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Summary

In this paper we present the in silico assessment of the
diversity of variable regions of the small subunit ribo-
somal RNA (SSU rRNA) gene based on an ecosystem-
specific curated database, describe a probe design
procedure based on two hypervariable regions with
minimal redundancy and test the potential of such
probe design strategy for the design of a flexible
microarray platform. This resulted in the development
and application of a phylogenetic microarray for
studying the human gastrointestinal microbiota —
referred as the human intestinal tract chip (HITChip).
Over 4800 dedicated tiling oligonucleotide probes
were designhed based on two hypervariable regions of
the SSU rRNA gene of 1140 unique microbial phylo-
types (< 98% identity) following analysis of over 16 000
human intestinal SSU rRNA sequences. These
HITChip probes were hybridized to a diverse set of
human intestinal samples and SSU rRNA clones to
validate its fingerprinting and quantification potential.
Excellent reproducibility (median Pearson’s correla-
tion of 0.99) was obtained following hybridization with
T7 polymerase transcripts generated in vitro from SSU
rRNA gene amplicons. A linear dose-response was
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observed with artificial mixtures of 40 different repre-
sentative amplicons with relative abundances as low
as 0.1% of total microbiota. Analysis of three consecu-
tively collected faecal samples from ten individuals
(five young and five elderly adults) revealed temporal
dynamics and confirmed that the adult intestinal
microbiota is an individual-specific and relatively
stable ecosystem. Further analysis of the stable part
allowed for the identification of a universal microbiota
core at the approximate genus level (90% sequence
similarity). This core consists of members of Actino-
bacteria, Bacteroidetes and Firmicutes. Used as a phy-
logenetic fingerprinting tool with the possibility for
relative quantification, the HITChip has the potential to
bridge the gaps in our knowledge in the quantitative
and qualitative description of the human gastrointes-
tinal microbiota composition.

Introduction

The human gastrointestinal tract is densely populated by
a complex microbial ecosystem, which consists of thou-
sands of microbial species-level phylogenetic types
(phylotypes) (Rajilic-Stojanovi¢ et al., 2007). The human
microbiota primarily contributes to the digestion but is also
important for health and well-being (Zoetendal et al.,
2006a). Because of its relevance, the human intestinal
microbiota composition and activity have been exten-
sively studied in recent years (Gill et al., 2006; Palmer
et al., 2007; Li et al., 2008; Scanlan et al., 2008). The
expansion of these studies paralleled the development of
various high throughput-omics technologies (Nicholson
et al., 2005; Kurokawa et al., 2007).

Phylogenetic microarrays are among the leading
comprehensive molecular techniques that enable high-
throughput analysis of microbial ecosystems and can be
used for strain typing, the determination of diversity and
the analysis of the functionality of microbial ecosystems
(Guschin et al., 1997; Gentry et al., 2006; DeSantis et al.,
2007; Wagner et al., 2007). These phylogenetic microar-
rays are in most cases based on the small subunit
ribosomal RNA (SSU rRNA) gene (Bodrossy and Ses-
sitsch, 2004). Such microarrays can be useful for the
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characterization of human intestinal microbiota composi-
tion and dynamics as more than 60% of the currently
known diversity of gut microbiota phylotypes has only
been detected by 16S rRNA gene sequences, whereas
less than 40% was found by cultivation (Rajilic-Stojanovi¢
et al., 2007). This situation resembles the situation
reported for many other complex microbial ecosystems
(Schloss and Handelsman, 2004). A recent application of
a comprehensive SSU rRNA gene-based phylogenetic
microarray showed that this technology provides superior
diagnostic power for the analysis of the microbial commu-
nity structure when compared with the clone library
approach (DeSantis et al., 2007).

In this paper we present an oligonucleotide probe
design strategy based on two hypervariable regions of the
SSU rRNA gene. This approach is high throughput, can
produce probes with similar predicted hybridization
behaviour and allows easy addition of probes that target
newly reported inhabitants of the ecosystem of interest.
The potential of this probe design strategy for phyloge-
netic microarrays was tested for the development and
application of the HITChip (human intestinal tract chip).
The results show that the HITChip is a highly reproducible
phylogenetic fingerprinting tool that can be used for rela-
tive quantification of microbial groups. Analysis of the
adult microbiota in time allowed for identification of a
universal microbiota core, consisting of members of
Actinobacteria, Bacteroidetes and Firmicutes, which
however, shows no common phylotypes.

Results and discussion

Development of the HITChip — identification of
hypervariable SSU rRNA regions and probe design

A phylogenetic microarray was developed for determining
the microbial diversity in the human intestinal tract. The
selected approach consisted of assessing the diversity of
variable regions of the SSU rRNA gene based on a
curated database, developing a probe design procedure
based on two hypervariable regions with minimal redun-
dancy, and addressing the potential of such probe design
strategy for the design of a flexible microarray platform.
Phylogenetic microarrays, similar to any SSU rRNA
gene-based technique, primarily depend on the design of
probes at different levels of specificity. An accurate design
of universal or phylotype-specific signature sequences
within the SSU rRNA gene would require a complete
database of all SSU rRNA sequences. However, as the
microbial world is still largely unknown, this approach is
not yet feasible. Therefore, it was decided to design an
ecosystem-specific phylogenetic microarrays. This strat-
egy can potentially be applied to any ecosystem, but the
human intestinal microbiota was selected as it has con-
siderable complexity, shows significant coverage of SSU
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rRNA sequences in public databases and is subject to
intensive studies (Eckburg et al., 2005; Ley et al., 2006;
Leitch et al., 2007; Li et al., 2008). The resulting phyloge-
netic microarray was designated the HITChip and is
described below.

Following the redesign of universal primer sets to opti-
mize universal amplification of bacterial sequences
(Watanabe et al., 2001), it was found that most of these
matched maximally 74% of the presently available SSU
rRNA gene sequences (Horz et al., 2005). Furthermore,
the specific probe design for comprehensive coverage of
the occurring microbial diversity is a laborious process and
therefore feasible only for ecosystems of limited complex-
ity. One alternative to the conventional probe design is the
tiling of the entire gene sequence (Chee et al., 1996),
selection of a subset of the most distinct tiling probes
(Palmer et al., 2006; DeSantis et al., 2007; Palmer et al.,
2007) or probe design focused on a specific hypervariable
region of the SSU rRNA gene (Wilson et al., 2002). Neither
of these high-throughput probe design strategies has the
capacity to target all of the more than 700 000 SSU rRNA
gene sequences present in today’s databases (http://
www.arb-silva.de), which shows the need for a design of
ecosystem-specific phylogenetic microarrays.

To design the HITChip, the sequences of all nine SSU
rRNA variable regions were extracted from a database
(last update December 2006) of the sequences retrieved
from the human intestinal tract that was embedded in the
ARB working environment (Ludwig et al., 2004). The data-
base contained approximately 16 000 SSU rRNA gene
sequences that were grouped into 1140 distinct phylo-
types based on a threshold of 98% sequence identity
(Table S1) (Rajilic-Stojanovi¢ et al., 2007). Approximately
400 phylotypes were represented by full-length se-
quences, while the remaining ~740 phylotypes were
associated with partial sequences. A variable number of
sequences per variable region, ranging from 446 to 1107,
could be extracted from this database (Table 1). Close
inspection of these sequences showed that the variable
regions V1 and V2 at the start of the SSU gene and V6,
V8 and V9 at the end of the SSU gene contained the
highest fraction (more than 80%) of unique sequences
and could be considered as hypervariable. From these,
the V1 and V6 regions showed the highest hypervariability
and hence were selected for further analysis. Merging the
sequence information of the V1 and V6 regions dramati-
cally reduced the proportion of redundant sequences from
12.5% and 15.5% for the individual V1 and V6 regions,
respectively, to 3.4% for the combined data. Only 63 phy-
lotypes (5% of the total data set) were found to share
identical V1 or V6 regions with other phylotypes, whereas
there were only 12 pairs of phylotypes that shared iden-
tical sequences of both the V1 and the V6 regions. The
latter 12 pairs were found to be highly similar along the

Journal compilation © 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 11, 1736-1751


http://www.arb-silva.de
http://www.arb-silva.de

1738 M. Rajilic-Stojanovic et al.

Table 1. Position and diversity of variable regions of the SSU rRNA gene extracted based on the SSU rRNA gene sequence of 1140 human

gastrointestinal phylotypes.

Variable Starting and ending Number of Number of Percentage of
region positions (E. coli) Reference sequences distinct sequences distinct sequences
V1 65-104 Bertilsson et al. (2002) 849 743 87.51

V2 174-235 Lane (1991) 875 759 86.74

V3 442-492 Lane (1991); Hugenholtz et al. (1998) 1107 687 62.06

V4 705-763 Hugenholtz et al. (1998) 1002 556 55.49

V5 822-879 Lane (1991); Hugenholtz et al. (1998) 988 682 69.03

V6 985-1047 Heuer et al. (1999) 895 754 84.25

V7 1115-1175 Roest (2007) 874 635 72.65

V8 1253-1313 Nubel et al. (1996) 865 699 80.81

V9 1420-1481 Lane (1991) 446 365 81.84

entire SSU rBRNA gene sequence, with an average pair-
wise similarity of 99.4%, suggesting that they represent
the same phylotype (Table S2). This analysis indicated
that the merged sequence information of the V1 and V6
regions contained sufficient sequence information to dis-
criminate between intestinal phylotypes. These results
expand previous findings on the hypervariability of the V1
and the V6 regions with a limited set of SSU rRNA
sequences (Heuer et al., 1999; Bertilsson et al., 2002).

The feasibility to use the V1 and the V6 variable regions
for phylotype-specific identification was initially confirmed
by specific hybridizations in a dot-blot macroarray set up
(data not shown). Because of considerable variation in
length, ranging from 24 to 82 nucleotides, and with the
goal to allow for uniform hybridization behaviour, subse-
quently a series of 24 nt tiling oligonucleotides was
designed to cover the complete sequences of the V1 and
V6 hypervariable regions of all 1140 phylotypes. This
resulted in set of in total 4809 tiling oligonucleotides.
Predicted melting temperatures (Tm) of these probes fol-
lowed a unimodal symmetrical distribution over a wide
range of temperatures, indicating that application of the
probes in a single hybridization experiment was not fea-
sible. Therefore, the oligonucleotide length was adjusted
by addition or removal of a maximum of six nucleotides to
either reduce or increase the predicted Tm. Using this
procedure, 97% of all probes fitted a narrow Tm range of
70 = 2°C. These improved probes were used for the
production of a custom-synthesized Agilent array, the
HITChip, to target the selected 1140 unique intestinal
phylotypes (Rajili¢-Stojanovi¢ et al., 2007). The number of
intestinal phylotypes is steadily increasing, and the cur-
rently known number of uncultured phylotypes has been
estimated to amount to around 1800 (Zoetendal et al.,
2008). Based on the present database entries it can be
calculated that the vast majority of the known phylotypes
are covered on the HITChip platform described here at
least at levels 1 and 2 (data not shown).

Using the probe design strategy described above, it can
be expected that not all probes have distinct sequences.

In fact, it could be calculated that from the 4809 HITChip
probes, 3699 were unique (76.9%). Recently, another
microarray platform for the rapid profiling of the gas-
trointestinal microbiota was reported (Palmer et al., 2006).
The probe design strategy reported in that study was
based on 359 gastrointestinal phylotypes found in intesti-
nal samples of three individuals, and consisted of tiling the
complete SSU rRNA gene and selecting the five most
specific 40-nt-long probes for each targeted phylotype.
Remarkably, the percentage of unique sequences in this
microarray system (68.50%) was similar to the one
obtained using the probe design strategy described here.
Although the two approaches are not directly comparable
as the length of the probes and the phylotype cut-off
values were different, this result indicates that probe
design based on two hypervariable segments of the SSU
rRNA sequence will produce a similar proportion of dis-
tinct sequences when compared with the probe design
strategy that takes into account the complete sequence of
the target gene.

Subsequent to the probe design, the specificity of
each HITChip probe was determined by in silico hybrid-
ization of the probe set against the total human intestinal
microbiota SSU rRNA gene sequence database (Rajili¢-
Stojanovi¢ et al., 2007). For each probe, the lowest phy-
logenetic level that included all predicted hybridizing
targets, was recorded as the specific phylogenetic level
of the probe. Probes were categorized at three levels of
increasing specificity: level 1, defined as order-like SSU
rRNA gene sequence groups, level 2, defined as genus-
like SSU rRNA gene sequence groups (sequence simi-
larity > 90%), and level 3, phylotype-like SSU rRNA gene
sequence groups (sequence similarity >98%). There-
fore, although all probes were designed to target unique
phylotypes, some probe sequences were a posteriori
assigned to different nodes in the phylogenetic tree
(assigned to level 3, 60% of all probes; level 2, 29%;
level 1, 9%). This strategy resulted in a similar outcome
as that of the common hierarchical probe design strate-
gies, with the distinction that probes specific for higher
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phylogenetic groups, in contrast to node probes, do
not necessarily target all members of a phylogenetic
group (Wagner et al.,, 2007). Similar to the hierarchical
probe design strategies, an assigned probe specificity is
not an absolute entity as it is influenced by the size
and diversity of the SSU rRNA sequence space that is
available at the time of probe design (Emrich et al,
2003; Li et al, 2005). The advantage of the approach
presented here and other tiling approaches, however,
is that probe specificity is assigned subsequent to
the probe design, allowing for regular in silico re-
assignment of probe specificity without the need for
probe re-design.

Validation of the HITChip — reproducibility assessment
and use for identifying and quantifying intestinal

phylotypes

Following the design and production of the HITChip con-
taining 4809 tiling probes targeting 1140 intestinal phylo-
types, the influence of the following three factors on the
reproducibility of the readouts was tested: (i) DNA extrac-
tion, (ii) PCR amplification and in vitro transcription and
(iii) microarray hybridization. The maximal reproducibility
values of hybridization signals, determined as Pearson’s
coefficients, were 96.7% for different DNA extractions,
99.6% for different PCR amplifications and in vitro tran-
scription, and 99.9% for different hybridizations (data not
shown). In general, the reproducibility of data obtained
with different PCR products was only slightly lower than
those obtained with the same PCR product. Therefore,
the standard procedure for sample hybridization included
a single PCR with two independent hybridizations. The
success of this approach can be illustrated by the obser-
vation that a median reproducibility of 98.9% has been
obtained with over 800 samples that have been analysed
so far on the HITChip (data not shown). The experimental
variation in DNA extraction only slightly affected the
hybridization results and the reproducibility of experi-
ments performed with different DNA extracts was shown
to be in the range of the technical reproducibility of
expression microarrays (Larkin et al, 2005; Weis and
Consortium, 2005).

It is well known that there is a strong variation of the
hybridization signal intensity from probe—target duplexes
with similar predicted hybridization behaviour (Loy et al.,
2002; Bodrossy et al., 2003; Pozhitkov et al., 2006).
Moreover, experimental studies with tiling oligonucle-
otide probes based on the SSU rRNA gene showed that
the hybridization efficiency can vary more than 100-fold
between probes (Palmer et al, 2006). This was con-
firmed in this study by hybridization of DNA of 40 known
representative phylotypes that were derived from human
intestinal clone libraries (Zoetendal et al, 1998; Suau
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et al., 1999) (data not shown). Due to this significant
variation of the hybridization signal, the presence of a
phylotype was defined based on the requirement that at
least two of three probes per variable region should
show a signal above the background. For the same
reason, absolute quantification of individual phylotypes
in a mixture is not feasible. However, the relative change
of the hybridization signal of phylotype-specific probes
was shown to be directly proportional to the quantitative
change of the respective phylotype in a complex mixture
consisting of the 40 previously selected phylotypes
(Fig. S1). The experiments were performed with 10 phy-
lotypes with relative concentrations of 0.1%, 0.3%, 1%
and 3% in the mixture that contained 30 additional phy-
lotypes at a constant concentration. These results
showed that hybridization signals could be used as an
indicator of changes in the relative abundance of a phy-
lotype with the detection limit of 0.1% of the total SSU
rRNA pool hybridized to the array. This is in line with
previously reported detection thresholds (Palmer et al.,
2006).

To further evaluate the application of the HITChip for
quantification purposes, the influence of the number of
PCR cycles on the readout was tested as this has been
an issue for clone libraries or other phylogenetic arrays
(Bonnet et al., 2002; Eckburg et al., 2005; Palmer et al.,
2007). The results of the HITChip analysis of five samples
generated using 20 and 35 PCR cycles appeared to be
highly similar with an average similarity of 97.7% (SD
0.6%) (Fig. S2). This is in line with a recent study that
showed absence of PCR bias when comparing two librar-
ies constructed from PCR products amplified using 35
and 18 cycles (Acinas et al., 2005).

Validation of the HITChip by comparison with FISH
analysis of faecal samples

Because of the considerable variation of the hybridization
signal intensity among probe—target duplexes with similar
predicted hybridization behaviour observed in this and
other studies (Loy et al., 2002; Bodrossy et al., 2003;
Pozhitkov et al., 2006), direct quantification of phylotypes
was not feasible. Therefore, we tested the potential for
quantification of genus-like (level 2) or higher phyloge-
netic groups. As a benchmark test case, we compared
HITChip and FISH quantification of bifidobacteria in 60
faecal samples, which were collected periodically at three
consecutive time intervals, from 20 elderly subjects
(Fig. 1). A positive linear correlation was obtained
between the two methods that showed a Pearson’s
correlation index of 0.72. An even improved correlation
was obtained when comparing the relative increase or
decrease of this group in time per individual [Pearson’s
correlation index of 0.93 (data not shown)], indicating that

Journal compilation © 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 11, 1736-1751



1740 M. Rajilic-Stojanovic et al.

10000
L]
L]
| ‘oM
5 1000 Cog M
>< e
E *h’
S 100 A o' o
3 R M
5 ®e
= [ ]
|52} 10 4
1 T T T d
1 10 100 1000 10000

HITChip signal intensity

Fig. 1. Correlation of results obtained by the Bifidobacterium-
specific FISH quantification and sum of the Bifidobacterium-specific
HITChip hybridization signals for 60 faecal samples. Faecal
samples obtained from 20 individuals in three time points were
analysed, of which four samples that did not reach detection limit
with the FISH are not plotted on the graph.

the HITChip platform has good quantification potential.
Similar results were observed when quantitative data
for members of the Lactobacillus genus obtained by
quantitative PCR were compared with analyses using
the HITChip (C. Booijink, unpubl. data). Furthermore, the
averages of the HITChip hybridization signals calcu-
lated for 10 phylogenetic groups were compared with
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Contribution of group to the total signal, %

quantitative data obtained using FISH for faecal samples
of five adult subjects (Lay et al., 2005). The relative quan-
titative data assessed with the HITChip correlated to a
significant extent with the results of FISH (Fig. 2). The
results for members of two dominant human intestinal
groups, Clostridium cluster XIVa and Clostridium cluster
IV, showed an almost complete correlation. Similarly,
the HITChip data of other quantitatively less abundant
groups, including Veillonella and Lactobacillus, correlated
also very well with the FISH results. In contrast, the pro-
portion of Bacteroidetes and streptococci as assessed by
the HITChip was significantly higher than observed with
FISH, while the opposite trend was observed for Actino-
bacteria that include the Bifidobacterium and Atopobium
genera. As the HITChip analysis is performed based on
DNA whereas the FISH analysis relies on quantification of
cells by flow cytometry, differences in the number of SSU
rRNA gene copies per cell can become a significant bias
for DNA-based quantification of microbial groups. Various
studies have shown that different bacterial groups are not
equally active along the gastrointestinal tract (see Ben-
Amor et al., 2005). This may result in more pronounced
differences as the number of genome copies per cell is
related to the growth rate (Button and Robertson, 2001). It
should be noted, however, that such potential biases are
inherent to any DNA-based strategy for relative quantifi-
cation of microbial groups within a complex community,
including quantitative PCR, phylogenetic microarrays as
well as clone library analysis.
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Fig. 2. Correlation between relative abundance of ten phylogenetic groups assessed as average of the group-specific HITChip hybridization
signals (empty columns) and FISH quantification (filled columns) based on the analysis of faecal microbiota of five subjects. Error bars

indicate standard deviations.
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Application of the HITChip for phylogenetic profiling
and analysing the temporal dynamics of adult
intestinal microbiota

The human gastrointestinal microbiota, similarly to all
complex microbial ecosystems, is in a process of under-
going description. Each report of the diversity of this eco-
system based on SSU rRNA gene sequencing reveals a
significant proportion of novel phylotypes (Eckburg et al.,
2005; Ley et al.,, 2006; Leitch et al., 2007). Additionally, it
has been found that about 70% of the human gastrointes-
tinal microbiota phylotypes are subject-specific (Ley et al.,
2006). Hence, the interpretation of data obtained with
phylogenetic microarrays should go beyond the identifica-
tion of known phylotypes. Although probes designed for
the HITChip platform reported here and for other microar-
ray platforms (Palmer et al., 2006) can be designed to
target only the presently acknowledged diversity of intes-
tinal microbiota, cross-hybridizations with related, not yet
acknowledged members of the ecosystem still provide
diagnostic information about the community composition
(Gentry et al., 2006). Therefore, probe signal signatures
can be used to obtain informative fingerprints of analysed
samples. Subsequent assignment of each probe to a
phylogenetic group upgrades the obtained hybridization
signals to a phylogenetic fingerprint that provides informa-
tion at any of the three defined levels of resolution (phy-
lotype, genus-like, order).

To test the applicability of the HITChip platform as a
phylogenetic fingerprinting tool, microbiota profiles were
generated for 30 faecal samples collected at three time
points over a period of at least two months from ten adult
subjects, of which five elderly (average age 71 years) and
five younger adults (average age 33 years). The faecal
microbiota profiles of all samples were found to cluster
in subject-specific triplicates (Fig. 3). The similarity of
random pairs of the microbiota profiles of samples of a
single individual was on average 92.2% (SD 3.0%). This
was found to be higher (P < 0.001) than the similarity of
the profiles of randomly selected samples from two differ-
ent individuals, which was on average 72.0% (SD 9.2%).
This result confirms previous observations that the adult
faecal microbiota is individual-specific and relatively
stable in time (Zoetendal et al., 1998; Matsuki et al., 2004;
Ley et al., 2006). The level of similarity between faecal
microbiota profiles of an individual computed using data
obtained by HITChip analysis appeared to be higher than
when fingerprints were generated using denaturing gradi-
ent gel electrophoresis (DGGE) of amplified 16S rRNA
gene fragments (Zoetendal et al, 1998). Because of
physical constraints (length of the gel), DGGE analysis
generates a significantly lower number of datapoints
as compared with a microarray-platform such as the
HITChip. This suggests improved resolution of the
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analysis when phylogenetic microarrays are employed in
comparison with the DGGE technique. Furthermore,
the HITChip seems to be highly suitable for following the
temporal dynamics of the intestinal microbiota as the
hybridization signals of six probes per phylotype are rela-
tively insensitive to the often observed temporal strain
variation of the members of the microbiota (McCartney
et al., 1996). This can be explained by the fact that a
single nucleotide polymorphism, which is typical for the
SSU rRNA gene sequence of different strains of a species
(Klappenbach et al., 2001; Sacchi et al., 2005), would
influence only the hybridization signal of one of the
HITChip probes, while it would cause migration of the
SSU rRNA gene segment of a phylotype onto a different
position in a DGGE gel. Nevertheless, it should be noted
that the outcome of the strain variation on a DGGE gel
(i.e. shift of the band) will be the same as if one species
was replaced by another from a different genus/family/
class/order of even phylum.

The superiority of the HITChip over DGGE fingerprint-
ing was further demonstrated in an experiment, where the
long-term dynamics of the microbiota was analysed for
five young adult individuals. The HITChip profiles consis-
tently clustered per individual, whereas this was not
observed for DGGE profiles of two of five individuals
(Fig. S3). Another relevant advantage of phylogenetic
microarray analysis over other fingerprinting techniques is
the dramatically improved reproducibility of analysis and
thus the reliability of results (Possemiers et al., 2004).

It has previously been shown using DGGE fingerprint-
ing approaches that different members of the intestinal
microbiota do not follow the same pattern of temporal
change (Vanhoutte et al., 2004). Bearing this in mind, we
have expanded the analysis of temporal variation of the
total microbiota of ten adults for which time series of
faecal samples were collected (see above). The variation
in both young and elderly subjects at time spans of one
and two months could be calculated for the total micro-
biota and different phylogenetic groups, namely the phyla
Actinobacteria, Bacteroidetes and Proteobacteria, and
three groups within the Firmicutes phylum (Fig. 4). The
results show that the total microbiota, and all analysed
phylogenetic groups, show higher similarity values for the
1 month time span than the 2 month time span. This rein-
forces previous hypotheses indicating that intestinal
microbiota, although individual-specific, is influenced by
environmental factors (Dethlefsen et al., 2006). Among
different phylogenetic groups, members of the phylum
Actinobacteria appeared to be affected the most by tem-
poral variation, although pronounced changes in this
microbial fraction appeared to be occurring exclusively in
elderly subjects (75.4% for elderly versus 96.6% for
young adults). Similarity values obtained for other phylo-
genetic groups for elderly and young adults were in good
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Fig. 3. Clustering of the HITChip phylogenetic fingerprints of the human gastrointestinal microbiota of three faecal samples of ten subjects
collected during period of at least two months. Samples are encoded by YA1-YA5 for younger adults, and by EA1-EA5 for elderly adults,
while 1, 2 or 3 subsequent to slash sign indicate sample collection sequence. The highest phylogenetic level of specificity of probes (level 1)
is depicted on the right panel of the figure.
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Fig. 4. Similarity of the intestinal microbiota
profiles for ten individuals calculated for 1
(grey bars) and two month (open bars) span.
Results for total microbiota and six level 1
groups of the microbiota (phyla
Actinobacteria, Bacteroidetes and
Proteobacteria, and three groups within the
Firmicutes phylum) are presented as box
whisker plot. The box extends from the first
quartile until the third quartile, with a line at
the median, while whiskers are indicating
minimal and maximal observation in the data
set.
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agreement, with the exception of Clostridium cluster 1V
after a time span of two months, during which this group
changed notably more in young than in elderly adults
(similarity values 82.9% and 91.4% respectively). The
least affected by temporal variation in analysed subjects
were the members of the phylum Bacteroidetes and
Clostridium cluster XIVa, which are known to be the most
abundant members of the intestinal microbiota (Zoetendal
et al., 2004; Backhed et al., 2005; Eckburg et al., 2005).

Cluster analysis of the 30 microbiota profiles obtained
by the HITChip analysis showed two distinct assemblies,
each containing samples collected from five subjects
(Fig. 3). The geographic origin of subjects recruited for
this study (the Netherlands for young adults and Finland
for the elderly subjects) could be contributing to the
observed differences, but previous studies have failed to
pinpoint difference in the microbiota of different Northern
Europeans (Lay et al., 2005). Although other confounding
effects, including differences in the DNA extraction proce-
dures, cannot be excluded, it is more likely that observed
differences are primarily caused by the different age of
subjects, in line with previous observations that the micro-
biota of healthy middle-aged adults differs significantly
from that of healthy elderly (Mueller et al., 2006). This was
further supported by results obtained in a separate study,
where DNA was extracted from faecal samples using two
extraction methods that are essentially similar to these
employed in this study, followed by the characterization of
the resulting communities using Q-PCR and HITChip
analysis (A. Salonen and W.M. de Vos, unpubl. obs.). It
appeared that both extraction methods, although different
in nature being mechanical and enzymatic, provided
highly similar HITChip and other readings, with Pearsons
coefficients of >0.98 close to the reproducibility of the
extraction (0.99), further reinforcing the notion that
observed differences can be ascribed to the age rather
than being a result of extraction bias. These compositional
differences are even more pronounced when comparing
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Clostridium cluster IV
Clostridium cluster XI\Va

Protechactaria

adults and infants (Mitsuoka, 1992; Favier et al., 2002).
The microbiota fingerprints generated using the HITChip
are designed to indicate phylogenetic specificity of oligo-
nucleotide probes and provide an instant visualization of
the differences between the analysed samples. In this
particular example, members of Actinobacteria and Bacilli
could be identified as being more abundant in the micro-
biota of elderly subjects, while Bacteroidetes members
were more dominant in the microbiota of young adults
(Fig. 3). However, accurate identification of microbial
groups that are marking the difference in the microbiota of
two groups of subjects can be facilitated by semiquanti-
tative interpretation of HITChip results, as shown in the
following section.

Quantitative differences between the microbiota of
young and elderly adults

The potential of the HITChip to generate quantitative
information on the human gastrointestinal microbiota was
used for the identification of phylogenetic groups that are
markedly different in relative abundance between the
microbiota of young and elderly subjects. For a compre-
hensive analysis of the differences in the microbiota
between young and elderly subjects, average hybridiza-
tion signals for 129 genus-like phylogenetic groups were
calculated for each sample. To appropriately explore this
data set by multivariate statistical analysis, we have per-
formed representational difference analysis in order to
identify microbial groups of which the relative abundance
is affected by the sample source (i.e. young versus
elderly subjects) (ter Braak and Smilauer, 2002; Lep$
and Smilauer, 2003). The overall microbiota composition
appeared to be significantly different between groups of
young and elderly subjects (P < 0.001). A more detailed
analysis revealed that this difference could be mainly
attributed to 20 out of 129 analysed phylogenetic groups
(Table 2). The most pronounced differences could be
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Table 2. Level 2 (genus-like) groups targeted by the HITChip for which relative abundance was found to be significantly different between younger

and elderly adults.

Phylum/order Family/genus Ratio elderly/younger P-value
Actinobacteria Actinomycetaceae 23 0.0012
Atopobium 2 0.0135
Bacilli Lactobacillus salivarius et rel. 10 0.0080
Aerococcus 5 0.0087
Granulicatella 15 0.0159
Streptococcus bovis et rel. 5 0.0040
Streptococcus intermedius et rel. 5 0.0081
Clostridium cluster XIVa Eubacterium hallii et rel. 0.5 0.0416
Clostridium cluster XV Eubacterium limosum et rel. 1.3 0.0144
Bacteroidetes Allistipes 0.20 < 0.0001
Bacteroides ovatus et rel. 0.14 0.0001
Bacteroides splachnicus et rel. 0.14 < 0.0001
Bacteroides stercoris et rel. 0.09 0.0017
Parabacteroides 0.14 < 0.0001
Prevotella ruminicola et rel. 0.25 0.0118
Uncultured Porphyromondaceae 0.13 < 0.0001
Uncultured Bacteroidetes 0.08 0.0005
Betaproteobacteria Aquabacterium 0.13 0.0004
Burkholderia 0.33 0.0395
Gammaproteobacteria Xanthomonadaceae 0.06 0.0017

observed for the order of Bacilli, of which several groups
were found to have significantly higher abundance in
elderly subjects. In contrast, a number of groups within
the phylum Bacteroidetes were significantly more abun-
dant in young adults.

Application of the HITChip reveals core microbiota
in adults

The observation that each individual harbours a unique
faecal microbiota as reinforced by the present data (see
above) has led to the question whether there exists micro-
bial species that are present in all individuals, the
so-called universal core that can be differentiated from the
so-called individual core, consisting of species that are
retained in a single individual over a certain period of time
(Zoetendal et al., 2008). To further elaborate on this
concept of a phylogenetic universal core we searched for
those HITChip probes that were detected in all samples of
an individual, and were shared between one or more
individuals. This allowed us to construct Venn diagrams
for the core probes for young and elderly adults (Fig. 5). In
line with the lower interindividual similarity of the micro-
biota of elderly subjects, only 18.9% of positively hybrid-
izing probes were found to respond in all samples of five
analysed individuals. In contrast, the number of com-
monly responding probes was almost twofold higher in
young adults when compared with the situation in the
elderly. Despite these quantitative differences with
respect to the core size, the overall phylogenetic compo-
sition of the microbiota core appeared to be similar in the
young microbiota and elderly adults (Table S3). This
analysis indicates that although the faecal samples of

young and elderly adults contain different marked micro-
biota (Fig. 3), the different groups of bacteria have a
highly similar phylogenetic position and may perform
similar functions, lending support for the functional core
hypothesis. In line with this, the analysis of microbiota in a
large number of identical twin pairs indicated an above-
species-level phylogenetic conservation, based on
16S rRNA gene sequences, which was linked to a func-
tional core based on metagenome sequence analysis
(Turnbaugh et al., 2009).

Concluding remarks

In this paper, we present a straight-forward and flexible
strategy for the systematic design of oligonucleotide
probes that was applied to develop the HITChip platform,
a phylogenetic microarray for studying human intestinal
microbiota. This systematic probe design approach allows
easy addition of probes that target newly discovered
members of an ecosystem. This is highly valuable for
presently insufficiently described ecosystems such as the
human intestinal microbiota and allows to incorporate also
partial 16S rRNA sequences such as derived from pyrose-
quencing (Andersson et al., 2008). Although the reliable
prediction of the probe behaviour is hampered by the fact
that not all relevant parameters that influence the probe—
target duplex behaviour have yet been identified, microar-
rays based on the hypervariable regions of the SSU rRNA
enable rapid, high-resolution fingerprinting of human gas-
trointestinal samples. With the possibility for relative quan-
tification, which allows for simultaneous comparison of the
relative amounts of over hundred genus-like groups of
intestinal bacteria, the HITChip has a great potential to
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Fig. 5. Venn diagram showing the distribution of the HITChip probes that showed significant hybridization signal when analysing five younger
adults (A), five elderly adults (B) and between the core of younger and elderly adults (C). Only the core probes (those that were corresponding
in all three analysed samples per subject) were taken into consideration for this analysis. For subject codes see Fig. 3. The image was

generated using AutoFocus software (Aduna B.V., the Netherlands).

provide better insight into the human gastrointestinal
microbiota, to identify the effect of time or dietary changes
and to compare groups of individuals that differ in the
genotype or health status, age, geographic origin or any
other relevant factor, potentially involved in shaping of this
tremendously important ecosystem. A first application of
the HITChip in comparing young and adult microbiota
showed notable differences and provided new insight in
the effect of aging on the human intestinal microbiota.

Experimental procedures
In silico analysis of SSU rBNA gene sequences

The SSU rRNA gene sequences of the human gastrointesti-
nal microbiota were extracted from the ARB database release
2002 (Ludwig et al., 2004), amended with sequences of
newly reported isolates and sequences amplified from gas-
trointestinal samples. The updated ARB database therefore
contained most of the human intestinal microbiota detected
in both cultivation-dependent and -independent studies
reported until December 2006. Over 16 000 sequences, for
the majority derived from healthy individuals from Europe,
Asia and USA, were organized into 1140 distinct phylotypes,
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defined as monophyletic groups of sequences with less than
2% sequence divergence. Furthermore, the database was
upgraded by assigning each of the human gastrointestinal
phylotypes to their phylogenetic position. However, the use of
nomenclatural taxonomy is hampered by the fact that many
SSU rRNA sequences obtained from the human gastrointes-
tinal samples represent uncultured organisms that are only
distantly related to any cultured representative, and therefore
their taxonomic position cannot be accurately determined.
Therefore, the sequences were organized into alternative
SSU rRNA-based phylogenetic groups similar to those pre-
viously proposed for the genus Clostridium (Collins et al.,
1994). Three levels of phylogeny were defined: (i) level 1
corresponds to the phylum, or in case of Firmicutes to the
Clostridium cluster, (ii) level 2 includes groups of sequences
with 90% or more sequence similarity and (iii) level 3 repre-
sents unique phylotypes that were defined as species for
cultivated microorganisms, or representatives of each mono-
phyletic group with = 98% sequence identity for clones cor-
responding to uncultured microorganisms (Table S3). Nine
variable regions of the SSU rRNA gene were exported for
1140 sequences representative of prokaryotic gastrointesti-
nal phylotypes. The sequences were exported using appro-
priate bordering nucleotide positions (Table 1). These were
determined based on the alignment positions of primers
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available for the amplification of each of the variable regions.
Unique SSU rRNA sequences were identified using Pivot
Tables built from the exported sequence data in Microsoft
Excel.

Probe design

Antisense oligonucleotide probes were designed based on
the reverse complement of two variable regions that were
selected based on their low redundancy. Reverse comple-
ments of the SSU rRNA gene sequences were produced in
ARB prior to export. Variable regions were split into three
overlapping probes of 24 nt with the use of available
Microsoft Excel functions. The theoretical melting tempera-
ture (Tm) of probe-perfect match target duplexes was pre-
dicted using an earlier reported equation (Sambrook et al.,
1989a), assuming a sodium ion concentration of 0.5 M. The
probe length was adjusted by extending or restricting the
overlap between probes until the corresponding Tm fitted a
narrow range of 70 = 2°C. The size of the probes was kept
between 18 and 30 nt to enable similar duplex kinetics. Fol-
lowing this probe design procedure, six probes were
designed per each complete SSU rRNA gene sequence type.
The prediction of Tm was re-evaluated using the nearest
neighbour Tm prediction algorithm with previously proposed
parameters (SantaLucia, 1998), as it has been observed that
the outcome of different Tm prediction algorithms can be
notably different (Panjkovich and Melo, 2005). The predicted
Tm of 95% of probes fitted into the narrow range of + 3.5°C,
as assessed using the Santalucia algorithm, which is in the
range of prediction error of this algorithm (Panjkovich and
Melo, 2004), and comparable to the initially predicted range
of melting temperatures.

Preparation of artificial mixtures

Artificial mixes were prepared by combination of human gas-
trointestinal phylotypes obtained in two SSU rRNA clone
libraries previously prepared from human gastrointestinal
samples (Zoetendal et al, 1998; Suau et al., 1999). SSU
rRNA gene inserts were amplified by the use of appropriate
vector-targeting primers using the GO Taq PCR amplification
kit (Promega, Leiden, the Netherlands). PCR was performed
on 1 ul of cell-lysates (containing approximately 10 ng of
plasmid DNA) from clones using a set of Sp6 and T7 primers
for clones obtained by Zoetendal and colleagues (1998) and
the pUAg primer set for clones obtained by Suau and
colleagues (1999).

Faecal DNA extraction

Faecal samples used in this study were collected as part of
two independent trials, results of which are reported sepa-
rately (Lay et al., 2005; Surakka et al., 2009). Total DNA from
faecal material collected from younger adults was extracted
using a modified protocol of the FastDNA SPIN Kit for Soil
(Qbiogene, Basel, Switzerland) (Zoetendal et al., 2006b),
while DNA from faecal material collected from elderly sub-
jects was extracted according to the protocol described by
Myllyluoma and colleagues (2005). DNA yield was quantified

using a NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE). DNA concentration was
adjusted to 10 ng mI”' and was used as a template for PCR
amplification.

RNA preparation

The SSU rRNA gene was re-amplified from plasmid clone
inserts or amplified from faecal DNA using the primers
T7prom-Bact-27-for (5"-TGA ATT GTA ATA C GA CTC ACT
ATAGGG GTTTGATCC TGG CTC AG-3’) and Uni-1492-rev
(5-CGG CTA CCT TGT TAC GAC-3"), which ensured the
introduction of a T7 promoter sequence at the 5" terminus of
the rRNA gene amplicon. PCR reactions were carried out in
a final volume of 50 ul, and 10 ng of DNA samples was used
as template. Samples were initially denatured at 94°C for
2 min followed by 35 cycles of 94°C (30 s), 52°C (40 s), 72°C
(90 s) and a final extension at 72°C for 7 min. The PCR
products were purified using the DNA Clean and Concentra-
tor kit (Zymo Research, Orange, USA), according to the
manufacturer’s instruction. Final DNA concentration was
determined using a NanoDrop spectrophotometer as
described above.

In vitro transcription of T7-promoter-carrying SSU rRNA
gene was performed according to the manufacturer’s proto-
col using the Riboprobe System (Promega, La Jolla, USA),
500 ng of the T7-16S rRNA gene PCR-product and, besides
rATP, rGTP, rCTP, a 1:1 mix of rUTP and aminoallyl-rUTP
(Ambion, Austin, Tx, USA). The transcription reaction was
performed at room temperature for 2 h, the template DNA
was digested applying the Qiagen RNAse-free DNAse kit
(Qiagen, Hilden, Germany) and RNA was purified using the
RNeasy Mini-Elute Kit (Qiagen, Hilden, Germany). RNA yield
was measured as described above.

Amino-allyl-modified nucleotides were coupled with CyDye
using the Post-Labelling Reactive Dye (Amersham Bio-
sciences, Little Chalfont, UK), previously dissolved in 84 ul
dimethyl sulfoxide. Labelling reactions were performed in a
25 mM sodium bicarbonate buffer (pH 8.7) by adding 20 pl of
dissolved CyDye to 2 ug of purified RNA in a final volume of
40 pl. Samples were incubated for 90 min in the dark at room
temperature. The reaction was stopped by adding 15 ul of
4 M hydroxyl-amine and incubating for 15 min in the dark.
RNAse-free water was added to 100 pl and labelled RNA was
purified and quantified as described above.

Microarray production and hybridization

Microarrays were custom-synthesized by Agilent Technolo-
gies (Agilent Technologies, Palo Alto, CA). The oligonucle-
otide probes were extended at the 3" end (at the array support
side) by 10-nt-long T spacers and were printed on the array
using in situ surface-attached oligonucleotide probe synthe-
sis (Blanchard et al., 1996). Arrays used in this study were of
the 2 x 11K format, with two arrays per glass slide. Each
array was hybridized with two samples, labelled with Cy3 and
Cy5 respectively. Combined Cy3- and Cy5-labelled target
mixtures were fragmented by adding 1 ul of Ambion 10x
fragmentation reagent (Ambion), and incubation for 20 min at
70°C, according to the manufacturer’s instruction. Fragmen-
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tation was stopped by adding 1 ul of Ambion stop solution.
Hybridization mix was prepared by adding to the RNA mixture
31.5 ul of 20x SSC (Sambrook et al., 1989b), 6.3 ul of 10%
SDS (Sambrook et al., 1989b), 25 ul of Agilent Control Target
mix and RNAse-free water to a total volume of 210 pl. Hybrid-
ization was carried out at 62.5°C in a rotation oven (Agilent)
for 16 h. Slides were washed at room temperature in 2x SSC,
0.3% SDS for 10 min and at 38°C in 0.1x SSC, 0.3% SDS for
10 min SDS was completely removed by washing the slides
in 0.06x SSPE (Sambrook et al., 1989b) for 5 min followed by
a quick dry with compressed air.

Support database construction

The data were stored in a custom-designed relational data-
base, which runs under the MySQL database management
system (http://www.mysgl.com/). The database design was
divided into sections covering sample annotation, microarray
raw and normalized data, microarray design, probe charac-
teristics, probe—target pairs and the phylogenetic position of
the SSU rRNA target molecules. Using the sequences of the
SSU rBNA molecules stored in the database that, in addition
to unique phylotypes, contained sequences with more than
98% sequence similarity to one of the unique phylotypes
(total 2681 sequences), putative probe—target pairs were
selected using a standalone version of the BLAST program
from NCBI (Altschul et al., 1990) with the following parameter
settings: gapopen = 3, gapextend = 2, matchreward = 1, mis-
matchpenalty = -1, wordsize = 7, and expect = 1. A perfect-
match Tm of each probe—target pair on the microarray was
calculated assuming sodium ion concentration of 0.5 M and a
nucleotide concentration of 102 M using the nearest neigh-
bour algorithm (SantaLucia, 1998). In this probe—target pair
hybrid calculation the whole probe, including the poly T
spacer, was taken into account, leaving open the possibility
that some nucleotides from the spacer take part in the hybrid
pair. The nearest neighbour algorithm was also used to cal-
culate the perfect-match Tm for a perfectly matching target
for each probe, excluding the poly T spacer region. Raw
microarray data files from the feature extraction software as
well as tab-delimited files containing information about the
sample annotations were imported into the database by con-
verting them to SQL scripts that were subsequently executed.

Microarray data extraction and analysis

Data were extracted from microarray images using the
Agilent Feature Extraction software, versions 7.5-9.1 (http:/
www.agilent.com). Normalization of the microarray data was
performed in three steps: spatial normalization, outlier detec-
tion and sample-wise quantile normalization.

Spatial normalization was carried out for each channel
separately to correct spatial defects in the arrays. Spatial
defects were especially clear in a number of arrays in the
lower signal intensity ranges. Therefore, the 70% lower quan-
tile of foreground signals were fitted to a two-dimensional
polynomial surface using an implementation written by B.D.
Ripley in R statistical software (http://www.r-project.org/) of
the loess algorithm (Cleveland et al., 1992). A spatially nor-
malized signal for each spot was calculated by subtracting
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the local loess predicted signal from the raw foreground
signal and adding the global minimum of the fitted polynomial
surface. The resulting signals were stored as the spatially
normalized signal in the database.

Outlier measurements in the spatially normalized signals
were detected and flagged automatically. As each sample
was labelled with both dyes and hybridized to two different
arrays printed on different slides, and as each probe was
spotted at least twice on the array, at least four replicate
measurements per probe and sample were available. Outli-
ers in these replicate measurements were detected using an
implementation in the ‘outlier’ package in R of a chi-square
test proposed by Dixon (Dixon, 1950). The test was applied to
the logarithmically transformed signals, and the average over
the whole probe set of the variances per probe was substi-
tuted in the variance parameter for this test. The significance
level of outlier detection was set at 0.001.

The reproducibility of the hybridization was assessed by
calculating the Pearson’s linear correlation of the natural
logarithm of spatially normalized signals excluding outlier
spots (Tan et al., 2003). A correlation coefficient of minimally
0.98 was considered to indicate a satisfactory reproducibility.
Further normalization was performed using only arrays that
contained data of satisfactory correlation.

A quantile normalization was applied to the collective spa-
tially normalized measurements of each sample (Bolstad
et al., 2003). The rationale assumption behind this normal-
ization is that the distribution of signals should be the same
for each measurement of a sample. The sample-wise quan-
tile normalized signals were also stored in the database and
used for further analyses.

Calculation of probe profiles

For each probe, the specific target SSU rRNA sequences in
the database were identified by selecting those targets for
which the Tm was equal to or higher than the perfect-match
Tm of the probe. The occasional occurrence of Tm’s higher
than those observed for perfect match target sequences was
due to the fact that a nucleotide of the poly T spacer, which
was taken into account for Tm calculation, makes a perfect
additional match with the target. The phylogenetic position of
these targets was scored based on the ARB database
assigned clustering of human gastrointestinal sequences
described above. The lowest phylogenetic level to which all
theoretically hybridizing targets belonged was recorded as
the specific phylogenetic level of the probe.

Hierarchical clustering of probe profiles was carried out by
calculating a distance matrix between the samples based on
the squared difference between each pair of profiles (Euclid-
ian distance). The distance matrix was used in the hclust
implementation in R of a hierarchical clustering algorithm.
The agglomeration method used in this algorithm was Ward’s
minimum variance method.

Similarity of the total microbiota composition based on the
HITChip profiles was assessed by calculating Pearson’s
product moment correlation (Pearson’s correlation) that
reflects the degree of linear relationship between analysed
data sets. In addition to the assessment of the total micro-
biota similarity, Pearson’s correlation was calculated for sets
of probes that correspond to different phylogenetic groups.
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Strong positive association (p = 0.999) was obtained by com-
parison of Pearson’s correlation calculated for total HITChip
profiles obtained from in vitro transcribed Bifidobacterium-
specific PCR products with Pearson’s correlation calculated
for Bifidobacterium-specific probes for five pairs of samples
(Fig. S4). This correlation could not be assessed for other
relevant gastrointestinal groups as the group-specific primers
do not allow amplification of the SSU rRNA segment that is
used for the HITChip analysis and is between Escherichia
coli positions 64—1047 (Matsuki et al., 2002; Fogarty and
Voytek, 2005; Shen et al., 2006).

The cut-off value for positively responding probes was
defined as a probe intensity value at which the first differential
of the function fitted to all probes sorted by signal intensities
was equal to 1, which represents the point where the slope of
the fitted curve changes. The cut-off value could be approxi-
mated as the probe signal intensity that is 25% higher than
the average value of signal intensity of 500 probes with the
weakest signal.

Statistical analysis

To evaluate if two data sets were significantly different, a
P-value was calculated using Student ttest for normally dis-
tributed data assuming equal variables and two tailed distri-
bution. Wilcox rank sum test (Bauer, 1972) was applied for
data that significantly deviated from normal distribution
(P-value 0.05). Normality of data sets was tested using
Shapiro-Wilk test (Royston, 1982). These tests were per-
formed using R statistical software (http://www.r-project.org/).
If statistical tests were performed on a large number of vari-
ables, P-values were Bonferroni-corrected.

Acknowledgements

This study was carried out with financial support from the
Commission of the European Communities, specifically the
RTD programs Quality of Life and Management of Living
Resources, QLK1-2000-00108, Microbe Diagnostics, coor-
dinated by Michael Blaut (Dife, Germany). The study does
not necessarily reflect the Commission’s views and in no
way anticipates its future policy in this area. The authors
further acknowledge Kees Roest for initiation of the phylo-
genetic microarray platform based on SSU rRNA variable
regions, and Christophe Lay for providing FISH data.
Finally, the authors express their gratitude to Elena Biagi for
the excellent technical assistance and Erwin G. Zoetendal
for his interest, useful suggestions and critical reading of
this paper.

References

Acinas, S.G., Sarma-Rupavtarm, R., Klepac-Ceraj, V., and
Polz, M.F. (2005) PCR-induced sequence artifacts and
bias: insights from comparison of two 16S rRNA clone
libraries constructed from the same sample. Appl Environ
Microbiol 71: 8966—8969.

Altschul, S.F., Gish, W., Miller, W., Meyers, E.W., and
Lipman, D.J. (1990) Basic Local Alignment Search Tool.
J Mol Biol 215: 403-410.

Andersson, A.F., Lindberg, M., Jakobsson, H., Backhed, F.,
Nyren, P., and Engstrand, L. (2008) Comparative analysis
of human gut microbiota by barcoded pyrosequencing.
PLoS ONE 3: e2836.

Béckhed, F., Ley, R.E., Sonnenburg, J.L., Peterson, D.A,,
and Gordon, J.I. (2005) Host-bacterial mutualism in the
human intestine. Science 307: 1915—.

Bauer, D.F. (1972) Constructing confidence sets using rank
statistics. J Am Stat Assoc 67: 687-690.

Ben-Amor, K., Heilig, H.G., Smidt, H., Vaughan, E.E., Abee,
T., and de Vos, W.M. (2005) Genetic diversity of viable,
injured, and dead fecal bacteria assessed by fluorescence-
activated cell sorting and 16S rRNA gene analysis. App/
Environ Microbiol 71: 4679-4689.

Bertilsson, S., Cavanaugh, C.M., and Polz, M.F. (2002)
Sequencing-independent method to generate oligonucle-
otide probes targeting a variable region in bacterial 16S
rRNA by PCR with deatachable primers. Appl Environ
Microbiol 68: 6077-6086.

Blanchard, A.P., Kaiser, R.J., and Hood, L.E. (1996) High-
density oligonucleotide arrays. Biosens Bioelectron 11:
687-690.

Bodrossy, L., and Sessitsch, A. (2004) Oligonucleotide
microarrays in microbial diagnostics. Curr Opin Microbiol 7:
245-254.

Bodrossy, L., Stralis-Pavese, N., Murrell, J.C., Radajewski,
S., Weilharter, A., and Sessitsch, A. (2003) Development
and validation of a diagnostic microbial microarray for
methanotrophs. Environ Microbiol 5: 566-582.

Bolstad, B.M., Irizarry, R.A., Astrand, M., and Speed, T.P.
(2003) A comparison of normalization methods for high
density oligonucleotide array data based on variance and
bias. Bioinformatics 19: 185-193.

Bonnet, R., Suau, A., Doré, J., Gibson, G.R., and Collins,
M.D. (2002) Differences in rDNA libraries of faecal bacteria
derived from 10- and 25-cycle PCRs. Int J Syst Evol Micro-
biol 52: 757-763.

ter Braak, C.J.F., and Smilauer, P. (2002) canoco Reference
Manual and CanoDraw for Windows User’s Guide: Soft-
ware for Canonical Community Ordination, version 4.5.
Ithaca, NY, USA: Microcomputer Power.

Button, D.K., and Robertson, B.R. (2001) Determination of
DNA content of aquatic bacteria by flow cytometry. App/
Environ Microbiol 67: 1636—1645.

Chee, M., Yang, R., Hubbell, E., Berno, A., Huang, X.C.,
Stern, D., et al. (1996) Accessing genetic information with
high-density DNA arrays. Science 274: 610-614.

Cleveland, W.S., Grosse, E., and Shyu, W.M. (1992) Local
regression models. In Statistical Models in S. Chambers,
J.M., and Hastie, T.J. (eds). Cole, USA: Wadsworth &
Brooks/Cole Computer Science Series, pp. 309-376.

Collins, M., Lawson, P., Willems, A., Cordoba, J., Fernandez-
Garayzabal, J., Garcia, P., et al. (1994) The phylogeny of
the genus Clostridium: proposal of five new genera and
eleven new species combinations. Int J Syst Bacteriol 44:
812-826.

DeSantis, T.Z., Brodie, E.L., Moberg, J.P., Zubieta, I.X.,
Piceno, Y.M., and Andersen, G.L. (2007) High-density uni-
versal 16S rRNA microarray analysis reveals broader
diversity than typical clone library when sampling the envi-
ronment. Microb Ecol 53: 371-383.

© 2009 The Authors

Journal compilation © 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 11, 1736-1751


http://www.r-project.org/

Dethlefsen, L., Eckburg, P.B., Bik, E.M., and Relman, D.A.
(2006) Assembly of the human intestinal microbiota.
Trends Ecol Evol 21: 517-523.

Dixon, W.J. (1950) Analysis of extreme values. Ann Math
Stat 21: 488-506.

Eckburg, P.B., Bik, E.M., Bernstein, C.N., Purdom, E., Deth-
lefsen, L., Sargent, M., et al. (2005) Diversity of the human
intestinal microbial flora. Science 308: 1635—1638.

Emrich, S.J., Lowe, M., and Delcher, A.L. (2003) PROBEmer:
a web-based software tool for selecting optimal DNA
oligos. Nucleic Acids Res 31: 3746-3750.

Favier, C.F., Vaughan, E.E., de Vos, W.M., and Akkermans,
A.D.L. (2002) Molecular monitoring of succession of
bacterial communities in human neonates. App/ Environ
Microbiol 68: 219-226.

Fogarty, L.R., and Voytek, M.A. (2005) Comparison of
Bacteroides-Prevotella 16S rRNA genetic markers for fecal
samples from different animal species. Appl Environ Micro-
biol 71: 5999-6007.

Gentry, T.J., Wickham, G.S., Schadt, C.W., He, Z., and Zhou,
J. (2006) Microarray applications in microbial ecology
research. Microb Ecol 52: 159-175.

Gill, S.R., Pop, M., Deboy, R.T., Eckburg, P.B., Turnbaugh,
P.J., Samuel, B.S., et al. (2006) Metagenomic analysis of
the human distal gut microbiome. Science 312: 1355—-1359.

Guschin, D.Y., Mobarry, B.K., Proudnikov, D., Stahl, D.A,,
Rittmann, B.E., and Mirzabekov, A.D. (1997) Oligonucle-
otide microchips as genosensors for determinative and
environmental studies in microbiology. App! Environ Micro-
biol 63: 2397-2402.

Heuer, H., Hartung, K., Wieland, G., Kramer, |., and Smalla,
K. (1999) Polynuclotide probes that target a hypervariable
region of 16S rRNA genes to identify bacterial isolates
corresponding to bands of community fingerprints. App/
Environ Microbiol 65: 1045-1049.

Horz, H.P., Vianna, M.E., Gomes, B.P.F.A., and Conrads, G.
(2005) Evaluation of universal probes and primer sets for
assessing total bacterial load in clinical samples: general
implications and practical use in endodontic antimicrobial
therapy. J Clin Microbiol 43: 5332-5337.

Hugenholtz, P., Pitulle, C., Hershberger, K.L., and Pace, N.R.
(1998) Novel division level bacterial diversity in a Yellow-
stone hot spring. J Bacteriol 180: 366—-376.

Klappenbach, J.A., Saxman, P.R., Cole, J.R., and Schmidt,
T.M. (2001) rrndb: the ribosomal RNA operon copy number
database. Nucleic Acids Res 29: 181-184.

Kurokawa, K., Itoh, T., Kuwahara, T., Oshima, K., Toh, H.,
Toyoda, A., et al. (2007) Comparative metagenomics
revealed commonly enriched gene sets in human gut
microbiomes. DNA Res 14: 169-181.

Lane, D.J. (1991) 16S/23S rRNA sequencing. In Nucleic Acid
Techniques in Bacterial Systematics. Stackebrandt, E., and
Goodfellow, M. (eds). Chichester, UK: J. Wiley & Sons, pp.
115-175.

Larkin, J.E., Frank, B.C., Gavras, H., Sultana, R., and Quack-
enbush, J. (2005) Independence and reproducibility across
microarray platforms. Nat Methods 2: 337-344.

Lay, C., Rigottier-Gois, L., Holmstrom, K., Rajilic, M.,
Vaughan, E.E., de Vos, W.M., et al. (2005) Colonic micro-
biota signatures across five Northern European countries.
Appl Environ Microbiol 71: 4153-4155.

© 2009 The Authors

HITChip analysis of adult microbiota 1749

Leitch, E.C., Walker, A.W., Duncan, S.H., Holtrop, G., and
Flint, H.J. (2007) Selective colonization of insoluble sub-
strates by human faecal bacteria. Environ Microbiol 9:
667-679.

Leps, J., and Smilauer, P. (2003) Multivariate Analysis of
Ecological Data Using CANOCO. Cambridge, UK: Cam-
bridge University Press.

Ley, R.E., Turnbaugh, P.J., Klein, S., and Gordon, J.I. (2006)
Microbial ecology: human gut microbes associated with
obesity. Nature 444: 1022—-1023.

Li, M., Wang, B., Zhang, M., Rantalainen, M., Wang, S.,
Zhou, H., et al. (2008) Symbiotic gut microbes modulate
human metabolic phenotypes. Proc Natl Acad Sci U S A
105: 2117-2122.

Li, X., He, Z., and Zhou, J. (2005) Selection of optimal oligo-
nucleotide probes for microarrays using multiple criteria,
global alignment and parameter estimation. Nucleic Acids
Res 33: 6114-6123.

Loy, A., Lehner, A, Lee, N., Adamczyk, J., Meier, H., Ernst,
J., et al. (2002) Oligonucleotide microarray for 16S rRNA
gene-based detection of all recognized lineages of sulfate-
reducing prokaryotes in the environment. Appl Environ
Microbiol 68: 5064—-5081.

Ludwig, W., Strunk, O., Westram, R., Richter, L., Meier, H.,
Yadhukumar, et al. (2004) ARB: a software environment for
sequence data. Nucleic Acids Res 32: 1363—1371.

McCartney, A.L., Wenzhi, W., and Tannock, G.W. (1996)
Molecular analysis of the composition of the bifidobacterial
and lactobacillus microflora of humans. Appl Environ
Microbiol 62: 4608—4613.

Matsuki, T., Watanabe, K., Fujimoto, J., Miyamoto, Y.,
Takada, T., Matsumoto, K., et al. (2002) Development of
16S rRNA-gene-targeted group-specific primers for the
detection and identification of predominant bacteria in
human feces. Appl Environ Microbiol 68: 5445-5451.

Matsuki, T., Watanabe, K., Fujimoto, J., Takada, T., and
Tanaka, R. (2004) Use of 16S rRNA gene-targeted group-
specific primers for real-time PCR analysis of predominant
bacteria in human feces. Appl Environ Microbiol 70: 7220—
7228.

Mitsuoka, T. (1992) Intestinal flora and aging. Nutr Rev 50:
438-446.

Mueller, S., Saunier, K., Hanisch, C., Norin, E., Alm, L.,
Midtvedt, T., et al. (2006) Differences in fecal microbiota in
different European study populations in relation to age,
gender, and country: a cross-sectional study. Appl Environ
Microbiol 72: 1027-1033.

Myllyluoma, E., Veijola, L., Ahlroos, T., Tynkkynen, S.,
Kankuri, E., Vapaatalo, H., et al. (2005) Probiotic supple-
mentation improves tolerance to Helicobacter pylori
eradication therapy — a placebo-controlled, double-blind
randomized pilot study. Aliment Pharmacol Ther21: 1263—
1272.

Nicholson, J.K., Holmes, E., and Wilson, I.D. (2005) Gut
microorganisms, mammalian metabolism and personal-
ized health care. Nat Rev Microbiol 3: 431-438.

Nubel, U., Engelen, B., Felske, A., Snaidr, J., Wieshuber, A.,
Amann, R.l, et al. (1996) Sequence heterogeneities of
genes encoding 16S rRNAs in Paenibacillus polymyxa
detected by temperature gradient gel electrophoresis.
J Bacteriol 178: 5636-5643.

Journal compilation © 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 11, 1736-1751



1750 M. Rajilic-Stojanovic et al.

Palmer, C., Bik, E.M., Eisen, M.B., Eckburg, P.B., Sana, T.R.,
Wolber, P.K., et al. (2006) Rapid quantitative profiling of
complex microbial populations. Nucleic Acids Res 34: e5.

Palmer, C., Bik, E.M., Digiulio, D.B., Relman, D.A., and
Brown, P.O. (2007) Development of the human infant
intestinal microbiota. PLoS Biol 5: e177.

Panjkovich, A., and Melo, F. (2004) Comparison of different
melting temperature calculation methods for short DNA
sequences. Bioinformatics 21: 711-722.

Panjkovich, A., and Melo, F. (2005) Comparison of different
melting temperature calculation methods for short DNA
sequences. Bioinformatics 21: 711-712.

Possemiers, S., Verthé, K., Uyttendaele, S., and Verstraete,
W. (2004) PCR-DGGE-based quantification of stability
of the microbial community in a simulator of the human
intestinal microbial ecosystem. FEMS Microbiol Ecol 49:
495-507.

Pozhitkov, A., Noble, P.A., Domazet-Loso, T., Nolte, A.W.,
Sonnenberg, R., Staehler, P., et al. (2006) Tests of rRNA
hybridization to microarrays suggest that hybridization char-
acteristics of oligonucleotide probes for species discrimina-
tion cannot be predicted. Nucleic Acids Res 34: e66.

Rajili¢-Stojanovié, M., Smidt, H., and de Vos, W.M. (2007)
Diversity of the human gastrointestinal tract microbiota
revisited. Environ Microbiol 9: 2125-2136.

Roest, K.C. (2007) Microbial community analysis in sludge of
anaerobic wastewater treatment systems. In Laboratory of
Microbiology. de Vos, W.M., and Stams, A.J.M. (eds).
Wageningen, the Netherlands: Wageningen University,
p. 174.

Royston, P. (1982) An extension of Shapiro and Wilk’s W test
for normality to large samples. Appl/ Stat 31: 115-124.

Sacchi, C.T., Alber, D., Dull, P., Mothershed, E.A., Whitney,
A.M., Barnett, G.A., et al. (2005) High level of sequence
diversity in the 16S rRNA genes of Haemophilus influenzae
isolates is useful for molecular subtyping. J Clin Microbiol
43: 3734-3742.

Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989a) Calcu-
lating melting temperatures for perfectly matched hybrids
between oligonucleotides and their target sequences. In
Molecular Cloning — A Laboratory Manual. Sambrook, J.,
Fritsch, E.F., and Maniatis, T. (eds). Cold Spring Habour,
NY, USA: Cold Spring Habour Laboratory Press, p. 11.46.

Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989b) Prepa-
ration of reagents and buffers used in molecular cloning. In
Molecular Cloning — A Laboratory Manual. Sambrook, J.,
Fritsch, E.F., and Maniatis, T. (eds). Cold Spring Habour,
NY, USA: Cold Spring Habour Habour Laboratory Press, p.
B.13.

Santalucia, J., Jr. (1998) A unified view of polymer, dumbbell,
and oligonucleotide DNA nearest-neighbor thermodynam-
ics. Proc Natl Acad Sci USA 95: 1460-1465.

Scanlan, P.D., Shanahan, F., Clune, Y., Collins, J.K,
O’Sullivan, G.C., O'Riordan, M., et al. (2008) Culture-
independent analysis of the gut microbiota in colorectal
cancer and polyposis. Environ Microbiol 10: 789-798.

Schloss, P.D., and Handelsman, J. (2004) Status of the
microbial census. Microbiol Mol Biol Rev 68: 686—691.

Shen, J., Zhang, B., Wei, G., Pang, X., Wei, H., Li, M., et al.
(2006) Molecular profiling of the clostridium leptum sub-
group in human fecal microflora by PCR-denaturing

gradient gel electrophoresis and clone library analysis.
Appl Environ Microbiol 72: 5232-5238.

Suau, A., Bonnet, R., Sutren, M., Godon, J.-J., Gibson, G.R.,
Collins, M.D., and Doré, J. (1999) Direct analysis of genes
encoding 16S rRNA from complex communities reveals
many novel molecular species within the human gut. App/
Environ Microbiol 65: 4799-4807.

Surakka, A., Kajander, K., Rajili¢-Stojanovi¢, M., Karjalainen,
H., Hatakka, K., Vapaatalo, H., et al. (2009) Yoghurt
containing galactooligosaccharides facilitates defecation
among elderly subjects and selectively Increases the
number of bifidobacteria. Int J Prob Preb 4: 65-74.

Tan, P.K., Downey, T.J., Spitznagel, E.L., Jr, Xu, P., Fu, D.,
Dimitrov, D.S., et al. (2003) Evaluation of gene expression
measurements from commercial microarray platforms.
Nucleic Acids Res 31: 5676-5684.

Turnbaugh, P.J., Hamady, M., Yatsunenko, T., Cantarel, B.L.,
Duncan, A, Ley, R.E., et al. (2009) A core gut microbiome
in obese and lean twins. Nature 457: 480—484.

Vanhoutte, T., Huys, G., Brandt, E., and Swings, J. (2004)
Temporal stability analysis of the microbiota in human
feces by denaturing gradient gel electrophoresis using uni-
versal and group-specific 16S rRNA gene primers. FEMS
Microbiol Ecol 48: 437—-446.

Wagner, M., Smidt, H., Loy, A., and Zhou, J. (2007) Unrav-
elling microbial communities with DNA-microarrays: chal-
lenges and future directions. Microb Ecol 53: 498-506.

Watanabe, K., Kodama, Y., and Harayama, S. (2001) Design
and evaluation of PCR primers to amplify bacterial 16S
ribosomal DNA fragments used for community fingerprint-
ing. J Microbiol Methods 44: 253-262.

Weis, B.K., and Consortium, M.O.T.T.R. (2005) Standardiz-
ing global gene expression analysis between laboratories
and across platforms. Nat Methods 2: 351-356.

Wilson, K.H., Wilson, W.J., Radosevich, J.L., DeSantis, T.Z.,
Viswanathan, V.S., Kuczmarski, T.A., and Andersen, G.L.
(2002) High-density microarray of small-subunit ribosomal
DNA probes. App! Environ Microbiol 68: 2535-2541.

Zoetendal, E.G., Akkermans, A.D., and de Vos, W.M. (1998)
Temperature gradient gel electrophoresis analysis of 16S
rRNA from human fecal samples reveals stable and
host-specific communities of active bacteria. Appl Environ
Microbiol 64: 3854-3859.

Zoetendal, E.G., Collier, C.T., Koike, S., Mackie, R.l., and
Gaskins, H.R. (2004) Molecular ecological analysis of the
gastrointestinal microbiota: a review. J Nutr 134: 465-472.

Zoetendal, E.G., Vaughan, E.E., and de Vos, W.M. (2006a) A
microbial world within us. Mol Microbiol 59: 1639—1650.

Zoetendal, E.G., Heilig, H.G.H.J., Klaassens, E.S., Booijink,
C.C.G.M., Kleerebezem, M., Smidt, H., and de Vos, W.M.
(2006b) lIsolation of DNA from bacterial samples of the
human gastrointestinal tract. Nat Protocols 1: 870-873.

Zoetendal, E.G., Rajilic-Stojanovi¢, M., and de Vos, W.M.
(2008) High throughput diversity und functionality analysis
of the gastrointestinal tract microbiota. Gut57: 1605—1615.

Supporting information

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

© 2009 The Authors

Journal compilation © 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 11, 1736-1751



Fig. S1. Relative change of the hybridization signal of
phylotype-specific HITChip probes with the change of the
relative abundance in an artificial target mix of 40 phylotypes,
assessed for varying concentrations of 10 gastrointestinal
phylotypes. Average data with the respective standard error
are presented.

Fig. S2. Influence of the PCR cycle number on reproducibil-
ity of HITChip fingerprint. Clustering of the HITChip finger-
prints is shown for two faecal samples of five young adult
subjects collected during a period of 2 months. Samples are
encoded by YA1-YA5, while 1 or 2 subsequent to slash sign
indicate sample collection sequence. The letter b indicates
that fingerprints were obtained with 20 cycles of 35 PCR,
whereas for all other profiles, 35 cycles were used. The
highest phylogenetic level of specificity of probes (level 1) is
depicted on the right panel of the figure.

Fig. S3. Fingerprints of the human faecal microbiota
obtained using DGGE analysis (a) and the HITChip (b) of five
subjects which are coded V1-V5. Two samples per subject
were analysed, and samples were collected with a time span
of 4 years, where the numbers subsequent to slash sign
indicate the time span in years after the first sampling. The
highest phylogenetic level of specificity of the HITChip probes
is depicted on the right panel of the figure.

Fig. S4. Similarity between the Bifidobacterium communities
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in the faecal microbiota of five pairs of monozygotic twins
calculated as Pearson’s correlation. The similarity was
assessed by comparing total hybridization profiles obtained
for in vitro transcribed Bifidobacterium-specific PCR product
(y-axis) to hybridization signals of Bifidobacterium-specific
probes obtained with in vitro transcribed universal bacterial
PCR product (x-axis).

Table S1. Classification of phylotypes found in the human
intestine based on the SSU rRNA gene similarity. Level 1
corresponds to the phylum, or in case of Firmicutes to the
Clostridium cluster; level 2 includes groups of sequences with
90% or more sequence similarity; level 3 represents unique
phylotypes that were defined as species for cultivated micro-
organisms, or representatives of each monophyletic group
with = 98% sequence identity for clones corresponding to
uncultured microorganisms.

Table S2. Pairs of human gastrointestinal species and yet
uncultured phylotypes that cannot be distinguished based on
their variable region V1 and V6 SSU rRNA gene sequence.
Table S3. Phylogenetic identification of core probes.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied by
the authors. Any queries (other than missing material) should
be directed to the correspondence author for the article.
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