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The human gastrointestinal (GI) tract provides home to a complex microbial community, collectively termed
microbiota. Although major efforts have been made to describe the diversity and stability of the microbiota,
functional studies have been largely restricted to intestinal isolates and include few community studies. The
aim of this study was to explore the in situ gene expression of the fecal microbiota and to evaluate the RNA
fingerprinting method cDNA-AFLP (cDNA amplified fragment length polymorphism) for this purpose. To this
end, cDNA-AFLP analysis of enriched mRNA revealed that two healthy subjects showed highly divergent
expression profiles with considerable fluctuations in time. Subsequent excision and sequence determination of
bands from the mRNA-enriched profiles resulted in 122 identifiable sequences (transcripts and rRNAs). The
classification of retrieved transcripts into functional clusters based on COG (cluster of orthologous genes)
annotation showed that most assigned transcripts belonged to the metabolism cluster (26% of all sequences),
underlining that even at the very end of the intestinal tract the microbiota is still very active. This study
furthermore revealed that cDNA-AFLP is a useful tool to compare gene expression profiles in time in complex
microbial communities.

The human gastrointestinal (GI) tract provides a niche for a
complex community of microorganisms, commonly referred to
as microbiota. Until recently, research focusing on the human
GI tract microbiota was mostly aimed at describing its diversity
and, to some extent, its functionality (49). Studies that inves-
tigated the functionality of this microbiota focused mainly on
predominating species found in the large intestine and feces,
including members of the genera Clostridium, Bacteroides, and
Bifidobacterium (13, 19, 31, 40). The few studies that investi-
gated the functionality of a complete microbial ecosystem used
metaproteomics (14, 41), the construction and analysis of a
cDNA library (24), or microarrays (17, 44), whereas recent
studies applied next-generation sequencing technologies
(NGT) (10, 37). In the metaproteome study described by
Klaassens et al., temporal changes in production of a protein
with high similarity to bifidobacterial aldolase were found in

the feces of an unweaned infant (14). A shotgun metaproteo-
mics approach of extracted proteins from two fecal samples
revealed that proteins with functions related to translation,
carbohydrate metabolism, and energy production were among
the most abundantly present proteins (41). Analysis of a cDNA
library is an approach at the transcriptome level that can be
used to investigate the gene expression of mixtures of micro-
organisms. The application of this approach to bacterioplank-
ton communities already showed that several functional genes
of environmentally important processes could be detected
(24). Although that study provided useful information about
the activity of the ecosystem under study, application to the far
more complex bacterial ecosystems such as in the GI tracts of
human adults with a large number of different bacterial ge-
nomes present (�1,100 species) (48) will be far more compli-
cated.

Over the last decade, the microarray platform has seen a
rapid development toward applicability for environmental mi-
croorganisms (43). So-called functional gene arrays have been
developed to investigate genes encoding key enzymes repre-
sentative for certain metabolic pathways (17, 35, 44), including
metal resistance, biodegradation (28), and dechlorinating ac-
tivity (7). Nevertheless, since only differences in gene expres-
sion of already known sequences (at the time of platform
construction) can be detected, application is still limited to
communities for which the microbial diversity is largely known
(43). Furthermore, the application of such a mixed-genome
platform to a complex ecosystem such as the GI tract micro-
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biota would have the drawback that sequence variation in
closely related genes causes artifacts in the quantitative inter-
pretation of the gene specific signals obtained by array analysis,
as observed before in other microbial ecosystems (35, 44).

An increasing number of studies applied NGT to analyze the
metatranscriptome of environmental samples (2, 9, 10, 39),
including the murine distal gut ecosystem (37). This revolu-
tionizing approach enabled access to both known and previ-
ously unknown transcripts in microbial communities (10). In
addition, community structure and function can be efficiently
linked in a single experiment without biases inherent to both
methods (39). However, NGT sequencing still faces big chal-
lenges, including the pressing need for bioinformatics algo-
rithms and the very high sequence coverage crucial for the
detection of differences in gene expression levels (2).

The RNA fingerprinting method cDNA amplified fragment
length polymorphism (cDNA-AFLP) has been shown to be a
very powerful tool for investigating (temporal) gene expression
in several biological processes of a single specimen (3). In
terms of sensitivity, reproducibility, and specificity, cDNA-
AFLP results match very well with GeneChip results (27).
Relative to microarray-based approaches, cDNA-AFLP has
the advantage that any unknown genome or set of genomes can
be studied without prior sequence knowledge (3). Therefore,
this technique should in principle be applicable to any micro-
bial ecosystem. Moreover, the cDNA-AFLP approach allows
the detection of lowly expressed genes and may allow the
discrimination between homologous genes. Thus far, this
method has been applied most extensively (more than 100
studies) to analyze transcription profiles of single species,
mostly plants (6). In addition, cDNA-AFLP was applied to a
lesser extent to study the gene expression in mammalian cells
(8, 21, 29), yeasts (27), nematodes (22), and some bacteria,
mainly plant pathogens (32). The aim of the present study was
to gain insight into the in situ gene expression of the human GI
tract microbiota and to evaluate cDNA-AFLP as a potentially
suitable technology for this purpose. To this end, total DNA
and RNA extracts, as well as mRNA enriched fractions from
fecal samples, were used for cDNA-AFLP profiling. The tech-
nical reproducibility of the nucleotide isolation method (DNA
or RNA), the mRNA enrichment, and the AFLP profiling
were quantified. In addition, profiles of two fecal samples from
two individuals were compared to get insight into the temporal
stability of the gene expression. Excision of bands from the
mRNA-enriched profiles and subsequent sequence analysis
was performed to investigate the functional distribution of
genes expressed by the GI tract microbiota. Overall, the
present study explores the applicability of cDNA-AFLP to
analyze the composition and stability of the human fecal mi-
crobiota metatranscriptome.

MATERIALS AND METHODS

Sample collection. Fresh fecal samples were collected from two healthy vol-
unteers (26-year-old female; 33-year-old male) with a time interval of 3 days.
Informed consent was obtained from each volunteer before the sampling. The
subjects had not been subjected to any antibiotic treatment, dietary intervention,
or specific diet for at least 1 year prior to sampling and considered themselves
healthy. Samples were stored at �20°C for DNA isolation or quenched with
methanol-HEPES buffer at �80°C (�1:4 [vol/vol]) after thorough homogeniza-
tion for RNA isolation (23) and processed within 24 h after collection.

DNA and RNA isolation, quantity and quality check. DNA was isolated from
fecal samples as described by Zoetendal et al. (47) by using a stool DNA isolation
kit (Qiagen, Venlo, Netherlands) and quantified spectrophotometrically (Nano-
drop; Isogen Life Science B.V., IJsselstein, Netherlands). Total RNA was
isolated from fresh fecal samples quenched in methanol-HEPES by using a
Macaloid-based RNA isolation procedure (46). Total RNA was treated with
RNase-free DNase I (Roche, Almere, Netherlands; 10 U of DNase per 20 �g of
RNA) for 20 min at room temperature. The RNA was heat denatured at 65°C for
10 min. DNA absence was verified by using 100 ng of total RNA in a PCR with
16S rRNA gene-specific primers. The quality of RNA was determined by elec-
trophoresis (2100 Bioanalyzer; Agilent Technologies, Amstelveen, Netherlands).

Adaptation of the cDNA-AFLP procedure for profiling of prokaryotic tran-
scripts. The cDNA-AFLP method was originally developed to study gene ex-
pression in eukaryotic species. Since the selective cDNA synthesis of mRNAs
based on reverse transcription of the 3�-poly(A) tail is not applicable to prokary-
otic messengers, several methods to enrich for prokaryotic mRNAs were inves-
tigated. Subtractive hybridization by rRNA probe-based fishing (MicrobExpress
bacterial mRNA enrichment kit; Ambion/Applied Biosystems, Nieuwerkerk a/d
IJssel, Netherlands) was found to be most efficient in enriching for mRNA from
total RNA and was therefore added to the original cDNA-AFLP procedure (3)
prior to cDNA-synthesis (Fig. 1). An aliquot of 10 �g of DNase-treated RNA
was used for mRNA enrichment by MicrobExpress (Ambion); the enriched
mRNA was quantified, and its quality was checked based on the presence of the
tRNA and 5S rRNA peaks, since these molecules should remain unaffected
during the mRNA enrichment procedure.

Single-stranded cDNA was synthesized by using avian myeloblastosis virus
reverse transcriptase (Invitrogen Life Technologies B.V., Breda, Netherlands)
and random hexamers (200 ng �l�1). Double-stranded cDNA was generated by
using protocols described by Sambrook et al. (30). The double-stranded cDNA
was purified and concentrated in 10 �l by using a MinElute PCR purification kit
(Qiagen).

cDNA-AFLP analysis. Double-stranded cDNA (50 ng) was digested with TaqI
and MseI or with TaqI and BfaI, respectively (New England Biolabs, Westburg,
Leusden, Netherlands) (4, 42). After digestion, ligation of the adaptors (TaqI [3]
and MseI [4, 42] or BfaI [identical to the MseI adaptor]), and nonselective
amplification, the amplification mixtures were diluted to get equal concentra-
tions for all samples, and 5 �l was used as a template for the final amplifications
using a 33P-labeled TaqI primer (with one/two selective nucleotides) and BfaI or
MseI (with one or two/three selective nucleotides, respectively). In all, 15 dif-
ferent sets of selective primer combinations were used for cDNA-AFLP analysis
(Table 1).

Visualization on the gel, fragment isolation, and sequence analysis. Polyacryl-
amide gels (4.5%; 7 M urea–1.0� Tris-borate-EDTA) were prepared according
to the manufacturer’s instructions (SequaGel; AGCT Bioproducts, Hessle,
United Kingdom). Amplification products (1.4 �l) were loaded onto the pre-
warmed gel (45°C), and Sequamark 10-bp ladder (Invitrogen Life Technologies)
was loaded every 10th lane for normalization purposes. The gel was run for 2 h
at 45°C, and all well-separated bands within the lanes of enriched mRNA profiles
were excised and reamplified with the selective primers corresponding to the
profile, as described previously (27). Reamplification products were purified
prior to sequencing to remove excess primers and deoxynucleoside triphos-
phates. Sequencing reactions were performed by using a Dyenamic ET dye
terminator cycle sequencing kit and were analyzed on a MegaBace automated
sequencer (GE Healthcare, Diegum, Belgium). The sizes of the retrieved se-
quences were compared to the sizes of the corresponding bands on the cDNA-
AFLP gel, and only those that corresponded in size were taken into account for
further analysis.

Phylogenetic analysis. For analysis of the microbial composition of the fecal
samples, the phylogenetic microarray human intestinal tract chip (HITChip) was
used that covers more than 1,100 intestinal microbial phylotypes (26). The
procedure for hybridization and analysis was performed as described previously
(26).

Statistical analysis and cDNA-AFLP reliability analysis. Normalization of the
AFLP profiles was performed based on the 10-bp ladder profiles with the soft-
ware package BioNumerics (version 4.0; Applied Maths N.V., Sint-Martens-
Latem, Belgium). Subsequent cluster analysis of the technical duplicates was
conducted by using the pairwise Pearson correlation coefficient based on densi-
tometric curves of the cDNA-AFLP profiles. Dendrograms were generated by
UPGMA (unweighted pair group method with arithmetic mean) clustering,
which describes the relationship among the fecal transcription profiles. The
similarity between samples was deduced from the pairwise comparison of cDNA-
AFLP profiles.

To analyze the fingerprint variation caused by the (non)selective amplification
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and subsequent profiling step of the cDNA-AFLP procedure, Pearson-based
correlation coefficients were calculated between mRNA samples collected in
time and profiled in duplicate for two of the �2/�2 selective primer pairs used.
In addition, the fingerprint variation caused by the choice of primers (either �1/
�2, �2/�2, or �2/�3) and random profile comparison were analyzed as follows.
The ranges and standard deviations of the Pearson-based correlation coefficients
were calculated between both samples collected in time for all of the 15 primer
pairs included for further sequence analysis.

Bioinformatics. The taxonomic assignment of the cDNA-AFLP sequences was
performed by searching for homologous sequences in the GenBank database
(including bacterial and human ST sequences, STS, GSS, environmental sam-
ples, and phase 0, 1, or 2 HTGS sequences) using BLAST (1) with an e-value
threshold of 1e�10 or �40% identity with protein sequences. Putative proteins
encoded by the cDNA sequences were assigned to orthologous groups of the
COG database (36) as described previously (33).

Quantification of transcripts by quantitative PCR. To quantify the expression
level of the transcripts detected by cDNA-AFLP analysis relative to total 16S
rRNA gene copies, quantitative PCR was used for six transcripts detected at both
time points (t0 and t3). These transcripts had been detected in profiles generated
with the primer TaqI�A/MseI�GC during cDNA-AFLP analysis. Quantitative
PCRs (25 �l) were performed by using 1� SYBR green PCR Master Mix
(Applied Biosystems, Foster City, CA) and 100 nM concentrations of each of the
primers (MWG, Ebersberg, Germany). In each reaction, 5 �l of 10-fold-diluted
cDNA was used as a template, and plasmids containing the six chosen transcript
fragments were used as a standard. Total 16S rRNA was determined with the
primers Bact-1369f and Prok-1492r (34), with a plasmid containing the complete
16S rRNA gene of L. gasseri as a standard. Quantitative PCR amplification and
detection of cDNA were performed with the iQ5 (Bio-Rad Laboratories B.V.,
Veenendaal, Netherlands). The data analysis was conducted with iQ5 Optical
System Software version 1.1.

Nucleotide sequence accession numbers. The mRNA sequences determined in
the present study were deposited in the GenBank database under accession
numbers GW391682 to GW391721.

RESULTS AND DISCUSSION

mRNA enrichment from total RNA. The mRNA enrichment
procedure based on selective removal of 16S and 23S rRNA
molecules with magnetic beads (MicrobExpress) was used on
the total RNA extracted from the fecal samples. The RNA
samples were analyzed both by conventional agarose gel elec-
trophoresis and by capillary electrophoresis (BioAnalyzer) be-
fore and after the enrichment procedure to determine the
efficiency of the procedure and the quality of the RNA. The
quality of the isolated RNA with a 16S/23S rRNA ratio of 1.7

FIG. 1. Schematic overview of the cDNA-AFLP procedure ap-
plied to RNA isolated from GI tract samples, adapted from Bachem
et al. (4). (Step 1) Total RNA isolated from GI tract samples (feces)
is enriched for mRNA by subtractive hybridization as indicated by
the manufacturer (MicrobExpress; Ambion, Huntington, United
Kingdom). (Step 2) cDNA is synthesized by reverse transcription
using a mixture of random decamers, followed by second-strand
synthesis. (Step 3) The double-stranded cDNA is digested by two
different 4-bp cutting enzymes, followed by ligation of adaptors.
The adaptors used are designed in such a way that once ligated to
the sticky ends of the fragments, the sequence is changed and no
longer recognized by the restriction enzymes. Therefore, restriction
and ligation can be performed together. (Step 4) Nonselective prim-
ers (indicated by arrows), which anneal to the ligated adaptors, are
used to nonselectively amplify the cDNA molecules. (Step 5) In the
selective amplification, a small aliquot of the nonselectively ampli-
fied fragments is used in a second PCR. These selective primers
extend one, two, or three bases inward. This reduces the number of
fragments by a factor 64, 256, or 1,024, respectively. One of the
primers contains a radioactive dye (33P). (Step 6) The fragments are
size separated and visualized on a polyacrylamide gel. (Step 7) The
fragments of the selected profiles are reamplified with the corre-
sponding selective primer pairs used in step 5. (Step 8) Sequence
analysis of reamplified fragments is performed.

TABLE 1. Restriction enzymes and selective nucleic acids used for
profiling the nucleotides (DNA, total RNA, and enriched mRNA)

extracted from the fecal microbiota of two healthy subjects

Primer codea Primer1 Primer2

TR14/B01 TaqI�AT BfaI�A
TR14/B03* TaqI�AT BfaI�G
TR14/B04* TaqI�AT BfaI�T
TR01/M20* TaqI�A MseI�GC
TR01/M23* TaqI�A MseI�TA
TR01/M24* TaqI�A MseI�TC
TR03/M17 TaqI�A MseI�CG
TR12/M24 TaqI�AC MseI�TC
TR18/M17 TaqI�CT MseI�CG
TR14/M20 TaqI�AT MseI�GC
TR14/M23 TaqI�AT MseI�TA
TR14/M24 TaqI�AT MseI�TC
TR14/M82* TaqI�AT MseI�TAT
TR14/M85* TaqI�AT MseI�TCG
TR20/M55 TaqI�GC MseI�CGA

a Primer combinations that were used for sequence analysis of the profiled
RNA molecules are indicated with an asterisk (�).

VOL. 76, 2010 CARBOHYDRATE METABOLISM GENES EXPRESSED BY MICROBIOTA 5535



or higher was judged as good (see Fig. SA1 in the supplemental
material). After enrichment the peaks corresponding to 16S
and 23S rRNA disappeared almost completely, whereas the
peak corresponding to tRNAs and 5S rRNA remained quan-
titatively equal compared to its original level in the total RNA
sample. This result indicates that the enrichment procedure
selectively removed 16S and 23S rRNA molecules, supporting
that mRNA remained unaffected.

For identification of the genes expressed by the fecal micro-
biota, a subset of the dominant and well-separated bands (93 in
total) from the total RNA and mRNA enriched profiles was
excised and subjected to comparative sequence analysis using
BLAST searches against DNA, protein, and expressed se-
quence tag (EST) databases. This revealed that 42% of the
sequences obtained from the mRNA enriched profiles showed
the highest homology to sequences from the mRNA origin
(EST or encoded protein) versus 20% of the sequences ob-
tained from the total RNA profiles, underlining the impor-
tance of the mRNA enrichment procedure. Subsequently,
bands were excised only from the mRNA-enriched profiles to
maximize the recovery of protein-encoding gene fragments of
the fecal metatranscriptome.

Selection of restriction enzyme-primer combination. The
optimal number of bands per lane within a cDNA-AFLP pro-
file for subsequent profile comparison, as well as excision of
bands and sequence analysis, is around 50 to 70 (4). To inves-
tigate which combination of restriction enzymes was needed to
obtain this number of bands for fecal samples, four combina-
tions of restriction enzymes—MboI-TaqI, TaqI-Csp6I, TaqI-
BfaI, and TaqI-MseI—were used for initial transcript profiling
of fecal samples. The latter two showed �50 more or less
equally distributed and distinctive bands and were selected as
enzyme combinations of choice for further transcript profiling,
whereas the other two primer combinations in general gave
fewer than 50 bands that were unevenly distributed over the
gel. The selectivity of the primer pairs was varied between one
to three additional nucleotides on either one of the primers.

Technical reproducibility and reliability of cDNA-AFLP
profiles. To analyze the fingerprint variation caused by the
cDNA-AFLP profiling, the average Pearson-based correlation
coefficient was calculated for 8 pairwise comparisons of mRNA
profiles. The technical reproducibility of the cDNA-AFLP pro-

filing after mRNA enrichment showed an average reproduc-
ibility of 97% (�1.5) based on Pearson-based correlation co-
efficients (Fig. 2). This indicates that the reproducibility of the
profiling procedure is very high, which is essential for the
comparison of gene expression profiles over time.

In addition, the fingerprint variation caused by the choice of
primers was analyzed by calculating the range of the Pearson-
based correlation coefficients between both samples collected
in time for all 15 primer pairs included for further sequence
analysis. This revealed that for the DNA profiles, similarity
coefficients between the DNA fingerprints of fecal samples
ranged from 64 to 86% for all included primer combinations
(indicated by gray shading in the distance tree of Fig. 3). This
indicates that the choice of primers introduced a variation of
22% for the DNA profiles. Correlation analysis of the mRNA
enriched fingerprints profiled with the same set of primer com-
binations indicated that the similarity coefficients ranged be-
tween 41 and 79% (indicated by gray shading in the distance
tree of Fig. 3), introducing a variation of 38%. Nevertheless,
this is significantly higher than values observed for random
profile comparisons (6.3 to 19.5%). These results stress the
importance of the inclusion of a wide range of selective prim-
ers for the (cDNA-)AFLP profiling, since each primer repre-
sents only a snapshot of the total metagenome or metatran-
scriptome.

Temporal stability of the metatranscriptome. To gain in-
sight into the temporal stability of the fecal metatranscriptome,
two samples per subject taken with an interval of 3 days were
compared. This revealed that for almost all restriction enzymes
and primer combinations used, the DNA profiles clustered
together as expected, whereas the enriched mRNA profiles
were more similar to the total RNA profiles of the same time
point, as shown for subject 1 in Fig. 3. Cluster analysis of the
profiles of subject 2 revealed the same clustering based on
sample type although with slightly lower similarity coefficients.
This profile-type-based clustering is most likely due to the
residual rRNA present in the enriched mRNA extracts. This is
supported by the relatively low efficiency of rRNA removal,
which was ca. 50% (the retrieval of mRNA sequences in-
creased from 20 to 42% upon mRNA enrichment). Thus, the
residual rRNA will still contribute significantly to the enriched

FIG. 2. Cluster analysis based on UPGMA of technical profiling duplicates of fecal cDNA-AFLP profiles from subjects 1 and 2. Enriched
mRNA of two time samples (t0 and t3) were used as the starting material per subject. For cDNA-AFLP profiling of these four samples, two different
primer pairs were used: TR18/M17, Taq�CT/Mse�CG; and TR14/M24, Taq�AT/Mse�TC. Similarity index (SI) values based on Pearson
correlation for the technical profiling replicates are given with the overall average for �2/�2 primer selectivity. The tree on the left indicates the
similarity; the cophenetic correlation coefficients indicated as error bars at the root of each cluster indicate the relatedness of the tree.
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mRNA profiles, resulting in clustering more closely to the
RNA profiles than the corresponding time points.

Other studies that used subtractive hybridization with the
same method prior to metatranscriptome analysis of environ-
mental samples found mRNA enrichment efficiencies of 80%
(24) and 99.9% (11). Since the efficiency of rRNA removal is
dependent on the species compatibility of the Microbe Express
kit (Ambion), differences in microbial diversity of the micro-
bial ecosystem under study can explain this difference in effi-
ciency.

Subject-specific profiles. Profiling of both DNA and RNA
by (cDNA-)AFLP revealed individual specific differences,
which is in line with previous observations based on 16S rRNA
gene diversity (45). Remarkably, the temporal variation with
respect to DNA- and mRNA-based profiles was different be-
tween the two individuals. The DNA profiles were more stable
in time than the mRNA profiles in subject 1 (the average
similarities between temporal profiles based on Pearson cor-
relation of 15 different selective primer pairs were 65.0%
[�18.9] for DNA and 42.8% [�20.7] for mRNA-enriched pro-
files), which might indicate that the microbiota composition is
more stable in time compared to its activity. In contrast, sub-
ject 2 showed far lower stability of the microbiota, but a less
fluctuating transcriptome pattern in time (the similarities for
DNA and enriched mRNA profiles were 36.5% [�21.0] and
47.9% [�19.0], respectively), which might indicate that the
microbiota composition varies more over time compared to
subject 1. For the DNA-based profiles, this finding was con-
firmed by the phylogenetic HITChip profiles, although the

difference between individuals was not as large (see Fig. SA2 in
the supplemental material). Although only a fraction of the
total diversity in DNA or RNA sequences was profiled and
compared by (cDNA-)AFLP profiling due to the selective am-
plification step (1/64 of the total metatranscriptome is profiled
per each of the seven �1/�2 selective primer combinations
used), this snapshot already demonstrates the usefulness of
cDNA-AFLP profiling to visualize dynamic trends within the
fecal metatranscriptomes.

Retrieval of sequences from the mRNA profiles. Distinct and
well-separated bands of seven enriched mRNA profiles of both
subjects profiled at both time points were excised from the gel
and used for sequence analysis. Of the 273 excised bands, 58%
(156 sequences) resulted in high-quality sequences. For the
�2/�3 primer combinations, the success rate was on average
higher than for the �2/�2 primer combinations, most likely
due to less interference of weak transcript signals in the back-
ground of the �2/�3 profiles. BLAST analysis of the retrieved
sequences revealed that 11% (n 	 11) and 50% (n 	 29) of the
sequences obtained from the mRNA-enriched profiles of sub-
jects 1 and 2, respectively, showed the highest number of hits
with prokaryotic protein-encoding gene sequences, whereas
21% (n 	 21) and 24% (n 	 13) had no significant hits in the
database. The residual 68% (n 	 67) and 26% (n 	 15) of the
sequences obtained from the mRNA-enriched profiles of sub-
jects 1 and 2, respectively, displayed the highest homology to
rRNA sequences (mostly with 16S or 23S rRNA gene se-
quences of the genera Bacteroides and Clostridium).

The 74 bacterial protein-encoding and no-hit sequences that

FIG. 3. Cluster analysis based on UPGMA of the temporal fecal cDNA-AFLP profiles of subject 1. DNA, total RNA, and enriched mRNA
were used as starting material. On the left, similarity coefficients based on Pearson correlation are indicated, whereas the gray bars at the root of
each cluster indicate the cophenetic correlation coefficients. Four different primer combinations are displayed: TR14/B03, Taq�AT/Bfa�G;
TR14/B04, Taq�AT/Bfa�T; TR18/M17, Taq�CT/Mse�CG; TR14/M24, Taq�AT/Mse�TC, respectively. The different time points are indicated
by t0 and t3. The gray shading in the distance tree indicates the variation introduced by DNA or mRNA profiling, respectively.
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were retrieved were investigated to determine their distribu-
tion among the functional clusters as defined by COG classi-
fication. This allowed the functional annotation of 51% of all
expressed genes. The functional distribution of the protein-
encoding transcripts into COGs is depicted in Fig. 4. This
relatively high percentage of COG-assigned genes is compara-
ble to functional assignments of sequences retrieved from fecal
metagenomes: on average, 48.1% assigned COGs to sequences
obtained from 13 Japanese subjects (16), and an average of
54.5% assigned COGs to the sequences retrieved from two
American subjects (12).

High recovery of transcripts involved in metabolism. Based
on COG distribution, most genes found to be expressed by the
fecal microbiota were involved in metabolism, in particular of
carbohydrate (15 and 11%, respectively, for subjects 1 and 2),
making up 26% on average of all sequenced and annotated
transcripts (Fig. 4 and see Table SA1 in the supplemental
material). This observation is in line with metaproteomics
studies on the fecal microbiota of adults (41) and infants (15)
and suggests that carbohydrate metabolism is an important
function exerted by the microbiota in the colon. In addition,
metagenome studies revealed that genes involved in carbohy-
drate metabolism were relatively enriched in fecal samples of
adults (16) and twins (38). Qin et al. recently demonstrated
that the metabolism of complex carbohydrates is one of the
important functions in host-bacterial interaction, together with
the synthesis of short-chain fatty acids, indispensable amino
acids, and vitamins (25).

Within the carbohydrate metabolism cluster, sequences en-
coding for GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase) and pyruvate flavodoxin/ferredoxin oxidoreductase were
detected most frequently. Furthermore, response regulators,
hydrogenases, SSS sodium solute transporters, and hypotheti-
cal proteins were among the retrieved sequences from these
fecal samples. Remarkably, many of the transcripts from sub-
ject 1 encoded enzymes involved in the glycolysis and pyruvate
synthesis (3� GAPDH and 3� pyruvate ferredoxin-oxi-
doreductase), and almost all of these originated from species
of the order Clostridiales. The colon has a lower transit rate
compared to the preceding part of the GI tract (20) and, as a
result, the simple sugars are completely absorbed at the end of
the colon, leaving fecal microbes such as, for example, Clos-
tridium cluster XIVa, with the more complex molecules for
fermentation (18). Species belonging to this cluster were also

found to be dominantly present in the living fractions of fecal
samples (5).

In contrast to subject 1, transcripts encoding enzymes involved
in amino acid conversion were observed in the microbiota of
subject 2 (see Table SA1 in the supplemental material). The
amino acid metabolism was indicated as one of importance for
the microbiota by other researchers (38). This might indicate that
the GI tract microbiota in subject 2 is involved in the fermentation
of proteins. However, this remains speculative, since only a frac-
tion of the total fecal metatranscriptome of two individuals was
studied. Furthermore, environmental factors, such as diet, could
also contribute to the differences observed between both individ-
uals as noted before (38).

Transcript quantification by quantitative reverse transcrip-
tion-PCR. Profile comparison and sequence analysis revealed
that six pairs of bands observed at the same height in the
temporal profiles of subjects 1 and 2 on the cDNA-AFLP gels
resulted in sequences that were identical, with minor differ-
ences in sequence length. The six identified genes detected at
both time points (three for each person) were analyzed by
quantitative PCR. Two investigated transcripts (2F02 with a
significant hit to phosphonate ABC transporter and 2G02 with
a significant hit to an unknown protein within the phylum
Proteobacteria) had transcription levels too low to be analyzed
by quantitative PCR. Two other transcripts (1E07a with no
significant hits and 2G01 with a significant hit to aspartate
kinase) were expressed just above the detection level. The
latter two transcripts (1E04a and 1E09a; both with no signifi-
cant hits compared to GenBank) were detected in numbers as
high as 2.3 � 107 and 1.9 � 107 cDNA copies for transcripts
1E04a and 1E07a, respectively, on t0, whereas these levels were
1.9 � 107 and 2.0 � 107 on t3, respectively.

Conclusion. In the present study we evaluated cDNA-AFLP
as a fingerprinting method for the characterization of the GI
tract microbiota metatranscriptome. We have shown here that
the average similarity of duplicate profiles was 97%, indicating
a high level of reproducibility. Furthermore, individual-specific
differences with respect to population composition, gene ex-
pression, and their variation over time were found. The ma-
jority of annotated transcripts of both individuals were found
within the metabolism functional cluster, in particular the car-
bohydrate metabolism. However, the retrieval of sequences
was limited due to the interference of background transcripts
in the profiles. In addition, only a snapshot of the total

FIG. 4. Classification of the sequences retrieved from the mRNA enriched cDNA-AFLP profiles of fecal samples of subject 1 (32 sequences)
and subject 2 (43 sequences), respectively, based on the COG as defined by Tatusov et al. (36).
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metatranscriptome can be analyzed when a subset of the avail-
able selective primers is used. Therefore, cDNA-AFLP analy-
sis seems to be most suitable for determining whether environ-
mental variables (such as space and time) have an influence on
the gene expression profile and composition, since this tech-
nology has the advantages that gene expression profiles can be
compared relatively easily for both highly abundant and rare
transcripts. Subsequent in-depth metatranscriptome analysis to
determine the mRNA identity should be performed with the
more high-throughput next-generation sequencing tools (2) as
soon as bioinformatic challenges are overcome. Metatranscrip-
tomic studies can eventually be used in a complementary man-
ner to achieve a better understanding of the ecology and func-
tionality of the human GI tract microbiota in health and
disease.
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