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Terminal restriction fragment length polymorphism (T-RFLP) analysis is a widely used method for profiling
microbial community structure in different habitats by targeting small-subunit (SSU) rRNA and also functional marker genes. It is not known, however, whether relative gene frequencies of individual community
members are adequately represented in post-PCR amplicon frequencies as shown by T-RFLP. In this study,
precisely defined artificial template mixtures containing genomic DNA of four different methanogens in various
ratios were prepared for subsequent T-RFLP analysis. PCR amplicons were generated from defined mixtures
targeting not only the SSU rRNA but also the methyl-coenzyme M reductase (mcrA/mrtA) genes of methanogens. Relative amplicon frequencies of microorganisms were quantified by comparing fluorescence intensities
of characteristic terminal restriction fragments. SSU ribosomal DNA (rDNA) template ratios in defined
template mixtures of the four-membered community were recovered absolutely by PCR–T-RFLP analysis,
which demonstrates that the T-RFLP analysis evaluated can give a quantitative view of the template pool. SSU
rDNA-targeted T-RFLP analysis of a natural community was found to be highly reproducible, independent of
PCR annealing temperature, and unaffected by increasing PCR cycle numbers. Ratios of mcrA-targeted
T-RFLP analysis were biased, most likely by PCR selection due to the degeneracy of the primers used.
Consequently, for microbial community analyses, each primer system used should be evaluated carefully for
possible PCR bias. In fact, such bias can be detected by using T-RFLP analysis as a tool for the precise
quantification of the PCR product pool.
code key enzymes of characteristic metabolic pathways and
therefore allow the affiliation of microorganisms detected to
their likely function in the environment. To date, T-RFLP
fingerprinting techniques for marker genes of mercury-resistant bacteria (4), nitrogen fixers (34, 35), denitrifiers (3, 41),
ammonium oxidizers (20), methanogens (25), and methane
oxidizers (21) have been developed.
However, all of these fingerprinting techniques are PCR
based and consequently may be subject to potential PCR bias.
PCR-inherent bias, such as preferential amplification of certain templates (PCR selection) (37, 49, 50) and template reannealing with increasing PCR cycle numbers (31, 44, 45), may
influence fingerprinting results and has to be considered in
interpretation of the data. Consequently, the quantitative (in
the sense of relative signal intensities) and qualitative (presence or absence of distinct populations in a given sample)
interpretation of fingerprinting data requires careful and adequate controls. Several pioneering studies of the T-RFLP
methodology (9, 36) analyzed bias parameters relating to PCR
selection and resulted in specific recommendations for the
individual PCR assays used. For archaeal templates, the influence of nonspecific priming (40) and the preferential amplification of certain Korarchaeota (5) has been reported.
In this study, we thoroughly evaluated different sources of
potential PCR bias and their effects on T-RFLP fingerprinting
of methanogenic communities. We used template mixtures of
pure methanogen cultures and analyzed these defined “artifi-

Terminal restriction fragment length polymorphism (TRFLP) fingerprinting (1, 4, 9, 24) is an important tool in
microbial ecology. It can be used to monitor the diversity,
structure, and dynamics of microbial populations in a statistically adequate manner (22). T-RFLP fingerprinting is based on
the PCR amplification of a mixture of genes representing different microorganisms in environmental nucleic acid extracts.
Amplicons are digested with restriction enzymes, and only the
fluorescently labeled terminal restriction fragments (T-RFs)
are visualized by electrophoresis on an automated sequencer.
Frequently, small-subunit (SSU) rRNA genes are used as a
phylogenetic marker, and T-RFLP assays to investigate a
broad range of different lineages in natural ecosystems have
been established, including Bacteria (9, 24, 28, 32), Eukarya (7,
29), and Archaea (8, 33, 48). However, functional guilds of
microorganisms (e.g., sulfate reducers or methanotrophs) are
often not monophyletic and thus not easily discriminated from
closely related but physiologically distinct organisms merely by
their SSU rRNA genes (23).
A significant advance has been the fingerprinting of functional marker genes, which allow one to specifically target such
functional guilds of microorganisms. Functional markers en* Corresponding author. Mailing address: Max-Planck-Institut für
terrestrische Mikrobiologie, Karl-von-Frisch Strasse, D-35043 Marburg, Germany. Phone: 49 6421 178 830. Fax: 49 6421 178 809. E-mail:
friedric@mailer.uni-marburg.de.
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cial communities” by PCR–T-RFLP, targeting SSU rRNA and
the methyl-coenzyme M reductase genes (mcrA/mrtA) to evaluate how given template ratios are recaptured in fingerprinting
analysis. Also, we analyzed a natural archaeal community by
T-RFLP fingerprinting to verify the reproducibility and reliability of fingerprinting results under various amplification parameters that may relate to potential PCR bias.

MATERIALS AND METHODS

RESULTS AND DISCUSSION
Reproducibility. For the interpretation of T-RFLP data sets,
it is necessary to evaluate the reproducibility of all steps of
specific PCR–T-RFLP assays, i.e., the PCR, digestion, and
electrophoresis. In several investigations, a high reproducibility
of T-RFLP analyses targeting SSU rRNA genes of Bacteria has
been shown, e.g., ⬇10% absolute peak height variability (36),
1.5% standard deviation of relative peak area (28), or 7%
standardized peak height variability (13). Two studies involving
PCR–T-RFLP analyses of archaeal SSU rDNA or rRNA
found maximum standard deviations of 6% relative peak
height (11) and 6% relative peak area (27) upon triplicate
DNA and RNA extractions, respectively. In the present study,
six replicate DNA extractions from three parallel soil slurry
incubations and subsequent SSU rDNA-targeted T-RFLP
analysis of the archaeal community yielded an average standard deviation of 1% relative amplicon frequency. The highest
absolute standard deviation was 33.4% ⫾ 2.3% relative amplicon frequency, and the highest relative standard deviation was
16% (e.g., 5.1% ⫾ 0.8% relative amplicon frequency).
Only a few studies have looked at PCR-related influences on
T-RFLP analysis so far. No significant differences in T-RFLP
results were reported for a bacterial T-RFLP system between
25 and 35 PCR cycles (36). To examine the effect of increasing
PCR cycle numbers on the archaeal SSU rDNA-targeted TRFLP system evaluated here, we generated amplicons from
identical rice field soil template DNAs with increasing PCR
cycle numbers. The relative abundance of T-RFs was stable
within standard deviations of maximally 3% between 28 and 45
PCR cycles, and minor peaks did not become more abundant
with increasing PCR cycles (data not shown). Therefore, this
archaeal T-RFLP system appears to be unaffected by template
reannealing. Such a PCR bias would cause less abundant PCR
products to become relatively more abundant with increasing
PCR cycle numbers (31, 44, 45).
Furthermore, we evaluated the possible effects of selective
amplification on fingerprinting results by varying the PCR annealing temperature. Different annealing temperatures may
alter primer-binding kinetics in a template mixture, especially
if primers with degenerate positions are used. The primer pair
used for the amplification of archaeal SSU rRNA genes carries
one degenerate position, while the mcrA-targeting primers
carry nine degenerate nucleotides altogether. Archaeal SSU
rDNA relative amplicon frequencies were virtually not affected
by annealing temperature variations (Fig. 1A) within a range
from 47.3 to 57°C (within normal standard deviation limits). In
contrast, variation of the annealing temperature showed a dramatic effect on mcrA relative amplicon frequencies (Fig. 1B).
This PCR was tested in a range between 45.4 and 55°C (few
or no products were obtained below or above these temperatures). Most significantly affected was the 468-bp T-RF, which
accounted for almost 30% of the relative amplicon frequency
at 45.4°C but was below the detection limit at 55°C. The 405and 502-bp T-RFs first increased slightly and then decreased
again in relative amplicon frequency with increasing annealing
temperatures but always remained detectable. Others, especially the 143-, 237-, and 393-bp T-RFs, increased significantly
in relative amplicon frequency with annealing temperature.
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Pure cultures, soil samples, and DNA extraction. Methanobacterium bryantii
DSM 863T, Methanosaeta concilii DSM 3671T, and Methanospirillum hungatei
JF1 DSM 864T were obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ, Braunschweig, Germany) and cultivated in
standard media as specified by the supplier prior to DNA extraction. Genomic
DNA of Methanococcus jannaschii DSM 2661T was provided by Gerrit Buurman
(Max-Planck-Institut, Marburg, Germany). Soil was from an Italian rice field
near Vercelli that was anoxically incubated in serum bottles for 14 days. DNA
was extracted from ⬇600 l of soil slurry aliquots and from pure culture cell
material with a bead-beating protocol for cell disruption, followed by consecutive
ammonium acetate, isopropanol, and ethanol precipitation steps (19) and polyvinylpyrrolidone purification (2).
DNA quantification. Precise quantification of diluted DNAs was performed
with the PicoGreen double-stranded DNA quantification kit (Molecular Probes,
Leiden, The Netherlands) in 96-well microtiter plates on a Fluorolite 1000
fluorescence microtiter plate reader (Dynatech Laboratories, Chantilly, Va.).
Measurements were standardized with phage  DNA (Molecular Probes) in a
concentration range between 1 and 50 ng (100 l well⫺1).
PCR amplification. Archaeal SSU rRNA genes were PCR amplified for TRFLP analysis as described before (26) with the primer combination Ar109f
(5⬘-ACK GCT CAG TAA CAC GT-3⬘) (16) and a 5⬘ 6-carboxyfluorescein
(FAM)-labeled Ar915r primer (5⬘-GTG CTC CCC CGC CAA TTC CT-3⬘) (43)
(MWG Biotech, Ebersberg, Germany). mcrA fragments were amplified for TRFLP analysis with the 5⬘ FAM-labeled MCRf (5⬘-TAY GAY CAR ATH TGG
YT-3⬘) and MCRr (5⬘-ACR TTC ATN GCR TAR TT-3⬘) primer pair (42) as
described recently (25).
Thermal gradient PCR was performed within an annealing temperature range
of ⫾5°C on a Mastercycler gradient thermocycler (Eppendorf, Hamburg, Germany). For amplification of genes from environmental DNA extracts, 30 PCR
cycles were used (if not mentioned otherwise), and 25 PCR cycles were used for
diluted pure-culture DNA templates. After amplification, amplicons were visualized by standard agarose gel electrophoresis, purified with the MinElute PCR
purification kit (Qiagen, Hilden, Germany), reeluted in 25 l of EB buffer
(Qiagen), and quantified by UV photometry.
Real-time PCR. The SSU rRNA gene content of pure-culture DNA dilutions
was quantified with an iCycler iQ real-time PCR detection system (Bio-Rad,
Munich, Germany) and amplicon detection via Sybr Green fluorescence. The
reactions were set up in MicroAmp eight-tube strips and sealed with optical
eight-cap strips (Applied Biosystems, Weiterstadt, Germany). Each reaction mix
contained, in a total volume of 50 l, 1⫻ Sybr Green PCR master mix (Applied
Biosystems), 0.3 M each primer (Ar109f/Ar915r, unlabeled), and 2 l of standard or unknown DNA template. The thermal protocol for real-time PCR
amplification and detection was 10 min of initial denaturation (94°C), followed
by 40 amplification cycles of 30 s at 94°C, 30 s at 52°C, and 60 s at 72°C. Real-time
PCR runs were set up and data were collected and analyzed with the iCycler
optical system interface software (version 2.3.1370; Bio-Rad). As implemented in
the iCycler operating system, well factors were collected with a 96-well microtiter
plate containing 50-l aliquots of a 25 nM fluorescein 5-isothiocyanate (FITC)
solution before each run. After every run, melting curves were recorded for each
PCR to discriminate between specific and unspecific real-time PCR signals.
T-RFLP analysis. Restriction digests of SSU rDNA amplicons were performed with TaqI (8), and mcrA amplicons were digested with Sau96I as described previously (25). Relative amplicon frequencies were determined as relative signal intensities of T-RFs with peak height analysis or peak area
integration. Signals with a peak height below 100 relative fluorescence units (36)
or with a peak area contribution below 1% (28) were regarded as background
noise and excluded from analysis.
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TABLE 1. Measured and predicted in silico T-RFs of SSU rDNA
and mcrA/mrtA amplicons of pure cultures of methanogensa
Organism

M.
M.
M.
M.

bryantii
concilii
hungatei
jannaschii

Measured T-RF (bp)

Predicted T-RF (bp)

SSU rDNA

mcrA

mrtA

SSU rDNA

mcrA

mrtA

90
285
395
789

502
255
429
475ⴱ

470
—
—

93
285
394
792

502
256
430
476

NA
—
—
473

a
NA, sequence not available for in silico predicition; —, organisms contain
only the mcrA gene, no mrtA gene; ⴱ, mcrA and mrtA amplicons of M. jannaschii
differ by only 3 bp in length and could not be clearly separated in T-RFLP
analysis (i.e., form one combined peak with a ⬇475-bp length).

We relate these findings to the highly degenerate mrcA primer
set used.
It was shown earlier that different binding energies of primer
permutations can lead to PCR selection of GC-rich templates
(37, 50). Similarly, a reduction in T-RFLP-detected diversity
upon an increase in the annealing temperature was found
within a model bacterial community, although nondegenerate
primers were used (9). In contrast, Osborn and coworkers (36)
observed an increasing number of bacterial T-RFs at a higher
annealing temperature but related this “apparent anomaly” to
electrophoresis detection problems rather than a PCR artifact.
Thus, the influence of the annealing temperature on the differential amplification of certain templates cannot be predicted and should be analyzed for each primer system individually.
Sequence conservation of functional marker genes in comparison to SSU rRNA genes is constrained by the genetic code
and its variability, especially in the third codon position. Consequently, highly degenerate primers often have to be used for
functional marker genes to cover a wide phylogenetic range.
This contradicts the potential of PCR-based fingerprinting to
obtain an unskewed picture of community structure, and relative community compositions should be inferred carefully.
Defined template mixtures. The essential question in TRFLP fingerprinting, how the relative abundance of amplicons
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FIG. 1. Effect of various PCR annealing temperatures on the SSU
rDNA-targeted (A) and mcrA-targeted (B) T-RFLP analysis of a soil
archaeal community. Amplicons were generated from identical soil
DNA templates with various PCR annealing temperatures and analyzed by T-RFLP fingerprinting. RAF, relative amplicon frequency.

(and thus of T-RFs) reflects template ratios, cannot be answered by the analysis of environmental DNA extracts of unknown composition. Therefore, we used artificial DNA template mixtures of defined gene content to evaluate the
quantitative potential of archaeal T-RFLP analysis. Genomic
DNA from four pure cultures of methanogens (M. bryantii, M.
concilii, M. hungatei, and M. jannaschii) was used, because
templates in environmental DNA extracts are also genomic
and the flanking regions of target genes have been shown to
influence amplification efficiency (17). Moreover, genomic
templates allow comparison of results obtained via T-RFLP
analyses of identical mixtures targeting different marker genes,
such as SSU ribosomal DNA (rDNA) and mcrA of methanogens.
Prior to the mixing experiments, the pure-culture DNAs
were analyzed by both SSU rDNA- and mcrA-targeted PCR–
T-RFLP. This control experiment was conducted to verify the
sole appearance of T-RFs in silico predicted from sequence
data. Results are summarized in Table 1, and the measured
T-RFs of pure cultures were in good agreement with the predicted T-RFs.
For the defined mixtures, the SSU rRNA gene content of
freshly diluted working solutions (⬇2 ng l⫺1, Pico Green
measurement) of the genomic DNAs was determined by realtime PCR (18). The measurement was standardized with a
10-fold dilution series of M. jannaschii genomic DNA (1.665
Mbp, two rrn operons [6]), and was found to be reliable between at least 107 and 102 archaeal rrn copies. The average
standard deviation of measurements was below 2% of means.
For each of the four methanogens, a series with 25%, 40%,
57.1%, and 78.6% SSU rDNA template ratio was prepared,
while the remaining three species equally accounted for the
residual percentage (25%, 20%, 14.3%, and 7.1% each, respectively). Three entire sets of defined template mixtures were
prepared in completely independent mixing procedures (starting from freshly diluted DNA working solutions) to account for
pipetting errors and to obtain statistically significant results.
Immediately after preparation, the defined genomic DNA mixtures were analyzed by both SSU rDNA- and mcrA-targeted
T-RFLP analyses.
As an example for the T-RFLP analysis of defined template
mixtures, electropherograms from a series with increasing M.
bryantii SSU rDNA template ratios are shown in Fig. 2. An
adequate representation of the defined template ratios was
visually apparent in the electropherograms. Precise amplicon
ratios were determined by inferring both the peak height and

VOL. 69, 2003

EVALUATION OF PCR BIAS BY T-RFLP ANALYSIS

323

peak area of T-RFs. Summarized PCR–T-RFLP results of the
three independent sets of defined template mixtures are shown
in Fig. 3. Increasing template ratios were precisely reflected in
the relative abundance of T-RFs for the four methanogens
tested and in average in absolute correlation when peak height
analysis was used (Fig. 3A). Peak area integration, on the other
hand, resulted in a significant overrepresentation of M. hungatei and M. jannaschii relative amplicon frequencies (Fig. 3B).
Both were characterized by long SSU rDNA T-RFs (395 and
789 bp, respectively), which migrated slowly during electrophoresis, resulting in broad, “fuzzy” T-RF peaks.
We assume that the automated area integration of T-RFs by
the Genescan analysis software overestimates the area representation of such fuzzy peaks. This would explain the constant
overrepresentation of M. jannaschii and, to a lesser extent, also
of M. hungatei template ratios when the relative peak areas of
T-RFs were compared. Inconsistencies in the Genescan software peak-calling routine that prevented the use of peak area

data have been observed before (9). Consequently, for the
evaluation of relative signal intensities in archaeal T-RFLP
analysis, peak height comparison should be used.
Defined SSU rDNA template mixtures for PCR and subsequent amplicon ratio analysis have been prepared earlier, but
the results were inconsistent. Mostly pairwise mixtures of either genomic or amplicon standard DNAs have been prepared,
and post-PCR amplicon ratios were either in good concordance with the prepared template ratios (14, 20, 45–47) or
indicated significantly skewed product ratios, depending on the
templates or primers used (17, 37, 45, 47). Furthermore, singlespecies standards have been seeded to natural microbial communities in different ratios, and similar 1:1 relationships between spiked cell numbers (10) or seeded DNA quantities (12)
and post-PCR T-RF ratios have been reported. However, in these
analyses, it was not tested whether this correlation remained constant, if the seeding had been conducted with different strains,
varying in rrn copy number, either separately or simultaneously.
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FIG. 2. Electropherograms of T-RFLP analysis of defined template mixtures of M. bryantii (MB), M. concilii (MX), M. hungatei (MP), and M.
jannaschii (MC) pure-culture DNA. Shown is a series with increasing M. bryantii template ratios from 25 to 78.6% of SSU rRNA genes (A to D).
T-RF lengths of characteristic peaks are indicated in parentheses (in base pairs). RFU, relative fluorescence units.
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FIG. 3. Relationship between SSU rDNA template ratios and relative amplicon frequencies as determined by T-RFLP analysis of defined template mixtures. Relative amplicon frequencies (RAF) were
determined by fluorescence peak height analysis (A) or peak area
integration (B). Lines indicate best linear fit for combined data sets of
each graph, and slopes are given. Average values of separately prepared defined template mixtures are plotted (⫾ standard deviation, n
⫽ 3).

In addition to SSU rDNA as a marker gene, we also analyzed the reliability of mcrA-targeted T-RFLP fingerprinting of
methanogenic communities. This was of special interest because earlier investigations showed that the mcrA and mrtA
genes of members of the Methanobacteriaceae were of increased relative abundance in T-RFLP fingerprints compared
to SSU rDNA-derived relative amplicon frequencies, while

members of the Methanomicrobiaceae were underrepresented
(25, 38).
We compared the measured SSU rRNA gene ratios of defined template mixtures to the corresponding mcrA gene ratios.
Correlation was low, and pronounced representational differences for the different species analyzed became apparent (Fig.
4). Although increasing ratios were also reflected, the mcrA
genes of M. hungatei were strongly underrepresented, while the
combined mcrA and mrtA genes of M. bryantii and M. jannaschii were overrepresented. The mcrA genes of M. concilii
were of a more consistent representation in both fingerprinting
methods. Differences in the respective operon copy numbers
may have contributed to the observed distortion.
Members of the Methanococcales and Methanobacteriales
harbor two MCR isoenzymes, encoded by the mcr and mrt
operons (39). The ␣-subunit genes of both operons are detected by T-RFLP analysis (25). On the other hand, M. concilii
and M. hungatei are known to contain only one mcr operon; a
second isoenzyme has not been detected (42). Given that all
four methanogens contain the same rrn operon copy number,
this could explain the systematic overrepresentation of M. bryantii and M. jannaschii, but not the dramatic underrepresentation of M. hungatei. Again, a possible explanation for these
findings may be the highly degenerate primer set used for the
mcrA fingerprinting analyses. The reliability of post-PCR amplicon ratios has earlier been shown to depend on the primer
pair used (45), and degenerate primers should be avoided (37,
50). Unfortunately, the complete mcrA and mrtA sequences of
M. concilii, M. hungatei, and M. bryantii are not yet available,
and therefore the precise primer binding sites cannot be determined. This would be necessary to test the model of PCR
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FIG. 4. Relationship between SSU rDNA and mcrA/mrtA gene relative amplicon frequencies (RAF) as determined by T-RFLP analysis
of defined template mixtures. Lines indicate estimated fits.
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