
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, June 2009, p. 3572–3579 Vol. 75, No. 11
0099-2240/09/$08.00�0 doi:10.1128/AEM.02764-08
Copyright © 2009, American Society for Microbiology. All Rights Reserved.

High-Throughput Quantitative Analysis of the Human Intestinal
Microbiota with a Phylogenetic Microarray�

Oleg Paliy,1* Harshavardhan Kenche,1 Frank Abernathy,3 and Sonia Michail2,3

Department of Biochemistry and Molecular Biology1 and Department of Pediatrics,2 Boonshoft School of Medicine,
Wright State University, Dayton, Ohio, and Dayton Children’s Hospital, Dayton, Ohio3

Received 4 December 2008/Accepted 29 March 2009

Gut microbiota carry out key functions in health and participate in the pathogenesis of a growing number
of diseases. The aim of this study was to develop a custom microarray that is able to identify hundreds of
intestinal bacterial species. We used the Entrez nucleotide database to compile a data set of bacterial 16S rRNA
gene sequences isolated from human intestinal and fecal samples. Identified sequences were clustered into
separate phylospecies groups. Representative sequences from each phylospecies were used to develop a
microbiota microarray based on the Affymetrix GeneChip platform. The designed microbiota array contains
probes to 775 different bacterial phylospecies. In our validation experiments, the array correctly identified
genomic DNA from all 15 bacterial species used. Microbiota array has a detection sensitivity of at least 1 pg
of genomic DNA and can detect bacteria present at a 0.00025% level of overall sample. Using the developed
microarray, fecal samples from two healthy children and two healthy adults were analyzed for bacterial
presence. Between 227 and 232 species were detected in fecal samples from children, whereas 191 to 208 species
were found in adult stools. The majority of identified phylospecies belonged to the classes Clostridia and
Bacteroidetes. The microarray revealed putative differences between the gut microbiota of healthy children and
adults: fecal samples from adults had more Clostridia and less Bacteroidetes and Proteobacteria than those from
children. A number of other putative differences were found at the genus level.

In the healthy adult, there are 1011 to 1014 bacteria coloniz-
ing the intestine. This outnumbers the total tissue cells in the
body by at least an order of magnitude. The composition and
activity of this complex microbial system (called microbiota or
microflora) have a major influence on health and disease (9).
Commensal microbiota contribute to the trophic functions of
the gut (producing fermentation products and vitamins that
can be used by intestinal epithelial cells), stimulate the immune
function of the gastrointestinal tract, transform or excrete toxic
substances, protect the host against invasion by pathogenic
species, and modulate gut motility (28, 36). At the same time,
recent research incriminates a dysfunctional cross-talk be-
tween the host and the microbiota in the pathogenesis of a
growing number of disorders, such as irritable bowel syn-
drome, inflammatory bowel disease, allergic diseases, and gas-
trointestinal cancer (28).

While the intestine in a newborn contains no microbes, im-
mediately after birth the intestine of the infant is colonized by
enterobacteria and enterococci. Gradual changes in micro-
biota composition occur during childhood, with a general re-
duction in the number of aerobes and facultative anaerobes
and an increase in the populations of obligate anaerobic spe-
cies (27). It is considered that by 2 years of age the microbiota
resembles that of an adult, which is dominated in health and
disease by species from only four phyla, Firmicutes (predomi-
nantly Clostridia; 50 to 70% total bacterial numbers), Bacte-
roidetes (10 to 30%), Proteobacteria (up to 10%), and Actino-

bacteria (up to 5%), with 90% believed to be obligate
anaerobes (4, 10, 11, 22).

Traditionally, microorganisms were detected in intestinal
samples and feces by microscopic, biochemical, or physiologi-
cal methods, or by culturing on selective nutrient media. How-
ever, since most intestinal microbiota species are obligate
anaerobes, their isolation and culturing are difficult (21, 38,
42). In recent years, new methods based on the use of microar-
ray technology have been utilized for the characterization of
complex microbial communities (18, 32, 41, 43, 47). Microar-
rays represent an excellent choice for the high-throughput
analysis of bacterial populations, because many different
probes can be placed on one slide or synthesized on one chip,
and samples thus can be tested for the presence of many
different species simultaneously. Environmental and clinical
samples can be interrogated directly, circumventing any need
for culturing, and thus nonculturable species can be reliably
detected.

Several types of microarrays have been used to date to char-
acterize the composition of microbial communities (47). Com-
munity genome arrays are constructed using whole genomic
DNA (gDNA) isolated from pure culture strains (46). Func-
tional gene arrays contain genes encoding key enzymes that are
involved in various biochemical processes, and they are useful
for monitoring physiological changes in microbial communities
(14, 45). Phylogenetic oligonucleotide arrays contain probes
derived from rRNA sequence information and are ideally
suited for the analysis of microbial community composition
structure and variance. Different types of phylogenetic arrays
have been designed for these purposes (26, 30, 31).

A number of projects performed in the last several years
focused on sampling the diversity of human microbiota by the
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cloning and subsequent sequencing of the 16S rRNA genes
isolated from gastrointestinal and fecal samples (5, 10, 13, 23,
38). In this project, we have designed, developed, and validated
a custom microbiota microarray containing 16S rRNA genes
probes to 775 different microbial phylospecies of human intes-
tinal bacteria. We also have tested the applicability of this array
to profiling the microbiota populations in fecal samples iso-
lated from two adult and two child volunteers.

MATERIALS AND METHODS

Compilation of 16S rRNA gene sequences identified from human intestinal
and fecal samples. To compile a list of 16S rRNA gene sequences identified from
intestinal microbiota, a search of the Entrez nucleotide database (http://www
.ncbi.nlm.nih.gov/) was carried out in October 2006. Sequence retrieval was
limited to sequences of 1,200 bp or longer. The search yielded a total of 15,735
microbial sequences representing microbiota from stools or intestinal bacteria
obtained from mucosal biopsies.

All sequence analysis steps were carried out in collaboration with Qiong Wang
and Jim Cole from the Ribosomal Database Project (RDP; Michigan State
University) (8). All 16S rRNA gene sequences were mapped to the RDP data-
base, aligned by RDP Aligner, and classified into Bergey’s taxonomy by RDP
Classifier (40). Using the alignment, distance matrices among sequences were
calculated for the complete data set using Jukes Cantor correction. DOTUR (37)
was employed to cluster all sequences into separate phylogroups (10). Based on
previous studies (1, 10, 13), a cutoff value of 0.020 was utilized to define group
boundaries (corresponding to 98% nucleotide similarity within each group). This
clustering produced a total of 852 groups. During the microarray design process,
unique nucleotide probes were to be sought for each individual target sequence
supplied; therefore, one representative nucleotide sequence was chosen for each
phylospecies. A consensus nucleotide sequence for each group was produced,
and the actual 16S rRNA gene sequence within each group that was closest (in
terms of nucleotide similarity) to the consensus was chosen as the representative
16S rRNA gene sequence of that phylospecies. The lowest common lineage node
among all sequences within each group was used as the group designation.

The 852 representative sequences were extracted and aligned. The aligned
data set was truncated to include 16S rRNA nucleotides only between nucleotide
positions 28 and 1491 (Escherichia coli 16S rRNA gene positions). This was
necessary to ensure that no microarray probes were designed to the regions
outside 28 to 1491, since only nucleotides in that region can be amplified by
universal 16S rRNA gene PCR primers. The truncated set was used as an input
for the design algorithm.

Design of microbiota microarray. The custom microbiota microarray was
designed based on the Affymetrix GeneChip platform (array format 100-2186;
11-�m feature size) (2, 3). “Prokaryotic antisense” was chosen as the target type.
Potential probes were pruned with all of the submitted 16S rRNA gene se-
quences, with the reverse complement of the submitted 16S rRNA gene se-
quences, and with a standard human genome library. The probe length was 25
nucleotides. Each species was represented on the array by at least one probe set.

The minimum number of different oligonucleotide probes per probe set was 5,
and the maximum was 11. As controls, standard human, mouse, and rat control
sets were included on the GeneChip together with E. coli and prokaryotic spike
set controls.

Probe sets to 775 phylospecies were present in the final design (Table 1). Note
that for the same species, the algorithm can produce several probe sets with
different specificities if the unique probe set is not optimal. The examination of
the complete set of probes showed that the distribution of probe %GC was
similar to that for Affymetrix E. coli and Bacillus subtilis arrays.

Cultivation of bacterial species and isolation of gDNA. Sixteen bacterial spe-
cies were chosen for validation experiments (Table 2) from the list of known
phylospecies among 775, so that they (i) are available from ATCC, (ii) can be
cultured, (iii) represent different bacterial classes, and (iv) represent bacteria
with different average GC contents. All bacterial samples were purchased from
the ATCC and stored at �80°C. For DNA preparation, frozen stocks were
cultured in either 15-ml centrifuge tubes or T-25 tissue culture flasks containing
medium recommended by the ATCC for that species. Anaerobic cultures were
sealed inside a GasPak bag together with a gas generator packet (BD GasPak
EZ) and placed together with aerobic cultures in a shaking water bath at 37°C,
and all cultures were incubated for 1 to 2 days. Once a sufficient cell density was
reached, the cultures were collected and then frozen at �80°C.

A ZR fungal/bacterial DNA kit (Zymo Research) was used for all DNA
extractions. Total DNA was isolated successfully from all species; however, due
to problems with the cultivation of Ruminococcus albus, only small quantities of
gDNA were prepared, limiting its use in validation experiments.

PCR amplification of 16S rRNA genes. Two primers that are frequently used
in microbial diversity studies to amplify a near-full-length 16S rRNA gene se-
quence and considered conserved for Bacteria were utilized for the PCR ampli-
fication of 16S rRNA genes: Bact-27F (AGRGTTTGATCMTGGCTCAG) and
Univ-1492R (GGYTACCTTGTTACGACTT). PCR was carried out in a 50-�l
volume using either PrimeStar HS DNA polymerase (Takara) or Taq 2� Mas-
termix (New England Biolabs). Amplified DNA was purified with a QIAquick
PCR purification kit (Qiagen).

Isolation of gDNA from fecal samples. Fecal samples were obtained from two
healthy children and two healthy adults. Samples were frozen immediately after
passage and were kept at �80°C. Total gDNA was isolated from fecal samples
using a QIAamp DNA stool mini kit (Qiagen). Isolated gDNA was passed
through a Zymo-spin IV-HRC filter (Zymo Research) to remove any remaining
inhibitors. For microarray experiments, three separate PCRs, each containing
500 ng of gDNA, were carried out for each fecal DNA sample. The resultant
mixtures were pooled. Amplified DNA was purified with a QIAquick PCR
purification kit (Qiagen).

Microarray experiments and analysis. gDNA and PCR-amplified DNA were
fragmented with DNase I (37°C, 10 min) to provide the bulk of DNA fragments
with sizes of 100 to 500 bp. Control experiments identified the optimal DNase I
concentration as 0.075 U per 1 �g of gDNA and 0.04 U per 1 �g of PCR-
amplified gDNA. Fragmented DNA was end labeled with biotin. Hybridization,
washing, staining, and array scanning were performed according to the standard

TABLE 1. Phylogenetic distribution of bacterial phylospecies from
human intestine that can be interrogated by microbiota array

Class No. of
phylospecies

Cyanobacteria................................................................................................... 1
Alphaproteobacteria ......................................................................................... 9
Betaproteobacteria ........................................................................................... 17
Gammaproteobacteria ..................................................................................... 11
Deltaproteobacteria .......................................................................................... 4
Epsilonproteobacteria ...................................................................................... 6
Clostridia ..........................................................................................................527
Mollicutes ......................................................................................................... 12
Bacilli................................................................................................................ 24
Actinobacteria .................................................................................................. 29
Spirochaetes...................................................................................................... 4
Bacteroidetes ....................................................................................................126
Fusobacteria ..................................................................................................... 3
Verrucomicrobiae ............................................................................................. 1
Lentisphaerae ................................................................................................... 1

Total .................................................................................................................775

TABLE 2. Bacteria used to validate the microbiota array

ATCC
no. Bacterial species Class Gram

stain
%GC

contenta

27539 Bifidobacterium catenulatum Actinobacteria � 60
15707 Bifidobacterium longum Actinobacteria � 60
25559 Eggerthella lenta Actinobacteria � 64
27274 Enterococcus faecalis Bacilli � 37
4356 Lactobacillus acidophilus Bacilli � 35
8483 Bacteroides ovatus Bacteroidetes � 43
8492 Bacteroides uniformis Bacteroidetes � 43
9689 Clostridium difficile Clostridia � 29
638 Clostridium paraputrificumb Clostridia � 30
9714 Clostridium sordellii Clostridia � 30
19403 Clostridium sphenoides Clostridia � 30
8486 Eubacterium limosum Clostridia � 47
27210 Ruminococcus albus Clostridia � 42
51649 Holdemania filiformis Mollicutes � 38
25586 Fusobacterium nucleatum Fusobacteria � 27
25922 Escherichia coli Gammaproteobacteria � 51

a The %GC was estimated for nonsequenced species based on other studies
or phylogenetic homology.

b ATCC 638 was recently reclassified as Clostridium bifermentans in the NCBI
and RDP databases.
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Affymetrix protocol for prokaryotic array format 100. GCOS (Affymetrix) was
used to process the raw microarray data (the parameters used were �1 � 0.03,
�2 � 0.05, and � � 0.015, corresponding to a 97% statistical confidence of probe
set detection). To obtain a consensus presence call for a probe set on replicate
arrays, a particular probe set had to be called present (� � 0.03) on one array and
be present or marginal (0.03 � � � 0.05) on another array; otherwise, the
phylospecies was considered not to be reliably detected. The signal values were
normalized only for the experiments that used DNA from fecal samples, because
in all other tests only a small fraction of probe sets showed signal values above
the level of background noise. CARMAweb was used to normalize signal inten-
sities (35). The MAS5 algorithm was used for Perfect Match correction, the
Loess algorithm was used for array normalization, and the median Polish algo-
rithm was used to obtain expression summaries (i.e., signal values) for each probe
set on a chip (7). Signal values were averaged for replicate arrays as geometric
means. To estimate the total hybridization signal for larger taxonomical groups,
signal values for all phylospecies in that group that were detected on a particular
array were summed. If a phylospecies was not called present by the GCOS
algorithm, the signal values of the corresponding probe set(s) were ignored.

Measurements of signal ratios. Six microbiota arrays were used to measure
differences in probe set signal intensities, corresponding to different amounts of
bacterial DNA added to each array. Equal amounts of gDNA (1 �g) from
Bifidobacterium longum, Bacteroides uniformis, Lactobacillus acidophilus, and
Clostridium sphenoides were mixed together and subsequently fragmented with
DNase I. The amount of each species gDNA added to arrays was 12.5 ng (array
FC1), 25 ng (array FC2), 50 ng (array FC3), 100 ng (array FC4), 150 ng (array
FC5), or 200 ng (array FC6). To account for array-to-array variability in global
hybridization affinity, 100 ng of gDNA from Holdemania filiformis was added to
each array (fragmented separately). To ensure that each hybridization sample
contained the same amount of fragmented bacterial DNA, fragmented gDNA
from E. coli was used to adjust the total gDNA content of each sample to 1 �g.
During the analysis of each array, the signal values obtained for the H. filiformis
probe set were adjusted to the same baseline value, and all other signals were
multiplied by this normalization factor. Array FC1 was used as a baseline exper-
iment, and all signal ratios were calculated by dividing signal values from other
arrays by the corresponding values from array FC1.

qPCR. Quantitative real-time PCR (qPCR) was carried out on an ABI Prism
7000 sequence detection system using platinum SYBR green qPCR supermix
(Invitrogen). To selectively amplify 16S rRNA genes from chosen bacterial
groups, forward primer 27F was combined with a group-specific primer identified
in ARB PLEASE! (http://www.arb-home.de/probelib.html) or ProbeBase (25).
Selected primers were checked for acceptable group coverage and correct spec-
ificity in RDP (8). Primer sequences are listed online (http://www.wright.edu
/	oleg.paliy/Papers/MF_array/MF_array.html). The amplification of all bacterial
16S rRNA genes with conserved primers (27F-Eub338R) was used as the sample
control. The total reaction volume was 25 �l. Each reaction mixture contained
0.4 �M of each primer, 1� SYBR green supermix, and fecal gDNA. For each
primer pair, separate qPCR reactions were carried out with template concen-
trations of 500 pg and 4 ng. All reactions were performed in duplicate. The
cycling parameters were 95°C for 15 s, 55°C for 30 s, and 72°C for 30 s. The
specificity of each amplification was assessed by a melting curve analysis of the
amplified sample, and the correct amplicon size was confirmed by agarose gel
electrophoresis. The efficiency of amplification for the control primer pair was
estimated from the standard curve generated from a series of fourfold template
dilutions; the efficiency of amplification for each test primer pair was calculated
for each individual sample tested. The amplification efficiency for different
primer pairs was relatively similar but not identical; these differences have been
taken into account during relative abundance calculations. Mathematical formu-
las used to calculate relative gDNA abundances and measurement errors are
provided online (http://www.wright.edu/	oleg.paliy/Papers/MF_array/MF_array
.html).

RESULTS

Microarray development. The goal of this project was to
develop a custom community microarray specifically designed
to interrogate quantitatively the presence and relative abun-
dance of bacteria in human intestinal and fecal samples. In
order to enable the custom microarray to detect as many dif-
ferent intestinal bacterial species as possible, a broad search of
the Entrez nucleotide database was performed. We identified
more than 15,000 different bacterial 16S rRNA gene sequence

entries with human intestinal origins. Upon manual examina-
tion, we found that this data set was not nonredundant; there
were multiple sequence entries for the same bacterial species,
and we found several cases where the same 16S rRNA gene
sequence was present in the database with different sequence
identity numbers. This redundancy necessitated the use of the
clustering approach to distribute all of the sequences into sep-
arate phylospecies (also called species-level operational taxo-
nomic units) based on a procedure described previously for the
analysis of microbial diversity (5, 10, 13). Using a 98% se-
quence similarity cutoff to limit allowable sequence variability
within individual phylospecies (1, 10, 13), a total of 852 distinct
phylospecies were defined. The majority of bacteria belonged
to the class Clostridia in the phylum Firmicutes (10). The use of
this clustering procedure ensured that the distribution and the
overall number of phylospecies are relatively insensitive to a
continuous increase in the number of 16S rRNA gene se-
quences obtained from human intestinal flora, because we
expect that many new sequences would cluster into existing
phylospecies groups (10).

The Affymetrix GeneChip platform was chosen for the de-
velopment of a custom microbiota microarray. As the specific-
ity of the GeneChips can be as low as a single-nucleotide
difference between oligonucleotides, species-specific probes
could be designed for each species of microbiota. Even though
only 16S rRNA gene sequences were available for the design of
oligoprobes, the focus of this custom microarray on only those
microbial species identified in human intestinal microbiota
improved the chances of finding unique oligoprobes to each
species. Indeed, we have been able to design probes for 775
different phylospecies (Table 1). Between 5 and 11 probes
were designed for each phylospecies, with 84% of probe sets
containing 11 probes. The designed microarray was success-
fully produced in collaboration with Affymetrix, Inc. (Santa
Clara, CA).

Correct identification of pure bacterial cultures. To test the
ability of the microarray to correctly identify the presence of
bacteria in samples, we have hybridized 250 ng of gDNA iso-
lated from individual bacterial species listed in Table 2 to
separate arrays. Chosen species span a number of different
classes and had a wide range of genome %GC. Among 16
bacterial species used, 15 were reliably detected (with at least
97% confidence) by the microbiota array. The array correctly
discriminated among closely related species within the same
genus (Table 2). Because the standard hybridization mixture
contains herring sperm DNA (carrier) and B2 oligomers (hy-
bridization standard), a negative control array was run with
hybridization mixture lacking any bacterial DNA. As expected,
the scanned microarray was largely blank, with only several
probe sets showing signal values marginally above the level of
background noise. DNA isolated from cell pellets believed to
be Eggerthella lenta did not produce any significant signal.
When we used the total gDNA isolated from that bacterial
culture to sequence the 16S rRNA gene, the 16S rRNA gene
was identified as belonging to the genus Propionibacterium in
the phylum Actinobacteria. Some of these bacteria are known
to live on human skin, thus they might have contaminated and
eventually overtaken the culture during culture handling and
growth (12). Our microbiota array did not contain any probes
for Propionibacterium; the sequencing thus corroborated the
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results of the array hybridization to that gDNA sample. Among
the other 15 bacterial samples, cross-hybridization to other
probe sets was low; on average, each individual array called
present 4.6 extra probe sets (representing 0.4% of all probe
sets on the array); the signal intensity for these cross-hybrid-
izing probes was usually at least an order of magnitude less
than that for the probe set correctly matching the loaded bac-
terial gDNA. To test if such cross-hybridization can be reduced
by the use of multiple replicates, we hybridized an additional
array to total gDNA (250 ng) from Bacteroides uniformis, be-
cause the first array run for this sample identified the highest
number of additional sequences (13 probe sets) as being
present in the sample. The second array had a total of four
nonmatching probe sets called present. When the results of the
two replicate arrays were analyzed, only one probe set was
called present in both replicates in addition to the one corre-
sponding to B. uniformis; that other probe set corresponded to
another Bacteroides phylospecies. This indicated that the use of
multiple arrays per sample significantly reduces the nonspecific
detection of bacterial phylospecies.

PCR amplification of 16S rRNA genes leads to increased
sensitivity of detection. The amplification of 16S ribosomal
gDNA in a PCR previously has led to the increased sensitivity
of the community microarrays (18, 44). To specifically amplify
near-full-length bacterial 16S rRNA genes, we used two phy-
logenetically conserved 16S primers, as described in Materials
and Methods. Successful 16S rRNA gene amplification was
confirmed for all validation species by agarose gel electro-
phoresis (data not shown). Because no gel purification was
carried out, the amplified DNA samples contained a mixture of
total gDNA (used as a template for PCR amplification) and
amplified 16S rRNA genes and were designated 16S�gDNA.
Such 16S�gDNA samples (250 ng starting gDNA, 10 cycles of
PCR amplification) were hybridized to microbiota array sepa-
rately for each validation species. Fifteen bacterial species
were detected correctly on the array; 16S�gDNA from Propi-
onibacterium spp. produced the correct negative result (as de-
scribed above). In analyzing the hybridization results between
two choices of hybridization sample (gDNA and 16S�gDNA),
the use of 16S amplification (10 cycles) led to an increase in the
probe signal for matching probe sets (5.5-fold on average) and
thus would improve the sensitivity of detection. The increased
sensitivity of detection led to a higher level of the cross-hy-
bridization of 16S�gDNA samples: an average of 9.1 extra
probe sets (0.9% of all probe sets) were called present in these
experiments. However, the use of a second replicate array for
the 16S�gDNA sample from Clostridium sphenoides led to a
decrease in the number of cross-hybridizing probe sets from 21
to 1 when results from both arrays were combined.

Correct identification of bacterial DNA in complex mix-
tures. Because the intestinal and fecal samples are expected to
contain hundreds of different species of bacteria, we wanted to
test if the designed microarray can correctly detect the pres-
ence of individual bacterial species in complex mixtures. To
that end, we mixed 100 ng of gDNA from each of the 15
species (Ruminococcus was not used due to the lack of gDNA)
and hybridized this mixture to two microbiota arrays. For two
other arrays, 16S rRNA gene-specific PCR amplification was
carried out on the combined gDNA mixture prior to hybrid-
ization. We detected reliably (97% confidence) all species on

each array, with the exception of Propionibacterium spp. (for
which there were no probes on the array). Clostridium sordellii
was not detected on one array but was detected on three
others. Good concordance in signal intensity values was ob-
served between replicate arrays (Spearman rank correlation of
0.95 to 0.99). The use of replicates led to a more than twofold
decrease in cross-hybridization. The PCR amplification of
gDNA resulted in an increased strength of hybridization signal
and in a lower variability of signal intensity among probe sets
matching our bacterial species.

To determine the sensitivity limit of the microbiota array for
different types of samples, several other mixtures of bacterial
gDNA were hybridized to the arrays. The detection limit was
estimated to be at least 4 ng for total unamplified gDNA and
at least 1 ng for 16S�gDNA when gDNA was subjected to 10
cycles of 16S rRNA gene-specific PCR amplification. The de-
tection limit can be decreased significantly by increasing the
number of PCR amplification cycles; with 30 cycles of PCR
amplification, we reliably detected 1 pg (10�12 g) of starting
gDNA material. If necessary, the PCR amplification can be
extended up to 35 to 40 cycles total, which would allow us to
use this microarray as a clinical detection tool (41, 43).

Sensitivity of detection of spiked-in bacterial DNA in human
gDNA. It is believed that different microbiota species are
present in the human gastrointestinal tract in widely different
numbers spanning several orders of magnitude. Therefore, one
important characteristic of any potential high-throughput de-
tection tool would be its ability to detect small amounts of
particular bacterial species in an otherwise large sample. In our
next set of validation experiments, we spiked gDNA from sev-
eral bacterial species into a sample of gDNA of nonbacterial
origin. As nonbacterial DNA, total gDNA isolated from the
human cell line HeLa-2 was used. We were able to detect 4 ng
of total unamplified gDNA for three out of the four gDNAs
tested (0.1% of the total sample applied). When 10 cycles of
16S rRNA gene-specific PCR amplification were used on the
total sample, we detected 1 ng of bacterial gDNA (0.025%
total sample). This limit was reduced to a mere 10 pg by
increasing the number of PCR cycles to 30. This represents
0.00025% of the initial gDNA sample, which compares well
with other designed community microarrays (29, 32) (note that
human gDNA is not expected to be amplified with bacterial
universal primers; therefore, the final relative abundance of
bacterial gDNA in the 16S rRNA gene-amplified spike-in sam-
ples is higher than that of the original ratio). If we assume the
highest relative species abundance in a complex bacterial com-
munity to be 1% of total DNA, the ability of the microarray to
detect bacterial presence is in a 4,000-fold range.

Detection of differences in gDNA amounts among samples.
The expected future uses of the designed microarray include
not only a qualitative detection of different bacterial species in
intestinal and fecal samples but also a quantitative comparison
of the abundance of a particular species of intestinal bacteria
among different samples. To examine if microbiota array can
detect differences in bacterial gDNA amounts among different
samples, a series of six hybridization experiments were carried
out. Each sample contained gDNA from the same mix of
bacterial species, but different amounts of such gDNA mix
were added to each array. The loads were calculated so as to
provide a range of abundance differences of 2-, 4-, 8-, 12-, and
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16-fold. Each sample was hybridized individually to a separate
array, and observed signal ratios among samples were com-
pared to expected values (Fig. 1). Overall, a good concordance
between expected and obtained signal ratio values was estab-
lished. A close to linear relationship was observed (R2 � 0.95
for linear fit), with a line slope coefficient of 0.8. The variation
in signal ratios increased with an increase in expected ratio
values, as evident from the size of error bars in Fig. 1. The
observed signal ratios also seemed to deviate more from the
expected values for higher (n-fold) differences, which might
indicate a potential saturation of the hybridization mixture
with DNA fragments for array experiments containing larger
amounts of each species’ DNA.

Identification of bacterial phylospecies in gDNA from hu-
man fecal samples. To examine the ability of the microbiota
array to quantitatively profile the microbiota composition, we
obtained fresh fecal samples from four volunteers: two adults
and two children 12 and 15 years of age. gDNA isolated from
each sample was subjected to 16S rRNA gene-specific PCR
amplification, and the amplified samples were hybridized to
the arrays. Three individual PCR amplifications were pooled
together to assemble each hybridization sample. The pooling
of multiple PCRs was critical in reducing the variability of
microarray data resulting from previously described PCR bias
(data not shown) (34). Two microbiota arrays were used per
stool sample. An excellent replicate reproducibility of microar-
rays was achieved (Spearman rank correlation of 0.97 to 0.99
for signal values).

Between 227 and 232 species were called present in fecal
samples from the children, while we detected 191 and 208
species in the adult stools. Table 3 lists the composition of each
fecal sample at the bacterial class level. In general, similar
microbiota composition profiles were observed for all four
samples and were dominated by Clostridia and Bacteroidetes,
which together accounted for 88 to 98% of the total hybrid-
ization signal. Fecal samples from adult volunteers had rela-
tively higher proportions of Clostridia (86 to 89% in adults, 77
to 79% in children), whereas Bacteroidetes were more abun-
dant in fecal samples from children (9% in adults, 12 to 13% in

kids). Child fecal samples had much higher numbers of Pro-
teobacteria (7 to 12% in children, 0 to 2% in adults); at the
same time, Verrucomicrobiae were more abundant in adults
(because of the low number of fecal samples available, tests of
statistical significance of detected differences were not per-
formed).

Though we observed a good consistency of bacterial com-
position among samples at the class and order levels, signifi-
cant variability was found at the phylospecies levels. Signal for
227 to 232 species was detected in fecal samples from children;
however, only 143 of these were detected in both (62%). For
adult stools, 109 species were present in both samples (55%).
In general, variability between adult samples was higher (the
Spearman rank correlation of hybridization signal values be-
tween child samples was 0.65, and that between adult samples
was 0.57), which might be attributed to the differences between
adult volunteers in gender, age, or ethnic origin (the children
differed only in age). However, the diversity of the microbiota
was similar among all volunteers at the genus level: 39 and 42
different genera were detected in the child fecal samples,
whereas 34 and 40 different genera were present in adult
stools.

The distribution of signal among species and genera dis-
played a hyperbolic relationship, where relatively few members
accounted for the majority of observed signal. For all four fecal
samples, the 10 genera with the highest total signal values for
all present species in these genera accounted for 84 to 88% of
the overall signal. The most abundant phylospecies (Faecali-
bacterium prausnitzii in children, Papillibacter spp. in adults)
was present at 4 to 6% of the total hybridization signal,
whereas the lowest signal for a detected phylospecies was at a
0.001 to 0.004% level.

At the genus level, the microbiota composition in children
was dominated by Faecalibacterium (26% total signal), Rumi-
nococcus (17% total signal), and Bacteroides (9% total signal).
Fecal samples in adults were dominated by Papillibacter (25%
total signal), Ruminococcus (16% total signal), and Faecalibac-
terium (10% total signal). In children’s stools, Papillibacter was

TABLE 3. Detection of bacterial classes in fecal samples from
children and adults

Class
Child 1 Child 2 Adult 1 Adult 2

No.a %b No. % No. % No. %

Cyanobacteria 0 0 0 1 �0.1
Alphaproteobacteria 0 0 0 0
Betaproteobacteria 4 4.2 0 1 �0.1 1 1.3
Gammaproteobacteria 2 2.4 6 11.3 0 2 0.2
Deltaproteobacteria 1 0.5 1 0.5 0 1 0.5
Epsilonproteobacteria 0 0 0 0
Clostridia 179 78.8 186 76.5 164 88.6 172 85.5
Mollicutes 2 �0.1 3 0.1 4 0.6 2 0.1
Bacilli 7 1.4 2 0.1 2 0.1 3 0.4
Actinobacteria 6 0.1 0 1 �0.1 0
Spirochaetes 0 0 0 1 �0.1
Bacteroidetes 25 12.5 33 11.5 18 9.3 21 9.3
Fusobacteria 0 0 0 0
Verrucomicrobiae 1 0.1 0 1 1.4 1 2.6
Lentisphaerae 0 1 �0.1 0 1 �0.1

a Number of phylospecies detected for each bacterial class.
b Combined percent contribution of phylospecies in each bacterial class to the

total hybridization signal measured by microbiota microarray.

FIG. 1. Linearity of signal ratio measurements. Expected signal
ratios among different microarrays are plotted on the x axis, and
observed signal ratios are plotted on the y axis. Signal value ratios for
probe sets corresponding to four bacterial species hybridized to the
arrays were averaged (arithmetic means). Error bars correspond to
standard deviations of signal ratios among different probe sets. The
trend line represents the best fit of the linear model y � ax � b to the
average data. Parameter b was forced to 0.
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present only at 6% of the total abundance level on average.
Roseburia was another abundant genus, present at a 4 to 8%
overall signal level in all samples. Note, however, that due to
the variability in hybridization affinities among probe sets, and
because bacteria have different numbers of 16S rRNA gene
copies per genome, comparisons of the total signal among
different species and groups within the same sample should be
used with caution and only as an approximation of relative
species abundance. Other notable differences among samples
included the presence of Haemophilus spp. in children’s sam-
ples and the detection of Verrucomicrobium spp. (class Verru-
comicrobiae) and Phascolarctobacterium spp. (class Clostridia)
in stool samples from adults. Interestingly, one of the children
had a strikingly high signal for members of Gammaproteobac-
teria, including Klebsiella and E. coli. Gammaproteobacteria
accounted for 11% of the total signal in this fecal sample. This
sample was taken from a 15-year-old child volunteer consum-
ing a western diet; no medical history was available for this
volunteer that would allow us to explain the observed phenom-
enon.

We did not detect a significant presence of Bifidobacterium
or Lactobacillus, two genera often used in probiotic formula-
tions, in any of the fecal samples. Similar findings were re-
ported in other microbiota community studies (31, 38). The
analysis of the matching of the universal primers used in this
study to amplify full-length 16S rRNA genes to the RDP se-
quence database (8) indicated that out of the 151 Bifidobacte-
riales 16S rRNA gene sequences, only 98 matched the 27F
primer used (the reverse primer matched 90% of full-length
Bifidobacteriales sequences). During further analysis, a new
27F forward primer was developed containing degenerate nu-
cleotides in four different positions (AGRGTTYGATYMTG
GCTCAG); this degenerate primer matched 132 Bifidobacte-
riales sequences. Using this new forward primer in combination
with the original reverse primer, new PCR amplifications were
carried out on the fecal gDNA isolated from one of the child
volunteers, and the mixture was hybridized to the microarray.
Seven different phylospecies of bifidobacteria were detected in
this new amplified sample; however, the hybridization signal
was not high: Bifidobacteriales constituted only 1.2% of the
overall signal on the array. This finding is consistent with the
study of Palmer et al. (31), who also detected very low numbers
of bifidobacteria in both babies and adults. No improvement in
the detection of lactobacilli was achieved with the new primers,
indicating that either these species were not present in the
samples or that their relative abundance was below the detec-
tion threshold (0.001% of the overall sample).

Confirmation of microarray results with qPCR. We used
qPCR to confirm the findings of our microarray analysis of
microbiota in human fecal samples. Five bacterial groups that
showed differences in the presence or relative abundance be-
tween adult and child samples as measured by microarray were
chosen for validation (Table 4). gDNA isolated from stool
samples of child number 2 and adult number 1 was amplified
with group-specific primer combinations. The amplification of
total bacterial gDNA with universal primers was used as a
measure of the total gDNA amount in each reaction. Very
good concordance between microarray and qPCR results was
observed (Table 4). The only significant difference was a rela-
tively low abundance of Haemophilus in the child sample. Nev-

ertheless, Haemophilus gDNA was detected consistently in all
qPCR tests of the child’s sample, whereas gDNA from this
bacterial group was never detected in the adult sample. The
low relative abundance of Haemophilus in our qPCR tests of
child samples might be explained by the lower annealing effi-
ciency of the Haemophilus-specific reverse primer (due to a low
primer melting temperature). Overall, qPCR tests validate the
good quantitative performance of the designed microarray on
the clinical fecal samples.

DISCUSSION

This study describes the design and validation of a custom
high-throughput microbiota microarray. The developed array
contains thousands of 16S rRNA gene oligoprobes, allowing
the simultaneous interrogation of the presence and relative
abundance level of 775 different bacterial phylospecies identi-
fied in the human intestine. Validation experiments produced
excellent results: all 15 bacterial species used in these tests
were correctly detected in pure cultures and in a complex
mixture containing gDNA from all species, whereas Propi-
onibacterium gDNA correctly produced no significant signal on
the array. The choice of the Affymetrix GeneChip platform for
the development of the gut microbiota array combined with
specific features of our design allowed us to produce a microar-
ray with selectivity, sensitivity, and linearity of measurements
exceeding those of other recently developed community mi-
croarrays (16, 32, 41). The detection limit of the microarray
was at least 1 pg when gDNA was enriched for 16S rRNA
genes by PCR amplification. The microarray was able to detect
bacterial DNA present at 0.00025% of the total gDNA sample,
which represents an estimated 4,000-fold dynamic range of
detection. Cross-hybridization among different probe sets was
low and was almost completely reduced by the use of multiple
replicate arrays per sample. The array was able to consistently
detect quantitative differences in species abundance among
gDNA samples, which will allow us to use this tool to quanti-
tatively assess changes in microbiota composition among intes-
tinal and fecal samples.

Several challenges exist in the use of microarray technology
to interrogate the phylogenetic structure of complex bacterial
communities. Due to the large number of different species

TABLE 4. Validation of microarray results by qPCR

Bacterial groupa

Child 2 Adult 1

Arrayb

(%)
qPCRc

(%)
Array
(%)

qPCR
(%)

Faecalibacterium 24.5 21.06 
 2.91 6.8 10.73 
 1.44
Enterobacteriales 9.6 11.28 
 1.03 ND 0.17 
 0.06
Haemophilus 1.7 0.11 
 0.02 ND ND
Verrucomicrobium ND ND 1.4 2.31 
 0.93
Phascolarctobacterium ND ND 2.9 2.05 
 0.12

a The chosen primers cover most of the 16S rRNA gene sequences in the RDP
database belonging to each group.

b Combined percent contribution of phylospecies in each bacterial group to
the total hybridization signal measured by microbiota microarray. ND, not de-
tected.

c Relative abundance of gDNA of each bacterial group compared to the total
bacterial gDNA as measured by qPCR. Data are shown as arithmetic means 

standard deviations.
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usually found in such bacterial populations, the individual spe-
cies often are present at a low level of relative abundance,
which makes their reliable detection difficult. Similarly to pre-
vious reports (18, 44), our validation experiments indicate that
the use of the 16S rRNA gene-specific PCR amplification of
gDNA dramatically increases the sensitivity of detection (4 ng
for unamplified gDNA versus 1 pg for gDNA subjected to 30
cycles of PCR amplification). However, the PCR amplification
of 16S rRNA genes also is known to introduce biases in the
relative abundances of different DNA species (17, 34, 39).
Several approaches can be taken to reduce the variability of
product-to-template ratios among different species within the
same PCR mixture. These include lowering the number of
PCR amplification cycles whenever possible, using multiple
PCRs for each template sample, and shortening the ramp time
between denaturation and annealing steps in the PCR cycle (6,
20, 33). Finally, rigorous statistical tests should be used to
estimate the robustness of observed signal values and (n-fold)
differences among samples.

Similar biases also can manifest during the hybridization of
gDNA mixture to the microarray probes, with large variances
in the GC content of the interrogated sequences (and corre-
sponding oligoprobes) accounting for the majority of hybrid-
ization bias. To counter this potential issue, the design of
microarray probes was restricted to the consideration of oligo-
mers with a limited range of allowable %GC (see the probe GC
distribution figure at http://www.wright.edu/	oleg.paliy/Papers
/MF_array/MF_array.html).

A third challenge exists in the evaluation of bacterial abun-
dance based on the observed hybridization signal. The use of
the microbiota array enables us to generate signal values for
each interrogated 16S rRNA gene sequence. This quantitative
data can be used to extrapolate the relative number of cells of
each species within each sample. However, because bacteria
have different numbers of 16S rRNA gene copies per genome,
which can range from 1 to at least 15 (1, 19), the hybridization
signal for each species is reflective of the species abundance
and also is a function of the number of 16S rRNA genes that
the species possesses. To account for such genome differences,
we are developing an algorithm that would adjust the hybrid-
ization signal for each species by the number of 16S rRNA
genes that species is known (or in many cases, is predicted) to
possess.

All of the above-mentioned biases are specific to each indi-
vidual sequence/species and are cancelled out in comparisons
of two or more microarrays (we assume here that for a given
DNA sequence, the same bias generally is observed indepen-
dently of the other molecules in the mixture). Therefore, the
designed microarray can quantitatively analyze microbiota
composition among different intestinal and stool samples with-
out any additional adjustments required.

Our pilot microarray experiments on fecal samples isolated
from adult and child volunteers indicate that the microbiota
composition is dominated by Bacteroidetes and Clostridia, with
much higher overall hybridization signals displayed by the lat-
ter group. This is consistent with numerous previous studies
that used a variety of microbiological and molecular biology
techniques (4, 10, 11, 22, 38). However, we also detected dif-
ferences in the relative abundance of several bacterial groups
between adults and older children. Traditionally, it has been

thought that by 2 years of age the microbiota in children
resembles that of an adult (27); however, the microbiota of
children beyond a few years of age have not been studied (15,
31). This study is the first to suggest that older children have
microbiota profiles that are different from those of adults.
Because only two volunteers were available to us from each
subject group, no firm conclusions can be made at this point,
since the observed differences might be explained simply by
random fluctuations in the relative abundance of various bac-
terial groups or by other sociogeographical factors. Further
studies employing much higher numbers of subjects are
needed to provide results of statistical significance.

Among our initial findings, we observed that older children
(12 to 15 years old) harbor a relatively higher proportion of
Bacteroidetes and fewer Firmicutes than adults. An interesting
study by Ley et al. indicated that obese individuals harbor more
Firmicutes and fewer Bacteroidetes than lean individuals (24).
Furthermore, a gradual increase in Bacteroidetes was corre-
lated with the loss of body weight over time. None of the
volunteer subjects enrolled in our pilot study were obese, but
the children were smaller in size and body weight, by virtue of
age, than adults. Therefore, the ratio between these two groups
of bacteria may be reflective of body weight as well as the age
of subjects.

Currently, there are increasing questions about the human
intestinal microbiome, as we recognize its relevance to many
diseases that cannot adequately be understood or managed
with today’s advances in technology and medicine. The micro-
biota microarray developed in this project has the potential to
be used for further quantitative studies of human microbiota
and its dynamics in intestinal disorders such as irritable bowel
syndrome, inflammatory bowel disease, and colon cancer. The
developed microarray also can be used in the clinical setting as
a rapid screening tool for measuring the bacterial presence in
human intestine. The potential for the accurate screening of
microbiota in patients suffering from a variety of intestinal
disorders can provide useful information that may direct the
choice of the most appropriate therapy.
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