pfam (Bateman
et al., 2004) and InterPro (Mulder et al., 2005) protein family
databases. SignalP was used for signal peptide predictions
(Bendtsen et al., 2004), and TMHMM was used for transmem-
brane helix-analysis (Krogh et al., 2001). Predicted protein
coding sequences were automatically annotated by the
in-house software MicHanThi (Quast, 2006). MicHanThi pre-
dicts gene functions based on similarity searches using the
NCBI-nr (including Swiss-Prot) and InterPro databases. The
annotation of proteins highlighted within the scope of this study
was subject to manual inspection. For all observations regard-
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ing putative protein functions, an E-value cut-off of 10 was
standard. To evaluate the taxonomic consistency of the con-
served ORFs, all ORFs were tested by BLAST analysis for the
taxonomic distribution of best hits against a local genome
database (genomesDB; M. Richter, unpubl. data). Only hits
with an e-value below e were considered significant. The
local genome database (genomesDB) provides a computa-
tionally well-defined environment of ~ 3000 published whole/
draft genome sequences of bacterial and archaeal origin, with
all ORFs of each genome carrying a unique ID. To allow
genome comparisons between specific user-defined groups,
all ORFs are assigned to the respective organism and meta-
bolic group. In contrast to the general purpose database
NCBI-nr, which contains every sequence ever submitted, the
focus of genomesDB is the association of every protein to their
taxonomic affiliation in a refined environment.

To identify potential metabolic pathways, genes were
searched for similarity against the KEGG database. A match
was counted if the similarity search resulted in an E-value
below 1e®. All occurring KO (KEGG Orthology) numbers were
mapped against KEGG pathway functional hierarchies and
were statistically analysed. All predicted ORFs were also
searched for similarity against the cluster of orthologous
groups (COG) database (Tatusov et al., 2003). A match was
counted if the similarity search resulted in an E-value below
1e®.

PCR ampilification of 16S rDNA

Clone libraries were generated from total genomic DNA
extracted from faecal samples. Amplified PCR products of
16S rDNA obtained with universal primers 27f and 1492r
were purified and cloned using the pGEM-T cloning kit
(Promega, USA) followed by electroporation into Escheri-
chia coli XL1 Blue cells; the resulting clones were selected
according to the manufacturer’'s recommendations. Initially,
the cloned inserts were amplified by PCR with vector
primers, digested with Alul, Haelll and Mspl restriction
endonucleases (New England BiolLabs, Ipswich, MA) and
separated by electrophoresis in 3% (w/v) SeaKem LE
agarose (Cambrex, Wiesbaden, Germany). The RFLP
analysis showed that Mspl restriction was the best classifier
for our samples; therefore, it was used to group the
selected clones. Clones exhibiting the same RFLP patterns
were grouped, and representatives from each group were
selected for sequencing. Full-length 16S rDNA sequences
of the selected clones were determined from plasmid DNA
preparations obtained using a Nucleospin plasmid kit
(Macherey-Nagel, Germany) and a BigDye terminator cycle
sequencing v3.1 kit (Applied Biosystems, Foster City, USA)
according to the manufacturers’ instructions.

Phylogenetic analysis of 165 rDNA

Full-length 16S rDNA sequences were compared with refer-
ence sequences from the EMBL Nucleotide Sequence Data-
base (Cochrane etal., 2006) using the FASTA algorithm
(Pearson and Lipman, 1988) and were subsequently aligned
with reference sequences using CLUSTALW. Sequences
were checked for chimeric artefacts using the CHECK_CHI-
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MERA programme (Cole et al., 2003). Phylogenetic trees
were constructed with the MEGA programme (Tamura et al.,
2011) using the neighbour-joining distance method with ref-
erence 16S rDNA sequences and full-length sequences
obtained in this study.

1D-gel electrophoresis, mass spectrometry and
data analysis

Technical replicates of samples (herein referred as ‘Obese’-3,
‘Obese’-5, ‘Lean’-3 and ‘Lean’-5) were thawed on ice and
resuspended in 500 ul 20 mM Tris buffer (pH 7.5; 0.1 mg ml™
MgCl;; 1 mM PMSF). Protein concentrations were deter-
mined using the Bradford assay. For 1-DE analysis, two rep-
licates of 50 pug of protein per sample [technical replicates
denoted by (a) or (b)] were precipitated with five volumes of
ice-cold acetone and were separated using a 12% acryla-
mide separating gel and the Laemmli buffer system. After
electrophoresis, protein bands were stained with colloidal
Coomassie Brilliant Blue G-250 (Roth, Kassel, Germany).
Entire protein lanes were individually cut into 7 bands, and
subsequent in-gel tryptic digestion was performed. Tryptic
digests of each band were desalted using the ZipTip C18
before MS analysis.

Peptides were analysed by UPLC-LTQ Orbitrap-MS/MS
as described in Bastida and colleagues (2010). The pep-
tides were eluted for 77 min over a 2-60% acetoni-
trile + 0.1% formic acid gradient. Continuous scanning of
eluted peptide ions was performed between 300-1600 m/z,
automatically switching to MS/MS CID mode on ions
exceeding an intensity of 2000. Raw data were further pro-
cessed with MaxQuant™ (version 1.2.18) (Cox and Mann,
2008). Raw data obtained from peptide samples originating
from the same lane on the 1DE gel were combined. The
databases searched were the provided metagenomic data
from the ‘Obese’ and ‘Lean’ samples and an artificial
metagenome based on a set of bacterial and archaeal
genomes listed by Rooijers and colleagues (2011). Settings
for MaxQuant: Peptide modifications given were methionine
oxidation as variable and cysteine carbamidomethylation as
fixed. Further settings were first search p.p.m. of 20, main
search p.p.m. of 6, maximum number of modifications per
peptide 5, maximum missed cleavages 2 and a maximum
charge for the peptide of 7. Parameters for the identification
were a minimum peptide length of 5 amino acids and 1%
false discovery rates for peptides, proteins and levels of
modification sites. A minimum of 2 unique peptides was
required for protein identification. Apart from unmodified
peptides, only peptides with oxidized methionine and car-
bamidomethylized cysteine were used for quantification.
Only unique or razor peptides were chosen for use in quan-
tification. Miscellaneous settings switched on were
re-quantified; low-scoring versions of identified peptides,
match between runs (time window of 2 min), label-free
quantification and second peptides were kept.

To analyse the data, intensities attributed to each identified
protein were divided by the number of peptides assigned to
the protein. Then, normalization was performed by dividing
these corrected intensity values by the median of all cor-
rected intensities from the same sample. The ratio of the
normalized intensities was calculated for each protein by
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dividing the mean of the normalized intensities from the
obese samples (‘Obese’-3a; ‘Obese’-3b; ‘Obese’-5a;
‘Obese’-5b) by the mean of the normalized intensities from
the lean samples (‘Lean’-3a; ‘Lean’-3b; ‘Lean’-5a; ‘Lean’-5b).
Ratio values were then calculated by taking the logarithms of
the ratios to the base of 2. For upregulation of protein expres-
sion in the ‘Obese’ environment, a threshold of at least 1.5 in
the ratio value was set; for downregulation, a maximum value
of —1.5 was set.

MIxS submission

Consistent contextual data acquisition for MIxS-compliant
submission using the environmental package ‘host-
associated’ was performed with JCoast v1.7.

Deposition of sequence data

Project has been registered as umbrella BioProject at NCBI
with the ID PRJNA88107 and PRJNA88153 for lean and
obese human gut metagenomes respectively. This Whole
Genome Shotgun project has been deposited at DDBJ/EMBL/
GenBank under the accession numbers AJWY00000000 and
AJWZ00000000, in the same order. The version described
in this paper is the first version, AJDWY01000000 and
AJWZ01000000.
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Supporting information

Additional Supporting Information may be found in the online
version of this article:

Table S1. Proteins of ‘Lean’ and ‘Obese’ gut communities
identified and quantified by metaproteomic approach.
Protein annotations, tentative phylogenetic affiliations, COG
assignations and relative abundances are specifically
shown. Panel (A) ‘Proteins identified-quantified’ provide the
list of proteins identified using Rooijers and colleagues’
(2011) genome list database search and the pyro-
sequences provided in this study; Panel (B) ‘Proteins by
COG distribution’ provides the complete list of proteins dis-
tributed per COG and the relative abundance of each in
‘Lean’ and ‘Obese’ gut metaproteomes.
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