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Obesity is associated with the intestinal microbiota in humans but the underlying mecha-
nisms are yet to be fully understood. Our previous phylogenetic study showed that the faecal
microbiota profiles of nonobese versus obese and morbidly obese individuals differed. Here,
we have extended this analysis with a characterization of the faecal metaproteome, in order
to detect differences at a functional level. Proteins were extracted from crude faecal samples
of 29 subjects, separated by 1D gel electrophoresis and characterized using RP LC–MS/MS.
The peptide data were analyzed in database searches with two complementary algorithms,
OMSSA and X!Tandem, to increase the number of identifications. Evolutionary genealogy of
genes: nonsupervised orthologous groups (EggNOG) database searches resulted in the func-
tional annotation of over 90% of the identified microbial and human proteins. Based on both
bacterial and human proteins, a clear clustering of obese and nonobese samples was ob-
tained that exceeded the phylogenetic separation in dimension. Moreover, integration of the
metaproteomics and phylogenetic datasets revealed notably that the phylum Bacteroidetes was
metabolically more active in the obese than nonobese subjects. Finally, significant correlations
between clinical measurements and bacterial gene functions were identified. This study em-
phasizes the importance of integrating data of the host and microbiota to understand their
interactions.

Keywords:

Composition / Intestinal microbiota / Metaproteomics / Microbiology / Obesity

� Additional supporting information may be found in the online version of this article at
the publisher’s web-site

Correspondence: Dr. Carolin A. Kolmeder, Department of Vet-
erinary Biosciences, University of Helsinki, PO Box 66, 00014
Helsinki, Finland
E-mail: carolin.kolmeder@helsinki.fi
Fax: +358-2491-57033

Abbreviations: AP, alkaline phosphatase; bagged RDA, redun-
dancy analysis using bootstrap aggregation; BMI, body mass
index; EggNOG, evolutionary genealogy of genes: nonsupervised
orthologous groups; IBD, inflammatory bowel disease; LCA, low-
est common ancestor; PCoA, principal coordinate analysis; SCFA,
short chain fatty acids

Colour Online: See the article online to view Figs. 1-4 in colour

C© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com



Proteomics 2015, 15, 3544–3552 3545

Significance of the study

Intestinal microbiota has been associated with obesity, al-
though the exact mechanisms and bacteria involved are
largely unresolved. For a better understanding of the
metabolic differences between obese and nonobese individ-
uals, functional studies going beyond genome and phyloge-
netic description of the microbiota are needed due to our
limited ability to infer organismal function from 16S rRNA
gene sequences. Here, we report the first proteomic study of
intestinal content of obese adults and show that both their

human and bacterial proteins differ significantly from that
of nonobese individuals. While BMI as such did not asso-
ciate with the abundance of any bacterial or host protein, we
identified statistically significant correlations between bac-
terial gene functions and insulin sensitivity. These data, in
parallel to identification of metabolically active members of
the microbiota, highlight the potential of functional analyses
in defining obesity-related alterations in the gut microbiota
as well as in the host.

1 Introduction

The epidemic-like spread of obesity over the last half century
in all parts of the world and its burden on individuals and so-
ciety call for efficient treatment strategies. Therefore, mech-
anistic insight into the multifaceted etiology of the condition
is required. To elucidate the causes for the onset of obesity,
host (epi-)genome, nutrients, the intestinal microbiota, and
the combination of all three factors have to be considered [1].
In particular, the characterization of the intestinal microbiota
has gained large research interest in general and especially
in the context of obesity over the last decade. Differences in
composition and genetic diversity of the intestinal microbiota
between lean and obese adults have been identified in several
cohorts, although without a clear overlap between these stud-
ies, as discussed recently [2]. While the missing consensus
may be due to the complexity of the disease and confounding
factors, it may also be related to technical aspects, such as
limited scope of the used composition-based methods and
absence of focus on microbial functionality.

The role of the microbiota in obesity has been suggested to
involve various metabolic and signaling systems, including
the synthesis of short chain fatty acids (SCFA), the conver-
sion of bile acids, and the production of hormones and other
signaling molecules [3, 4]. Especially, the role of SCFA has
raised considerable discussions as these have been suggested
to be positively associated with body mass index (BMI) [5].
In contrast, individuals with higher levels of butyrate produc-
ers have been found to be less obese [2]. Most comparisons
of the intestinal microbiota between lean and obese adults
have been based on 16S rRNA, metagenomics, and other mi-
crobiota profiling studies [6]. For a complete understanding
of the metabolic differences between obese and nonobese
individuals, it is essential to address the biological activity of
the intestinal microbiota. Metatranscriptomics has been used
to address the functionality of the microbiota using RNA-seq
approaches but requires rapid sampling because of the inher-
ent mRNA instability [7,8]. Metaproteomic approaches target
proteins, which are relatively stable molecules, and have the
advantage to simultaneously address the microbiota and host
functionality [9–12]. So far, neither mRNA nor proteins of the

microbiome of obese adults have been analyzed. However, a
recent report described the detailed faecal metaproteomes of
an obese and a lean adolescent at the age of 15 years and
identified differences in the expressed functions [13]. For a
systematic comparison in adults, we studied here the colonic
metaproteomes, comprising microbial and human proteins,
of a cohort of 29 Dutch adults ranging from lean to morbidly
obese and correlated these with the previously determined
microbial composition and clinical patient data. We focused
on providing a detailed overview of the functional associations
between microbial and host proteins in the human intestine
in the context of obesity, as well as on the identification of
differences in microbial functionality between the obese and
nonobese subjects.

2 Materials and methods

2.1 Subjects and samples

Details of the subject recruitment, sampling, and assessing
clinical parameters have been described previously [14]. Al-
together, faecal samples from 29 individuals were studied
(Supporting Information Table 1). Microarray analysis and
metaproteomics were carried out from the very same fae-
cal sample and the phylogenetic measurements of 28 of
these faecal samples have been published before [14]. The
individuals studied here included nine with normal BMI
(18.6–24.6 kg/m2), four overweight individuals (BMI 25.2–
29.6 kg/m2), and 16 obese individuals (BMI 30.5–60.3 kg/m2).
To allow a clear-cut differentiation, the subjects were classi-
fied into a nonobese (BMI < 30 kg/m2) and an obese group
(BMI > 30 kg/m2). One of the obese individuals was treated
for type 2 diabetes and two other were diabetic according to
the HbA1c (%) measurement. While only one subject from
the nonobese group reported regular medication other than
oral contraceptives, 12 from the obese group reported medi-
cation for various reasons, such as for pain relief, depression,
or breathing difficulties. There was no obvious difference in
the consistency of the faecal material that could have affected
DNA or protein extraction efficiency.

C© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com
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This observational study was approved by the Medical
Ethics Committee of the Atrium Medical Center (Heerlen,
the Netherlands; registration number NL30502.096.09) and
conducted according to the revised version of the Declaration
of Helsinki (59. WMA-General Assembly, Seoul, Korea, Oc-
tober 2008). Informed consent in writing was obtained from
each subject individually. A subset of the metaproteomes has
been used in a study on evaluating the impact of several com-
ponents of database searching on peptide identification in the
case of metaproteomics [15].

2.2 Protein extraction

Proteins from frozen faecal material were extracted and frac-
tioned with minor modifications, as described in [11]. In brief,
faecal samples were subjected to bead beating in PBS. We
used a FastPrep-24 (MP Biomedicals) with a CoolPrep adapter
and 0.1 mm zirconium silicate beads. Samples were kept on
ice during the compulsory 5-min cooling steps in-between the
five cycles of bead beating. Proteins were separated on a 4–
12% NuPAGE Bis-Tris gel (Invitrogen), and the 37 and 75 kDa
bands of a prestained protein marker (Precision PlusTM Dual
Color, Bio-Rad) were used as reference for cutting the en-
closed 37–75 kDa gel region that was subsequently sub-
jected to in-gel digestion, essentially as reported previously
[11, 16]. Peptides were purified with C18 microspin columns
(Harvard Apparatus, USA) according to the manufacturer’s
instructions and redissolved in 30 �L of 0.1% trifluoroacetic
acid and 1% ACN in HPLC-grade water.

2.3 LC coupled to MS/MS (LC–MS/MS)

RP-HPLC online coupled to MS/MS (LC–MS/MS) analy-
sis of the protein digests was carried out on a nano-HPLC
system EASY-nLC II (Thermo Fisher Scientific, Germany)
connected to an Orbitrap Elite hybrid mass spectrome-
ter (Thermo Fisher Scientific) with a nano-electrospray ion
source (Thermo Fisher Scientific). Per LC–MS/MS run, a to-
tal of 4 �L of sample was injected and analyzed. The tryptic
peptides were automatically loaded from the autosampler into
a C18-packed precolumn (EASY-ColumnTM 2 cm × 100 �m,
5 �m, 120 Å; Thermo Scientific) at a flow rate of 1 �L/min
in 10 �L volume of buffer A (1% ACN and 0.1% formic acid
in HPLC-grade water), transferred onward to a C18-packed
analytical column (EASY-ColumnTM 10 cm × 75 �m, 3 �m,
120 Å; Thermo Scientific), and separated starting at 5% buffer
B (98% ACN and 0.1% formic acid in HPLC-grade water) for
5 min, followed by a 120-min linear gradient from 5 to 35%
of buffer B at a flow rate of 300 nL/min. This gradient was
followed by a 5-min gradient from 35 to 80% of buffer B, a
1-min gradient from 80 to 100% of buffer B, and a 9-min
column wash with 100% buffer B, at a constant flow rate of
300 nL/min.

Full MS scan was acquired in positive ion mode, with a
resolution of 60 000, at a normal mass range in the orbitrap

analyzer. The method was set to fragment the 20 most intense
precursor ions with CID (collision energy 35).

Data acquisition was performed for survey scan (MS) us-
ing profile mode carried out in the high-resolution orbi-
trap mass analyzer and for fragment ion scan (MS/MS)
using centroid mode carried out in the linear iontrap
mass analyzer. Peak picking was performed by Thermo
Proteome Discoverer 1.4.1.14. The resulting spectra were
output to MASCOT Generic Format, converted with de-
fault settings on the spectrum selector node for the con-
version workflow (mass range settings: precursor mass
range 350–5000 Da). The MASCOT Generic Format files
are accessible ftp://MSV000079035@massive.ucsd.edu and
ftp://MSV000079242@massive.ucsd.edu (generic password
“a”).

2.4 Peptide spectral matching

Peptide spectral matching was performed with the two search
algorithms X!Tandem (version 2013.02.01) [17] and OMSSA
(version 2.1.8) [18] with the following parameters: trypsin
was used as a proteolytic enzyme; up to two missed cleav-
ages were allowed; carbamidomethylation of cysteine was
chosen as fixed, and oxidation of methionine as variable
modification; and the fragment ion tolerance was set to
0.4 Da and the precursor tolerance to 0.03 Da. The pro-
tein sequence database used was the in-house human in-
testinal metaproteome database (HIMPdb, 6 153 068 protein
sequences). It was constructed from different sources, such
as metagenomes, bacterial genomes, the human genome, as
well as plant genomes and therefore represents a wide range
of expected proteins in faecal samples (Supporting Informa-
tion Table 2). The FDR was estimated based on a target-decoy
approach with a database that was generated by using the
reversed protein sequence database to obtain the decoy se-
quences. To guarantee consistent FDR estimation across het-
erogeneous search engines with different scoring techniques,
qvality [19] was used for q-value (minimum FDR) calculation
based on separate target and decoy searches. An FDR filter
of 5% was applied to the results, since such a filter has been
used in previous metagenomics studies [11, 20]. Moreover, a
recent study has justified the use of a 5% FDR filter, since pep-
tide spectral matching with a database size of several million
of protein sequences underestimates false-positive identifi-
cations [15]. Spectra with ambiguous peptide identifications
were not used for further analysis.

2.5 Functional and phylogenetic assignment of

peptides

The peptides were functionally assigned according to the
target protein sequence they were part of. The target protein
sequences were matched to the evolutionary genealogy of
genes: nonsupervised orthologous groups (EggNOG) 4.0 hu-
man and bacterial orthologous gene clusters [21] using Ublast
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algorithm v. 7.0.1001 [22] with default parameters, except
e-value = 0.000001, accel (search speed at a cost for sensitiv-
ity) = 1, maxaccepts (search termination) = 0, and maxhits
(maximum number of hits in the output) = 1. Search results
with an e-value below 10−30 were accepted. The data were
processed with the MetaProteomeAnalyzer software (MPA;
https://code.google.com/p/meta-proteome-analyzer/) [23]
and further managed and analyzed with R v. 3.1.1 (R-core
team, R: a language and environment for statistical comput-
ing. R foundation for statistical computing, Vienna, Austria;
available at http://www.R-project.org/.) [24] using in-house
scripts.

Peptides were taxonomically assigned according to the low-
est common ancestor (LCA) principle by using the online tool
Unipept 2.3 [25] (settings: I and L equated; advanced missed
cleavage option; and duplicates filtered). Relative percentages
of bacterial phyla were calculated by summing the number of
spectra per phylum divided by the overall number of spectra
to which a bacterial phylum could be assigned.

2.6 Phylogenetic microarray analysis

The microbial composition of the faecal samples was assessed
by a phylogenetic microarray (human intestinal tract chip) as
described previously [14]. The raw data files were used and
processed as described recently [26].

2.7 Statistical analysis

Principal coordinate analysis (PCoA) was run on NOGs count
data with R v. 3.1.1 using function PCoA in package ape [27].
The count data were filtered to remove NOGs with less than
seven counts in any of the samples and log10 transformed.
Similarity of samples was analyzed by calculating correlations
that were transformed into distances as 1-r (Pearson’s correla-
tion coefficient). The PCoA sampling distributions for means
of first and second vectors of PCoA of obese and nonobese
were obtained by leave-one-out jackknife with 1000 iterations,
where the PCoA was recomputed in each iteration step. The
jackknife sampling distributions of means were analyzed
with the one-way Wilcoxon rank-sum test to test for statis-
tical significance between obese and nonobese separation in
PCoA. To identify the separating NOGs and genus-like taxa
in the PCoAs, a redundancy analysis using bootstrap aggre-
gation (bagged RDA) was applied, as described recently [28]
(p-values < 0.05).

Correlation analysis was performed using the R-function
cor.test. When a measurement value was missing for a
sample, this sample was excluded from the analysis. A
Benjamini–Hochberg adjusted correlation p-value lesser than
0.05 was chosen as a criterion for statistically significant dif-
ferences, and only these results were reported.

Other between-group tests were performed with the one-
way Wilcoxon rank-sum test, and differences were considered
significant when the p-value was lesser than 0.05.

Figure 1. Study overview of 13 nonobese (BMI median =
22.8 kg/m2) and 16 obese (BMI median = 42.3 kg/m2) individ-
uals. The composition and activity of the intestinal microbiota as
well as host physiology were studied (a: phylogenetic analysis
[14]; b: metaproteomics assessing microbial and human proteins
(in this study); and c: blood measurements [14]).

3 Results and discussion

Due to its large impact on the health care system and society
in general, there is an increasing need to address all possible
factors that contribute to obesity. The human intestinal tract
is one of the key organs to study. The colonic metaproteomics
approach described here has the advantage of simultaneously
focusing on two possible key players in the digestive system:
the human host and the intestinal microbiota. We embarked
on analyzing faecal samples from a cohort, of which health
indicators and microbiota composition had been assessed
previously [14]. We clustered subjects into a nonobese group
(BMI < 30 kg/m2; median = 22.8 kg/m2) and an obese group
with the majority having a BMI larger than 40 kg/m2 (BMI
> 30 kg/m2; median = 42.3 kg/m2). Subsequently, we col-
lected all individual microbial and host metaproteomics data
and generated a comprehensive dataset that allowed multiple
comparisons (Fig. 1). In order to get an integrated insight into
what differentiates obese from nonobese individuals, datasets
were correlated.

3.1 Combination of two search engines increased

the MS/MS identification ratio and EggNOG

annotation provided a high annotation rate

Mass spectrometric analysis of proteins derived from faecal
samples from 29 lean and obese adults generated a total of
893 007 MS/MS spectra (Supporting Information Table S3).
By applying two search engines, on average 27.39% (range:
16.49–32.68%) of the MS/MS spectra were identified. Out
of these, 91.86% (range: 87.64–96.03%) could be mapped to
an NOG at an e-value lower than 10−30 and 73.90% (range:
65.01–81.36%) could be assigned to phylum level or lower
(Supporting Information Tables S4 and S5). The combina-
tion of the result of two different search engines improved
the identification ratio compared to earlier metaproteomic
studies [29].
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Figure 2. PCoA of bacterial composition data (based on phylogenetic microarray genus-like data; left panel) and bacterial NOGs (right
panel) of faecal samples from nonobese (blue) and obese subjects (red). The actual BMI, in integers, of each subject is indicated. A
significant difference in PCo1 was observed between obese and nonobese groups by using a jackknife approach (p-values 0.001253 and
7.5e−05 for the composition and metaproteome datasets, respectively). The lines denote the means of the groups on the PCo1 and the
arrows indicate the differences between these means.

3.2 Bacterial NOGs separate nonobese and obese

individuals

The colonic metaproteome of nonobese subjects differed
significantly from that of the obese subjects based on
unsupervised ordination; PCoA was used to visualize varia-
tion among the samples (Fig. 2). In order to identify the com-
ponents responsible for the separation, we applied bagged
RDA, a supervised method, which identified 25 bacterial
NOGs that significantly differentiated the nonobese and
obese metaproteomes (Supporting Information Table S6).
One NOG represented lipoproteins and another NOG pro-
teins involved in sulfur-metabolism (NOG “cystathionine”),
which were either higher or lower in the obese subjects as
compared to the nonobese controls, respectively. However,
the majority of NOGs related to carbohydrate metabolism
where marked differences between obese and healthy sub-
jects were evident. Peptides derived from proteins involved
in (complex) C5 and C6 carbohydrate metabolism, including
enolase, ribulokinase, xylulokinase, phosphoketolase, and a
specific glycoside hydrolase were more abundant in nonobese
subjects, while the obese subjects had much more proteins
involved in starch and pectin metabolism, as deduced from
the higher levels of peptides derived from �-glucosidase and
pectate lyase. This suggests that obese subjects consumed
more starch and pectin, pointing to dietary habits explaining
the differences in microbial activity.

Similarly to the metaproteomics data we applied PCoA
to the previously determined phylogenetic data. The genus-
level data showed a significant separation between obese and
nonobese individuals, confirming the previous findings at
oligonucleotide level [14] (Fig. 2). However, at the peptide

level, the groups differed more pronouncedly, reflected by a
twofold increased distance of the means of the first principle
coordinate PCo1, indicating a stronger separating power of
the functional data compared to the compositional data.

3.3 Less but more active Bacteroidetes in obese

compared to nonobese individuals

Phylogenetic microarray analysis identified significantly
lower levels of Bacteroidetes in the studied obese compared
to nonobese individuals (11.65 versus 21.94% at a p-value <

0.05; Supporting Information Table 7). This finding was com-
pared to the LCA analysis based on the metaproteome data
(Supporting Information Table 7). By determining the spec-
tral counts of Bacteroidetes peptides and computing from
these the fraction compared to the other bacterial phyla,
we observed a 1.2-fold higher mean in the obese than the
nonobese subjects, which was, however, not significant (26.27
versus 21.61%, Supporting Information Table 7). However,
when computing the ratios of the relative percentages for
Bacteroidetes based on the metaproteomics and phylogenetic
analysis (Fig. 3), a significant difference between nonobese
and obese subjects was identified, indicative of a higher ac-
tivity of Bacteroidetes in the obese compared to the nonobese
group. One would expect that such high activity would lead to
an outgrowth of the Bacteroidetes, but the phylogenetic data
indicate that this is not the case. A simple explanation might
relate to the growth rate of Bacteroides spp., which was found
to be highly affected by the environmental pH [30]. The level
of SCFA has been reported to be significantly higher in obese
as compared to nonobese subjects [31], and this is likely to
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Figure 3. Relative amount of Bacteroidetes as determined by phy-
logenetic microarray analysis (x-axis) and metaproteome analy-
sis (y-axis) in nonobese (blue) and obese individuals (red); the
actual BMI (in integers) of each subject is indicated. The differ-
ence between the groups was found to be significant (p-value
0.0037 in the one-way Wilcoxon rank-sum test).

lower the colonic pH and hence affect the growth of Bac-
teroides spp. that hardly grow below pH 5.5 [30].

Since the conclusion on the biological activity of Bac-
teroidetes is based on the combination of metaproteome and
phylogenetic data, one needs to consider potential confound-
ing factors that may contribute to the differences. A technical
bias due to nonuniform lysis and subsequent DNA degrada-
tion has been suggested to occur with Bacteroides spp. during
long-term freezer storage [32]. However, this bias is unlikely
to differ between the faecal samples of lean and obese in-
dividuals and to affect protein stability, hence the observed
increased abundance of Bacteroidetes proteins in the obese
subjects is likely to be genuine. In addition, we used nonsep-
arated faecal material for protein extraction and this obviates
one bias that recently has been reported, as it was shown that
Bacteroidaceae was underrepresented in a metaproteomics
study when bacterial pellets were targeted, probably because
of the binding of Bacteroidetes to food particles [33]. In con-
clusion, Bacteroidetes peptides can be identified in high num-
bers (up to 40% of the spectra with bacterial phylum-specific
assignment) in faecal samples of the obese individuals. Thus,
Bacteroidetes appear to be very active in obese individuals.
Host factors, a diet favoring Bacteroidetes activity, as well as
a specific microbial composition in obese individuals could
be responsible for this finding, while the outgrowth of the
Bacteroidetes is likely to be limited by a low pH.

Within Bacteroidetes, the two genera Bacteroides and Pre-
votella are of specific interest due to differences in their sub-
strate preferences as well as metabolic output. Hence, we ad-
dressed the activity of these two genera. Overall, the relative

distribution of Bacteroides and Prevotella corresponded well
between the phylogenetic and metaproteome data, as there
was no significant difference in the Bacteroides/Prevotella ra-
tio between the nonobese and obese group, indicative of a
constant activity of bacteria belonging to these groups (Sup-
porting Information Fig. 1). In faecal samples of several obese
individuals, a high number of peptides derived from Prevotella
were detected. However, there was a trend of less active Pre-
votella in the individuals with extreme BMI (>47).

Supervised identification, using bagged RDA, of differ-
ences between the nonobese and obese group revealed a
significant difference in the Bacteroidetes NOG aminoacyl-
histidine dipeptidase (Supporting Information Table 6). High
levels of peptides derived from this enzyme were found in the
obese group. Bacterial proteinases have been suspected to be
involved in inflammatory bowel disease (IBD) [34]. Hence,
it is of interest to note that the very same obese subjects
studied here show an increase of serum C-reactive protein, a
well-established marker of systemic inflammation.

Since the obese and nonobese groups differed clearly based
on their metaproteome and phylogenetic composition (Figs. 2
and 3), we also addressed the common features of both groups
by defining the core metaproteome based on the bacterial
NOGs (Supporting Information Fig. 2). The core metapro-
teomes of the obese and nonobese groups were highly similar
and included the same major group (63% in the obese group
and 65% in the nonobese group) consisting of proteins pre-
dicted to be involved in energy production and conversion,
amino acid transport metabolism, and inorganic ion trans-
port and metabolism (cluster of orthologous genes (COG)
families G, E, P, and R). The extracellular solute-binding pro-
tein family 1 and a solute-binding protein were found next to
the often reported glutamate dehydrogenase [11] as the top
three most abundant representatives. This reflects the high
transport activity of the intestinal bacteria. Among the other
abundant proteins, a few NOG representatives stood out, al-
though their abundance was highly similar. These included
proteins related to the Ragb Susd domain-containing proteins
and the susB protein that are all abundant in Bacteroides spp.
and related to sugar binding and transport. In conclusion,
no significant differences in the microbial core functions be-
tween the obese and nonobese group were observed, most
likely reflecting the fact that these core functions are house-
keeping functions that are present in all intestinal bacteria.

3.4 Human NOGs

Clustering the samples according to their counts per human
NOGs also separated obese and nonobese samples in an un-
supervised PCoA with only few exceptions (Fig. 4). Bagged
RDA identified 41 human NOGs to significantly differentiate
between obese and nonobese samples (Supporting Informa-
tion Table 6). Several proteins were very abundant in faecal
samples from obese subjects, including trehalase, alkaline
phosphatase (AP), several serpins (serine protease inhibitors),
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Figure 4. PCoA of human NOGs of faecal samples from nonobese
(blue) and obese subjects (red). The actual BMI (in integers) of
each subject is indicated. A significant difference in PCo1 was ob-
served between obese and nonobese groups by using a jackknife
approach (p-value 0.00054).

and �-amylase. Trehalose is a disaccharide, which acts as a
compatible solute and is formed in bacteria upon stress to
dehydration, such as a lower osmotic value that may be pro-
duced from a high-fat diet as known from mice studies [35].
The thus formed trehalose could trigger upregulation of tre-
halase, which is a brush border enzyme degrading trehalose.
Alternatively, as trehalase is a marker for enterocyte devel-
opment, its abundance in obese subjects could be explained
by increased intestinal injury [36, 37], consistent with the in-
crease in intestinal damage markers described in severely
obese hyperglycemic subjects [38] and with the intestinal in-
flammation described in the subjects studied here [14].

Intestinal AP has been linked in various ways with the
intestinal microbiota and is generally assumed to detoxify
lipopolysaccharides [39]. Hence, the abundance of AP in
obese subjects may be indicative of high levels of lipopolysac-
charides and the resulting endotoxemia, which is supported
by elevated C-reactive protein levels in this group [14]. It
may be part of an endogenous mechanism compensating
for metabolic changes. In mice, AP was shown to protect
against metabolic syndrome [40]. It would be of interest to
also address the serum AP concentration in these subjects,
since it has been reported that AP levels may be elevated in
obesity [41]. Intestinal or serum AP could be a biomarker for
a metabolic imbalance.

The higher levels of serpins in the obese subjects can be
seen as an indicator of high levels of serine proteases that need
to be complexed. It is known from other inflammatory dis-
eases, such as IBD, that the level of serine proteases is highly
increased [34]. Extremely high numbers (>1000) of identi-
fied spectra for �-amylase were found in several of the obese

individuals. This points to a high capacity of the intestinal
system to digest starch and suggests a high amount of starch
in the diet of obese individuals, which is corroborated by the
high level of �-glucosidase in the bacterial metaproteome (as
stated in Section 3.2).

Altogether, the overrepresentation of several
inflammation-linked proteins in the obese group compared
to the nonobese can be seen as an indication of perturbation
that is compatible with the idea of a compromised gut in
obesity.

3.5 Insulin sensitivity correlates with bacterial NOGs

When correlating clinical parameters with either human or
bacterial NOGs, no associations with BMI were identified
(data not shown). However, insulin sensitivity (as indicated
by homeostasis model assessment values) correlated signifi-
cantly with some of the metaproteome data. The higher the
homeostasis model assessment was, i.e. the more insulin-
resistant a person was, the higher were the levels of the
NOG comprising two component regulators (correlation fac-
tor 0.757, p-value < 0.05) and pectate lyase (correlation factor
0.871, p-value < 0.05). Two component regulators are canon-
ical bacterial sensing systems, consisting of a membrane-
located sensor kinase and an intracellular response regulator.
Notably, the sensor kinases may interact with the host and
it is of interest to note that the LCA analysis indicated that
the majority of peptides mapping to this group of proteins
derived from bacteria from the genus Ruminococcus. Several
Ruminococcus spp. such as R. gnavus have been implicated in
irritable bowel syndrome and mucosal inflammation in IBD
[42].

Pectate lyase is a key enzyme involved in pectin degra-
dation and LCA analysis implied bacteria belonging to the
genera Eubacterium or Bacteroides as its source. It remains
to be determined whether this reflects simply an increase
in pectin metabolism in obese subjects or points to a link
between specific pectin degradation products and metabolic
signaling involved in insulin resistance.

4 Concluding remarks

The role of the intestinal microbiota in obesity has been stud-
ied since the last decade [43]. Apart from a case report in
adolescents [13], this is the first study that describes the in-
testinal metaproteome of nonobese and obese subjects and
goes beyond phylogenetic and metagenomic analysis of the
intestinal microbiota in obese adults. Earlier studies revealed
differences in the intestinal microbial composition between
lean and obese individuals. However, the finding that the
overall microbial activity separates obese and nonobese indi-
viduals provides a new dimension to the much researched
area of obesity. We also show that both microbial and hu-
man protein data, and the combination thereof, contributed
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to identifying differences in obese versus nonobese individ-
uals even more than phylogenetic data (Figs. 2 and 4). We
discovered a significant separation of nonobese and obese in-
dividuals based on a functional characterization of intestinal
microbiota and the human intestinal proteome, exceeding
the differences observed at the composition level (Fig. 3). Al-
though the phylum Bacteroidetes was less abundant in the
obese group, high numbers of Bacteroidetes peptides were
identified implying high activity of this phylum that may have
a restricted growth potential because of the low luminal pH in
obese subjects. This finding is of significance because of the
initial findings on the microbiota in obesity that suggested
a lower abundance of Bacteroidetes in obese subjects [44].
Our data indicate that this is indeed the case, notably in mor-
bidly obese subjects, but the metaproteome data suggest that
the phylum Bacteroidetes may contribute substantially to the
overall functional activities in the lower intestinal tract. The
fact that BMI did not correlate with any of the NOGs indicates
that other factors than BMI are involved. One driving factor
of the microbiota and its activity is diet and this is likely to be
important here as well, notably as it appeared that the colon
of obese subjects is enriched for proteins involved in starch
and pectin degradation. A confounding factor that we could
not eliminate was the use of regular medication between the
obese and the nonobese group, which may also have affected
the microbiota in individual cases. However, grouping indi-
viduals in nonobese and obese groups may unify metabolic
similarities allowing detecting differences between these two
groups, as is shown here.

Longitudinal studies with a critical number of subjects
carefully monitoring microbiota development and its actual
functionality taking various environmental factors into ac-
count such as the colonic pH are required to answer the
chicken-or-the-egg question: Is the microbiota causing a dif-
ference in metabolism that leads to an energetic misbalance,
or are differences in metabolism and/or eating habits caus-
ing a change in microbiota? The current study shows that
metaproteomics is an important addition to the toolbox that
enables the simultaneous determination of microbial and
host activity in the intestinal tract.
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erative workflow for mining the human intestinal metapro-
teome. BMC Genomics 2011, 12, 1–11.

[11] Kolmeder, C. A., de Been, M., Nikkilä, J., Ritamo, I. et al.,
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lase as a possible marker of intestinal ischemia–reperfusion
injury. Acta Biochim. Pol. 2013, 60, 411–416.

[38] Verdam, F. J., Greve, J. W. M., Roosta, S., van Eijk, H. et al.,
Small intestinal alterations in severely obese hyperglycemic
subjects. J. Clin. Endocrinol. Metab. 2010, 96, E379–E383.

[39] Lallès, J., Intestinal alkaline phosphatase: novel functions
and protective effects. Nutr. Rev. 2014, 72, 82–94.

[40] Kaliannan, K., Hamarneh, S. R., Economopoulos, K. P., Nas-
rin Alam, S. et al., Intestinal alkaline phosphatase prevents
metabolic syndrome in mice. Proc. Natl. Acad. Sci. USA
2013, 110, 7003–7008.

[41] Golik, A., Rubio, A., Weintraub, M., Byrne, L., Elevated serum
liver enzymes in obesity: a dilemma during clinical trials. Int.
J. Obes. 1991, 15, 797–801.

[42] Png, C. W., Lindén, S. K., Gilshenan, K. S., Zoetendal, E.
G. et al., Mucolytic bacteria with increased prevalence in
IBD mucosa augment in vitro utilization of mucin by other
bacteria. Am. J. Gastroenterol. 2010, 105, 2420–2428.

[43] Turnbaugh, P. J., Ley, R. E., Mahowald, M. A., Magrini, V.
et al., An obesity-associated gut microbiome with increased
capacity for energy harvest. Nature 2006, 444, 1027–1031.
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