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ABSTRACT
16S ribosomal RNA gene (rDNA) amplicon analysis
remains the standard approach for the cultivationindependent investigation of microbial diversity.
The accuracy of these analyses depends strongly
on the choice of primers. The overall coverage and
phylum spectrum of 175 primers and 512 primer
pairs were evaluated in silico with respect to the
SILVA 16S/18S rDNA non-redundant reference
dataset (SSURef 108 NR). Based on this evaluation
a selection of ‘best available’ primer pairs for
Bacteria and Archaea for three amplicon size
classes (100–400, 400–1000, 1000 bp) is provided.
The most promising bacterial primer pair (S-DBact-0341-b-S-17/S-D-Bact-0785-a-A-21), with an
amplicon size of 464 bp, was experimentally
evaluated by comparing the taxonomic distribution
of the 16S rDNA amplicons with 16S rDNA fragments
from directly sequenced metagenomes. The results
of this study may be used as a guideline for selecting primer pairs with the best overall coverage
and phylum spectrum for specific applications,
therefore reducing the bias in PCR-based microbial
diversity studies.
INTRODUCTION
Understanding microbial diversity has been the ambition
of scientists for decades. Because diversity analysis by
cultivation is problematic for a signiﬁcant fraction of
Bacteria and Archaea, culture-independent surveys have
been developed. In the past, the most commonly used
approach was cloning and sequencing of the 16S ribosomal RNA gene (rDNA) using conserved broad-range

PCR primers (1). With the advent of massive parallel
sequencing technologies, direct sequencing of PCR
amplicons became feasible (2–4). In 2006, Roche’s 454
GS 20 pyrosequencing (5) became the ﬁrst high-throughput sequencing technology to be successfully applied for
large scale biodiversity analysis and was key to uncovering
the ‘rare biosphere’ (6). The continuous development of
the technology, offering read lengths of up to 1000 bp
nowadays, further improved throughput and resolution
of 16S rDNA sequencing (7). Since then, additional
high-throughput sequencing technologies have become
commercially available. The attractiveness of Illumina
(8) lies in the reduced per base costs and comparatively
high sequencing depth (9), despite having short read
lengths. While the major advantage of Ion Torrent (10)
are its relatively low cost and rapid sequencing speed.
Furthermore, Paciﬁc Bioscience (PacBio) now employs
the ‘single-molecule real-time’ (SMRT) sequencing technology, designed to achieve average read lengths of
more than 3000 bp (11). For a detailed review of
sequencing technologies please refer to Loman et al.
(12). There is no doubt that the rapid development of
sequencing technologies has opened a new dimension in
biodiversity analysis, but the diversity of technologies also
adds complexity to the experimental design of a study.
The most critical step for accurate rDNA amplicon
analysis is still the choice of primers (4,13). Using suboptimal primers, or more precisely, primer pairs, can lead to
under-representation (14) or selection against single
species or even whole groups (15–17). Using inappropriate
primers consequently leads to questionable biological conclusions (17–19).
In this study, 175 broad range 16S rDNA primers and
512 primer pairs were investigated in silico with respect to
overall coverage and phylum spectrum for Bacteria and
Archaea as well as amplicon length. Primer sequences were
compared with all 376 437 16S/18S rDNA sequences
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available in the SILVA non-redundant reference database
(SSURef NR) release 108 (20). For consistency, all
primers were renamed according to the primer nomenclature suggested by Alm et al. (21). Two pairs of bacterial
PCR primers were selected for empirical evaluation at the
ﬁeld station Helgoland Roads (North Sea). Finally, the
obtained results were compared with diversity estimates
from previous metagenome studies (22).
MATERIALS AND METHODS
Primer nomenclature
Primers were renamed according to Alm et al. (21).
Each name is composed of seven dash-separated parts,
describing: the target gene, the rank of the target group,
the target group, the target position within the gene, the
primer version, the target strand and the length of the
primer. For illustration, the seven parts comprising
the primer name ‘S-D-Bact-0338-a-A-18’ are to be interpreted as follows:
(1) An indication of the target gene. In this case, ‘S’ for
small subunit rDNA (S);
(2) An indication of the largest taxonomic group
targeted by the PCR primer. For example, ‘D’ for
domain level;
(3) An abbreviated description, limited to three to ﬁve
letters, of the speciﬁc taxonomic or phylogenetic
group targeted by the primer. For example, ‘Bact’
for the domain Bacteria;
(4) A four-digit number indicating the 50 position of the
sense strand. For example, ‘0338’ stands for start
position 338 in the Escherichia coli system of nomenclature (23);
(5) A single lowercase letter indicating the version of the
probe. For example ‘a’ for a ﬁrst version;
(6) A single uppercase letter indicating whether the
probe sequence is identical to the DNA sense
strand (S) or to the antisense (A) strand; and
(7) A number indicating the length of the PCR primer.
18 bases in the example.
Nomenclature for in silico evaluation
In this study, the term ‘coverage’ refers to the percentage
of matches for a given taxonomic path. Taxonomic paths
were considered ‘not covered’ if their coverage was below
50%. The term ‘phylum spectrum’ refers to the number of
matched phyla. For example, if a primer or primer pair
covers the majority of all phyla it is described as having a
‘large phylum spectrum’.
Selection of primers
A total of 175 forward and reverse 16S rDNA primers
were chosen for the in silico evaluation. Primer sequences
were either obtained from a literature survey or provided
by the SILVA user community in response to a poll on the
ARB/SILVA mailing list in January 2012 (Supplementary
Table S1). Only primers with an overall coverage above
75% for either Bacteria or Archaea were considered

for primer pair analysis. All primers are available
in probeBase, a comprehensive online database for
rRNA-targeted oligonucleotides, at www.microbialecology.net/probebase/ (24).
Selection criteria for primer pairs
Primer pairs were chosen according to annealing temperatures, overall coverage of variable regions and amplicon
length. Annealing temperatures were calculated with
OligoCalc (25). Primer pair combinations with annealing
temperature differences of less than 5 C were accepted as
pairs. Suitable primer pairs were organized into three different groups (Supplementary Table S8): Group Short
(Group S) generates 100–400 bp fragments. Group Middle
(Group M) generates 400–1000 bp fragments. Group Long
(Group L) generates fragments 1000 bp. A total of 512
primer combinations were evaluated. The best 30 bacterial
primer pairs in each group and all archaeal primer pairs
with a combined overall coverage >70% were analyzed
in detail.
In silico evaluation of primers and primer pairs
Primer evaluation was based on two datasets: Firstly,
the non-redundant SILVA Reference database (release
SSURef 108 NR) containing 376 437 sequences. The
SILVA SSURef 108 NR was prepared from all SSU sequences longer than 1200 bp for Bacteria and Eukaryota
and longer than 900 bp for Archaea. Sequences are
required to have a SINA (26) alignment quality value
better than 50 (20). Redundant sequences were removed
by clustering with UCLUST (27) using a 99% identity
criterion. A second SSU database was prepared from the
Global Ocean Survey (GOS) (28,29) metagenomes using
the SILVA pipeline. Alignment was attempted with
SINA for all GOS reads and all sequences with an alignment quality of at least 30 and a minimum length of 300
were retained, yielding a dataset of 10 945 sequences.
Taxonomic classiﬁcations for each read were applied as
described below.
Primer matching was executed using the probe match
function of the ARB PT server (30) at two levels of stringency, allowing zero or one mismatch, respectively. For
each primer and stringency level the database entries were
separated into three groups: (i) matches; (ii) mismatches;
and (iii) unknown. The match status was considered to be
unknown if no sequence data was available at the match
position of the respective primer. Furthermore, only sequences corresponding to the primer at the intended
position where considered to be matches. From these
numbers, coverage was computed as the matched
fraction of entries either matches or mismatches,
excluding entries for which the match status was
unknown. Individual coverages were computed for all
taxa. When computing the combined coverage of
forward and reverse primer pairs, an entry was considered
to have unknown match status if the match status for
either of the two primers was unknown. Likewise, the
pair was only considered to be a match if both primers
matched at the intended match position.
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Detailed information for each analysed primer and
primer pair are provided in the Supplementary Material
Online (single primer: Supplementary Tables S2–S7;
primer pairs: Supplementary Tables S9–S38). All scripts
and SQL queries as well as database dumps are available
online at www.arb-silva.de/download/archive/primer_
evaluation.

and for (ii) at 44 C. PCR products were puriﬁed with
a QiaQuick PCR puriﬁcation kit (QIAGEN, Hilden,
Germany). The quantity and quality of the extracted
DNA were analysed by spectrophotometry using an
ND-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE) and by agarose gel electrophoresis. The
PCR products were stored at 20 C for sequencing.

Sampling site and collection of water samples

Sequencing

Sample collection was carried out as part of the ‘multi
omic’ approach of the MIMAS (Microbial Interaction in
MArine Systems) project (www.mimas-project.de).
Surface water was collected on 11 February 2009 and
weekly from 31 March 2009 until October 2009. Water
samples (total volume 360 l) from the Kabeltonne site at
Helgoland Roads in the North Sea (54 11.180 N,
7 54.000 E) were collected at a depth of 0.5 m and processed immediately at the Biological Station Helgoland.
The water was pre-ﬁltered through a 10 mm and a 3 mm
pore-size ﬁlter. For harvesting a 0.2 -mm-pore-size ﬁlter
was used. At each time point 10 l and 15 l of seawater
were ﬁltered onto 8 ﬁlters for genomic DNA extraction.
All ﬁlters were stored at 80 C until future usage. Details
can be found in Teeling et al. (22). In this study, 16S
rDNA pyrotag analysis with Roche’s 454 FLX Titanium
technology was performed using samples from: 11
February 2009, 7 April 2009 and 14 April 2009. Results
from 16S rDNA diversity analysis gained from
metagenome studies of the same sampling dates (22)
were used for comparison.

The pyrosequencing reactions were performed at LGC
Genomics GmbH, Berlin, Germany. All sequencing reactions were based upon FLX—Titanium chemistry (Roche/
454 Life Sciences, Branford, CT 06405, USA; www.454
.com) and all methods were performed using the manufacturers’ protocol. Brieﬂy, genomic DNA from metagenome
studies (22) as well as PCR-ampliﬁed DNA fragments
were checked for quality on a 2% agarose gel. 500 ng of
each sample was then used for the sequencing library. In a
minor modiﬁcation to the protocol, no size selection of the
fragments was performed. The fragments were subjected
to end repair and polishing. An extra A was added to the
ends of the fragments and the Roche Rapid Library
adaptors were ligated on to the fragments as described
in the Roche Rapid Library Preparation Manual for GS
FLX Titanium Series, October 2009, Rev. January 2010
(Roche/454 Life Sciences, Branford, CT 06405, USA;
www.454.com). After subsequent emulsion PCR the
fragment libraries were processed and sequenced according to the Roche protocols. The resulting sequences were
processed using the standard Roche software for base
calling, trimming of adaptors and quality trimming
(Genome Sequencer FLX System Software Manual
version 2.3, Roche/454 Life Sciences, Branford, CT
06405, USA; www.454.com). For PCR-ampliﬁed DNA
fragments, per sample two distinct PCR reactions were
sequenced on 1/8 of picotiter plate (PTP). Raw data
were stored as FNA ﬁle. Sequences were submitted to
INSDC (EMBL-EBI/ENA, Genbank, DDBJ) with accession number ERP001031. For metagenomics two full
PTPs per sample were sequenced. Metagenome sequences
were published by the MIMAS project (22) and can be obtained from INSDC with accession number ERP001227.

DNA extraction
Genomic DNA was directly extracted from ﬁlters as
described in Zhou et al. (31) with the following modiﬁcations: all extraction steps were performed with 50 ml proteinase K (10 mg/ml), and after isopropanol precipitation,
pelleted nucleic acids were obtained by centrifugation at
50 000g for 30 min at room temperature. The genomic
DNA was stored at 20 C until PCR ampliﬁcation and
metagenomic sequencing were carried out.
Ampliﬁcation
Per sample, two separate PCR reactions were performed
in order to test two bacterial primer pairs for 16S rDNA
ampliﬁcation. Primer pairs were: (i): S-D-Bact-0341b-S-17, 50 -CCTACGGGNGGCWGCAG-30 (32), and
S-D-Bact-0785-a-A-21, 50 -GACTACHVGGGTATCTA
ATCC-3 (32); and (ii): S-D-Bact-0008-a-S-16, 50 -AGAG
TTTGATCMTGGC-30 (33), and S-D-Bact-0907-a-A-20,
50 -CCGTCAATTCMTTTGAGTTT-30 (34). The reaction
was carried out in 50 ml volumes containing 0.3 mg/ml BSA
(Bovine Serum Albumin), 250 mM dTNPs, 0.5 mM of each
primer, 0.02 U Phusion High-Fidelity DNA Polymerase
(Finnzymes OY, Espoo, Finland) and 5x Phusion HF
Buffer containing 1.5 mM MgCl2. The following PCR
conditions were used: initial denaturation at 95 C for
5 min, followed by 25 cycles consisting of denaturation
(95 C for 40 s), annealing (2 min) and extension (72 C for
1 min) and a ﬁnal extension step at 72 C for 7 min.
Annealing temperature for primer pair (i) was set at 55 C

Identiﬁcation and taxonomic classiﬁcation of 16S
rDNA fragments
Unassembled sequence reads from both SSU rRNA gene
PCR amplicons (pyrotags) and metagenome sequencing
were preprocessed (quality control and alignment) by the
bioinformatics pipeline of the SILVA project (20). Brieﬂy,
reads shorter than 200 nt or with more than 2%
of ambiguities or more than 2% of homopolymers were
removed. Remaining reads from amplicons and
metagenomes were aligned against the SSU rDNA seed
of the SILVA database release 108 (www.arb-silva.de/
documentation/background/release-108/)
(20)
using
SINA (26). Unaligned reads were not considered in downstream analysis to eliminate non 16S rDNA sequences.
Remaining PCR amplicons were separated based on the
presence of aligned nucleotides at E. coli positions of
the respective primer binding sites instead of searching
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for the primer sequences itself. This strategy is robust
against sequencing errors within the primer signatures or
incomplete primer signatures. This separation strategy
works because the amplicon size of one primer pair is
signiﬁcant longer, with overhangs on both 30 and 50 site,
compared with the amplicon of the second primer pair.
With this approach the need for barcoding during
combined sequencing of 16S pyrotags derived from different PCR reactions on the same PTP lane was avoided.
FASTA ﬁles for each primer pair of the separated
samples are available online at www.arb-silva.de/
download/archive/primer_evaluation.
Reads of the ﬁltered and separated 16S pyrotag datasets
as well as metagenomes were dereplicated, clustered and
classiﬁed on a sample by sample basis. Dereplication
(identiﬁcation of identical reads ignoring overhangs) was
done with cd-hit-est of the cd-hit package 3.1.2 (www.
bioinformatics.org/cd-hit) using an identity criterion of
1.00 and a wordsize of 8. Remaining sequences were clustered again with cd-hit-est using an identity criterion of
0.98 (wordsize 8). The longest read of each cluster was
used as a reference for taxonomic classiﬁcation, which
was done using a local BLAST search against the
SILVA SSURef 108 NR dataset (www.arb-silva.de/
projects/ssu-ref-nr/) using blast-2.2.22+ (http://blast.ncbi
.nlm.nih.gov/Blast.cgi) with default settings. The full
SILVA taxonomic path of the best BLAST hit was
assigned to the reads if the value for (percentage of
sequence identity+percentage of alignment coverage)/2
was at least 93. In the ﬁnal step, the taxonomic path of
each cluster reference read was mapped to the additional
reads within the corresponding cluster plus the corresponding replicates (as identiﬁed in the previous analysis
step) to ﬁnally obtain (semi-) quantitative information
(number of individual reads representing a taxonomic
path). Raw output data are available in the Supplementary Material in Supplementary Tables S48–S50.
Adjustment of the total number of sequence reads to
smaller subsets by random re-sampling
Sequencing depth may infringe on the comparability of
the resulting taxonomic resolution. To verify that the
results derived from the 16S pyrotags were not an
artefact of deep sequencing, the total number of 16S
pyrotags was reduced until roughly equal amounts of classiﬁed pyrotags and classiﬁed metagenome reads remained
for each sample. Three subsets of each 16S pyrotag sample were adjusted by withdrawing equal amounts of sequences randomly without replacement. Raw output
data are available in the Supplementary Material Online
(Supplementary Tables S51–S52). An analogue approach
was described in Gilbert et al. (35).

mismatch (Supplementary Tables S2–S5). Eukaryota are
only considered on domain level (Supplementary Tables
S5–S6). A total of 122 single primers passed the 50%
overall coverage threshold with 31, 51 and 1 primer(s)
speciﬁc for the domain Archaea (A), Bacteria (B) and
Eukaryota (E), respectively. At one-mismatch-stringency
the total number increased to 150 eligible primers.
For Archaea, primers S-D-Arch-0519-a-A-19 (A:
91.3%, B: 0.1%, E: 1.0%) and S-D-Arch-0787-a-A-20
(A: 87.4%, B: 7.8%, E: 0.0%) stand out. This is in line
with a recent study by Wang and Qian (15). The highest
overall coverage and speciﬁcity for the domain Bacteria
was detected for the primers S-D-Bact-1061-a-A-17
(A: 2.9%, B: 96.4%, E: 0.0%) and S-D-Bact-0564-a-S-15
(A: 16.3%, B: 96.0%, E: 0.0%). Furthermore, 39 primers
show relatively high overall coverage for more than one
domain. For instance, S-*-Univ-0515-a-S-19 (A: 54.5%,
B: 95.4%, E: 92.2%) detects all three domains and
S-D-Bact-0787-b-A-20 (A: 89.9%, B: 90.6%, E: 0.0%)
targets Bacteria and Archaea as recently reported (36).
It has previously been asserted (15) that the primers S-*Univ-0789-a-S-18 (A: 86.1%, B: 6.8%, E: 0.0%) and S-*Univ-0906-a-S-17 (A: 83.7%, B: 0.3%, E: 76.8%) target
Bacteria and Archaea. Contrary to this, with only 6.8%
and 0.3% overall coverage of the domain Bacteria, but
86.1% and 83.7% overall coverage of the domain
Archaea, respectively, our results conﬁrm the original intention of both primers to be speciﬁc for the domain
Archaea (37,38). However, if one mismatch is tolerated,
S-*-Univ-0789-a-S-18 (A: 96.0%, B: 93.0%, E: 0.0%)
targets Archaea and Bacteria. S-*-Univ-0906-a-S-17 (A:
93.2%, B: 49.8%, E: 0.0%) still fails to pass our 50%
threshold.
The primer sequence of S-*-Univ-0779-a-S-20 (A: 0.0%,
B: 0.0%, E: 0.0%) is misspelled in Wang and Qian (15).
Allowing one mismatch increases the overall coverage to
A: 64.8%, B: 6.8%, E: 77.6% and indicates that the
correct primer sequence targets Archaea and Eukaryota.
A direct comparison of our results with the studies of
Huws et al. (39) and Baker et al. (14) is not possible, as the
overall coverage of the primers is not given. Nossa et al.
(1) restricted their evaluation to a single habitat. Walter
et al. (36) analysed a total of only four primers.
In respect to detailed phylum coverage (Supplementary
Tables S2–S5) it should be noted that the numbers of
sequences present in a phylum affects the values for
phylum coverage. If the majority of a small phylum (e.g.
Caldiserica with 61 sequences) is targeted, the coverage
will be higher than for a member rich phylum (e.g.
Firmicutes with 84 910 sequences). Similar effects occur
for phyla in which only a small number of sequences
contain sequence information at the primer position of
interest.

RESULTS AND DISCUSSION

In silico evaluation of primer pairs

In silico evaluation of 16S rDNA primers

When combining forward and reverse primers, the bias of
single primers can accumulate. To minimize the overall
bias, primers with similar overall coverage and phylum
spectrum must be used. Using the 75% overall coverage
criterion, 86 single primers qualify for primer pair

The overall coverage of 175 single primers was evaluated
for all three domains of life (Supplementary Table S1).
Additionally for Bacteria and Archaea the phylum
spectrum was investigated with respect to zero and one
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analysis. In order to get suitable combinations for the different sequencing technologies, primer pairs were
organized into three groups according to their amplicon
length (Supplementary Table S8). Group S(mall) could be
of particular interest for Illumina (8) and Ion Torrent (10)
sequencing. Primer pairs of Group M(iddle) are suitable
for Roche’s 454 (40) technology. Group L(arge) primer
pairs are useful for sequencing methods such as PacBio
(11) as well as for creating classical clone libraries. A total
of 512 primer combinations were evaluated. Again, the
focus of this evaluation was Archaea and Bacteria.
Eukaryota are only considered on domain level.
Assuming that a standard PCR can tolerate up to two
mismatches between the primer and its target (1), results
with one mismatch are also taken into account. However,
it should be noted that a primer mismatch can result in a
biased picture of the bacterial diversity (41) and preferential ampliﬁcation might lead to under-representation of
important members of a community (14,41).
In silico evaluation of primer pairs suitable for Illumina
and Ion Torrent sequencing (Group S)
Only 12 archaeal primer pairs have an overall coverage
above 70%. The best results with an overall coverage of
76.8% are obtained with S-D-Arch-0349-a-S-17/
S-D-Arch-0519-a-A-16 (A: 76.8%, B: 0.0%, E: 0.0%)
(Supplementary Table S9). This pair generates an
amplicon length of 185 bp which spans the hypervariable
(HV) region three. The evaluation revealed that it
misses ﬁve out of eight phyla: Ancient Archaeal Group
(AAG), GoC-Arc-109-D0-C1-M0, Korarchaeota, Marine
Hydrothermal Vent Group 2 (MHVG-2) and
Nanoarchaeota. The remaining three archaeal phyla are
detected (Crenarchaeota, Marine Hydrothermal Vent
Group 1 (MHVG-1) and Euryarchaeota). With one
mismatch allowed, overall coverage for Archaea increases
to A: 91.0%, B: 0.0%, E: 0.1% now covering additionally
Korarchaeota and MHVG-2 (Supplementary Table S10).
However, in the case of Korarchaeota detailed analysis of
the primer target position revealed a 30 end mismatch of
the forward primer, which is known to affect ampliﬁcation. Nanoarchaeota and AAG show three mismatches.
Moreover, PCR has to tolerate up to four mismatches
of the forward primer to amplify GoC-Arc-109-D0C1-M0. In summary, S-D-Arch-0349-a-S-17/S-D-Arch0519-a-A-16 generates short amplicons, has a comparatively high overall coverage by detecting up to four out
of eight archaeal phyla and excellent domain speciﬁcity.
Hence, this primer pair shows the most promising results
for Illumina and Ion Torrent sequencing.
For Bacteria, the primer pair S-D-Bact-0341-b-S-17/
S-D-Bact-0515-a-A-19 (A: 0.0%, B: 91.2%, E: 0.0%) has
the highest overall coverage (Supplementary Table S11).
Detailed analysis reveals that 10 phyla are not detected
(Armatimonadetes, Chlamydiae, Caldiserica, Hyd24-12,
GOUTA4, Kazan-3B-28, SM2F11, as well as Candidate
divisions WS6, OP11, TM7 and OD1). If one mismatch is
tolerated some Archaea (A: 44.6%, B: 96.7%, E: 0.2%) as
well as seven additional phyla are detected (Supplementary Table S12), but ampliﬁcation of Candidate
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divisions OP11 and WS6 as well as Armatimonadetes
remains unlikely. In all three cases, the mismatch
position of the forward primer is located at the 30 end.
For Candidate divisions OP11 and WS6, the reverse
primer would need to tolerate three mismatches. These
ﬁndings are in line with the conclusions of Baker and
Cowan (42), who claim that no domain-speciﬁc primer
exists or can be designed that matches all bacterial 16S
rDNA sequences.
The best candidate for the domain Bacteria is S-DBact-0564-a-S-15/S-D-Bact-0785-b-A-18. This primer
pair has a slightly lower overall coverage for Bacteria
(A: 14.6%, B: 89.0%, E: 0.0%) compared with the
previous candidate but only fails to detect four bacterial phyla (Chloroﬂexi, Elusimicrobia, BHI80-139 and
Candidate division OP11). With one allowed mismatch
(A: 57.1%, B: 95.2%, E: 0.0%), only Candidate division
OP11 sequences remain undetected due to a 30 end
mismatch of both primers. Please note that one
mismatch may also lead to ampliﬁcation of archaeal 16S
rDNA sequences. Based on the promising phylum
spectrum we are in favour of this primer pair in comparison to the previous described S-D-Bact-0341-b-S-17/
S-D-Bact-0515-a-A-19. In summary, S-D-Bact-0564-a-S15/S-D-Bact-0785-b-A-18 generates an amplicon of
253 bp covering the fourth HV region and satisﬁes with
a high overall coverage and reasonably good domain speciﬁcity. Hence, it is recommended for Bacteria.
Two primer pairs target the domains Bacteria and
Archaea:
S-D-Arch-0519-a-S-15/S-D-Bact-0785-b-A-18
(A: 88%, B: 89.1%, E: 0.7%) and S-D-Arch-0519-aS-15/S-D-Bact-0785-a-A-21 (A: 86.5%, B: 87.1%, E:
0.0%). Within the bacterial domain, those two primer
pairs cover 49 out of 59 phyla. The coverage
for Chlamydiae, Caldiserica, Chloroﬂexi, SM2F11,
Kazan-3B-28, BHI80-139 and Candidate divisions WS6,
OP11, TM7 and OD1 is below 50%. If one mismatch
is tolerated, seven additional phyla are detected and
overall coverage increases for S-D-Arch-0519-a-S-15/
S-D-Bact-0785-b-A-18 (A: 94.9%, B: 95.1%, E: 1.6%)
and S-D-Arch-0519-a-S-15/S-D-Bact-0785-a-A-21 (A:
94.6%, B: 94.8%, E: 0.7%). Ampliﬁcation of Candidate
divisions WS6, TM7 and OP11 remains unlikely. The
mismatch position of S-D-Arch-0519-a-S-15 is located at
the 30 end in case of Candidate divisions WS6 and TM7.
For Candidate division OP11, both reverse primers show a
30 end mismatch. For Archaea, each primer pair fails to
detect four out of eight phyla (AAA, MHVG-1 and
MHVG-2 and Nanoarchaeota), which is reduced to one
(Nanoarchaeota) if one mismatch is allowed. The continuous failure of primers to detect Nanoachaeota is not
surprising, due to the majority of Archaea-speciﬁc
primers being designed prior to the discovery of the
Nanoarchaeota (14). Detailed analysis of the mismatch
positions reveals one internal mismatch for AAA,
MHVG-1 and MHVG-2 but three mismatches for
Nanoarchaeota. Addition of Nanoarchaeota-speciﬁc
primers (43) is recommended. Previous evaluation
showed S-P-Nano-0008-a-S-16 and S-P-Nano-1390a-A-17 to be highly speciﬁc for Nanoarchaeota
(Supplementary Table S2). Note that these primers
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generate almost full-length sequences. In summary, both
primer pairs can be recommended for ampliﬁcation. They
generate amplicons speciﬁc for Bacteria and Archaea with
an average length of 278 bp that spans the HV region four.
In silico evaluation of primer pairs suitable for sequencing
technologies like Roche’s 454 (Group M)
No archaeal-speciﬁc primer pair achieves a full phylum
spectrum (Supplementary Table S15). S-D-Arch0519-a-S-15/S-D-Arch-1041-a-A-18 (A: 76.6%, B: 0.0%,
E: 0.0%) shows the best results with respect to a relatively
high overall coverage coupled with a high domain
speciﬁcity. This primer pair covers two out of eight
phyla (Crenarchaeota and Euryarchaeota), but the
phylum spectrum increases remarkably to six detected
phyla if one mismatch is allowed (A: 92.8%, B: 0.0%,
E: 0.0%). Detection of the four additional phyla (AAG,
Korarchaeota, MHVG I and MHVG II) is likely due
to a middle mismatch position in the reverse
primer. Ampliﬁcation of GoC-Arc-109-D0-C1-M0 and
Nanoarchaeaota remains challenging due to more than
one mismatch. In summary, S-D-Arch-0519-a-S-15/S-DArch-1041-a-A-18 is the most suitable primer pair with a
540 bp amplicon spanning HV regions 4-6 and excellent
domain speciﬁcity. The frequent use of HV region six in
diversity analysis makes this pair particularly interesting
for comparative analysis (35,44,45).
For the domain Bacteria, several domain-speciﬁc
primer pairs attain high overall coverage, but 27 out of
30 fail to detect more than 10 phyla (Supplementary Table
S17). The three best pairs are S-D-Bact-0341-b-S-17/
S-D-Bact-1061-a-A-17 (A: 0.0%, B: 91.9%, E: 0.0%),
S-D-Bact-0564-a-S-15/S-*Univ-1100-a-A-15 (A: 8.0%, B:
92.7%, E: 0.0%) and S-D-Bact-0341-b-S-17/S-D-Bact0785-a-A-21 (A: 0.5%, B: 86.2%, E: 0.0%). Although
the ﬁrst two show higher overall coverage, the latter
exhibits a larger phylum spectrum. S-D-Bact-0341b-S-17/S-D-Bact-0785-a-A-21 only fails to detect seven
bacterial phyla (Hyd24-12, GOUTA4, Armatimonadetes,
Chloroﬂexi, BHI80-139 and Candidate divisions OP11
and WS6). If one mismatch is tolerated (A: 64.6%, B:
94.5%, E: 0.1%), ampliﬁcation of four additional phyla
is likely (Chloroﬂexi, BHI80-139, Hyd24-12 and
GOUTA4). However, some archaeal sequences are also
detected. Detailed analysis reveals that only the coverage
for Candidate division OP11 remains below the 50%
threshold (Supplementary Table S18). Besides four
mismatches for the reverse primer, the mismatch positions
in both primers are located towards the 30 end. Moreover,
ampliﬁcation of Armatimonadetes and Candidate division
WS6 is unlikely due to the 30 end mismatch position of the
forward primer. Although not covering the complete
phylum spectrum, the pair S-D-Bact-0341-b-S-17/
S-D-Bact-0785-a-A-21 shows the best combination of
domain and phylum coverage and can thus be recommended for 464 bp amplicons covering the HV regions
3–4.
S-D-Bact-0785-a-S-18/S-*-Univ-1392-a-A-15 (A: 72.3%,
B: 74.1%, E: 0.0%) qualiﬁes as a suitable primer pair
for Bacteria and Archaea. With no mismatches it only fails
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to detect Nanoachaeota and expands to full archaeal phylum
spectrum if one mismatch is tolerated. Detailed analysis
revealed that none of the mismatch positions are located
towards the 30 end, which should allow ampliﬁcation.
For Bacteria, an overall coverage of 76.3% is achieved but
this pair fails to detect nine phyla (Chloroﬂexi, SM2F11,
HDB-SIOH1705, BD1-5, EM19, BHI80-139, Candidate
divisions OP11, SR1, OD1 as well as Epsilonproteobacteria).
Allowing one mismatch results in an increased overall
coverage (A: 79.0%, B: 86.1%, E: 1.3%) and the additional
detection of six phyla due to internal mismatches. Only the
coverage of HDB-SIOH17005, SM2F11 and Candidate
division OP11 remains below the 50% threshold. In
summary, with an amplicon length of 608 bp and detection
of HV regions 5–8 this primer pair qualiﬁes to target Bacteria
and Archaea.
This detailed evaluation also demonstrates that reverse
and forward primers with individual high coverage do
not automatically qualify as an optimal primer pair.
For instance, S-D-Bact-0347-a-S-19 (A: 0.0%, B: 86.1%,
E: 0.0%) and S-D-Bact-0785-a-A-19 (A: 8.5%, B: 86.4%,
E: 0.0%) have been designed and approved by the
Human Microbiome Project for analysing the foregut
microbiome (1). Based on promising results within the
human habitat, they suggested that this primer pair may
be a good candidate to access the bacterial diversity in any
habitat (1). However, our evaluation reveals a lower
overall coverage of A: 0.0%, B: 76.5%, E: 0.0% and detection of only 25 out of 59 bacterial phyla if they act as
a primer pair. Even if one mismatch is allowed (A: 0.0%,
B: 90.6%, E: 0.0%) this primer pair still fails to detect
17 phyla (Armatimonadetes, Chlamydiae, Dictyoglomi,
Planctomycetes,
Verrucomicrobia,
Spirochaetes,
Lentisphaerae, HDB-SIOH1705, LD1-PA38, NPLUPA2, Hyd24-12 and SM2F11, as well as Candidate divisions OP11, WS6, BRC1, OD1, WS3 and OP3).
In silico evaluation of primer pairs suitable for sequencing
technologies such as PacBio SMRT or classical clone
libraries (Group L)
For fragments >1000 bases we could not ﬁnd an archaeal
primer pair with both an overall coverage of over
70% and a satisfying phylum spectrum (Supplementary
Table S21). The majority detects only the two
sequence-rich phyla, Crenarchaeota and Euryarchaeota.
S-D-Arch-0349-a-S-17/S-*-Univ-1392-a-A-15 (A: 65.8%,
B: 0.0%, E: 0.0%) has the highest overall coverage.
Detailed analysis revealed that this pair fails to detect
six out of eight phyla (AAG, GoC-Arc-109-D0-C1-M0,
Korarchaeota, MHVG-1, MHVG-2 and Nanoarchaeota)
(Supplementary Table S21). Although performance increases slightly when one mismatch is allowed (A:
76.0%, B: 0.0%, E: 0.1%), the coverage for three phyla
(AAG, GoC-Arc-109-D0-C1-M0 and Nanoarchaeota)
remains below 50% (Supplementary Table S22). In
addition, a 30 mismatch of the forward primer hampers
ampliﬁcation of Korarchaeota. In summary, this primer
pair cannot be recommended. Similar results are
obtained for the other archaeal primer pairs of Group L.
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The bacterial primer pairs show more satisfying results
(Supplementary Table S23). S-D-Bact-0008-c-S-20/
S-D-Bact-1391-a-A-17 (A: 0.1%, B: 78.0%, E: 0.0%) has
a high overall coverage and detects 55 out of 59 phyla. The
four phyla with below-threshold coverage are Chlamydiae,
WCHB1-60, Candidate division SR1 and OP11. If one
mismatch is allowed, overall coverage increases to A:
0.1%, B: 86.2%, E: 0.0% and Candidate division OP11
is now likely to be detected due to an internal mismatch.
S-D-Bact-0008-c-S-20/S-D-Bact-1046-a-A-19 (A: 0.0%, B:
81.3%, E: 0.0%) achieves the highest overall coverage but
fails to detect eight phyla (S2R-29, SM2F11, Chlamydiae,
Thermotogae,
WCHB1-60,
Kazan-3B-28,
EM19,
Candidate division OP11 and Epsilonproteobacteria).
Remarkably, this is mostly compensated if one mismatch
is allowed. However, ampliﬁcation of some sequences belonging to Candidate division OP11 and WHCBI-60 is
unlikely due to 30 end mismatches. Moreover, the reverse
primer fails to detect SM2F11 due to two mismatches of
which one is located towards the 30 end. Chlamydiae
remains undetected due to three internal mismatches of
the forward primer. The promising results and excellent
domain speciﬁcity of both primer pairs are depreciated
by the fact that they only span HV regions 1–6 and 1–8,
respectively. Nevertheless, if an amplicon length of
<1400 bp is sufﬁcient we are in favour of both primer pairs.
For nearly full-length sequences (>1400 bp) we recommend S-D-Bact-0008-a-S-16/S-D-Bact-1492-a-A-16 (A:
0.2%, B: 77.1%, E: 0.0%). This domain-speciﬁc primer
pair spans HV regions 1–9 and covers 52 out of 59
bacteria phyla. The missing phyla are: GAL08,
Kazan-3B-28, Chlamydiae, Dictyoglomi, WCHB1-60,
MVP-21 and Caldiserica. One mismatch (A: 0.2%, B:
86.8%, E: 0.0%) allows additional detection of
Caldiserica and Dictyoglomi due to an internal mismatch.
The remaining ﬁve phyla have either more than two
mismatches or, in case of Chlamydiae, the forward primer
has a 30 end mismatch. In the past, S-D-Bact-0008-a-S-16/
S-D-Bact-1492-a-A-16, which is commonly known as
GM3/GM4, has been intensively used for clone librarybased studies from different habitats (46–48). Thus plenty
of data for comparative analysis are available. However,
the high number of sequences originally obtained with the
GM3/GM4 pair is also likely to have artiﬁcially inﬂated the
coverage values we obtained. Ideally, sequences obtained
with a given primer should be excluded when evaluating
that same primer.
In silico re-evaluation of primer pairs using a PCR
free metagenome database
The majority of the sequences in specialized 16S/18S
rDNA databases such as SILVA (20), greengenes (49) or
RDP II (50) are a result of prior PCR ampliﬁcation.
In order to calibrate our previous analysis, re-evaluation
of the results using the publicly available Global Ocean
Sampling (GOS) database was performed. The initial
GOS dataset consisted of 6.3 billion bp of Sanger
sequence reads (28) and has recently been augmented by
samples from the Atlantic and Indian Oceans (51).
Although it is limited to the marine habitat, it is the
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most comprehensive dataset that provides a reasonable
amount of relatively long fragments necessary for primer
evaluation.
A total of 10 685 16S/18S rDNA sequences were extracted from the GOS dataset. 95% of the reads range
between 900 bp and 1200 bp in length; the average length
was 1053 bp. However, the bacterial fraction was
dominant, consisting of 9965 sequences, compared with
only 290 archaeal and 439 eukaryotic 16S and 18S sequences, respectively. Thus the results for Archaea and
Eukaryota are uncertain and should only be seen as complementary information. In addition to the limited
number of sequences, only a subset of phyla is present.
For example, for Archaea 288 sequences belong to
Crenarchaeota (63 sequences) and Euryarchaeota (225 sequences). The remaining two sequences could be assigned
to AAG and MHVG-1, respectively. For Korarchaeota,
GoC-Arc-109-D0-C1-M0, MHVG-2 and Nanoarchaeota,
no sequences are present.
For the domain Bacteria, the 9956 reads span 28 out of
59 phyla. The majority belong to Actinobacteria (1006 sequences), Bacteroidetes (785 sequences), Cyanobacteria
(805 sequences) and Proteobacteria (6655 sequences).
Other member rich phyla such as Firmicutes (167 sequences) and Acidobacteria (29 sequences) are only
present in low numbers. The lack of a full phylum
spectrum clearly limits the re-evaluation and prevents
direct comparisons with our previous results. The much
lower and also varying number of sequences in the respective target regions affects the results as well. Furthermore
primer pairs of Group L had to be excluded from the
re-evaluation due to the lack of sufﬁcient numbers of
long sequences.
In the previous evaluation for Group S, the archaeal
primer pair S-D-Arch-0349-a-S-17/S-D-Arch-0519-a-A-16
(A: 76.8%, B 0.0%, E: 0.0%) was proposed as a suitable
pair for amplicon sequencing of <400 bases. Re-evaluation
based on the GOS dataset again yielded the highest overall
coverage (A: 74.5%, B: 0.0%, E: 1.2%) and excellent
domain speciﬁcity. The recommended bacterial primer
pair S-D-Bact-0564-a-S-15/S-D-Bact-0785-b-A-18 (A:
0.0%, B: 83.4%, E: 0.0%) also performs well. Tolerating
one mismatch still conﬁrms domain speciﬁcity (A: 10.6%,
B: 86.2%, E: 0.0%). Unfortunately, detailed comparison on
phylum level proved difﬁcult. For example, within the
SILVA database, 84 910 Firmicutes sequences of sufﬁcient
length are present and 91.8% of these are covered by
S-D-Bact-0564-a-S-15/S-D-Bact-0785-b-A-18. Using the
GOS dataset, only two sequences from Firmicutes are
available.
Promising trends could also be observed for the two
primer pairs targeting both, Archaea and Bacteria. In particular,
S-D-Arch-0519-a-S-15/S-D-Bact-0785-b-A-18
stands out with high overall coverage (A: 76.5%, B:
83.4%, E: 1.9%), which increases slightly if one
mismatch is allowed (A: 81.8%, B: 86.5%, E: 1.9%).
For Group M, only 32 sequences of sufﬁcient length
were available to re-evaluate the recommended archaeal
primer pair S-D-Arch-0519-a-S-15/S-D-Arch-1041-a-A18. Thus the Archaea primer pairs were excluded from
further validation.
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Experimental evaluation of the primer pair S-DBact-0341-b-S-17/S-D-Bact-0785-a-A-21

Figure 1. Taxonomic distribution of 16S rRNA gene sequences gained
from a time series of three different surface water samples at Helgoland
Roads in the North Sea, (A) 16S pyrotags generated from PCR and
sequenced with Roche’s 454 pyrosequencing (relative abundance, percentage of total counts) (B) 16S sequences gained from metagenome
studies (relative abundance, percentage of total counts).

With on average 2600 available bacterial sequences for
re-evaluating Group M, the conditions were slightly better.
As in the previous evaluation, several primer pairs show
high
overall
coverage:
S-D-Bact-0564-a-S-15/S-*Univ-1100-a-A-15 proves its suitability with a high
domain-speciﬁc and overall coverage (A: 0.0%, B:
76.2%, E: 0.0%). Overall coverage for Bacteria increases
up to 80.2%, if one mismatch is tolerated (A: 2.3%, B:
80.2%, E: 0.0%). In contrast, S-D-Bact-0341-b-S-17/
S-D-Bact-1061-a-A-17 (A: 0.0%, B: 58.9%, E: 0.0%)
fails to match the previous results, which could be a consequence of the speciﬁc dataset. Even allowing one
mismatch does not achieve satisfying results (A: 0.0%,
B: 64.8%, E: 0.0%). At ﬁrst glance, similar results were
obtained
for
S-D-Bact-0341-b-S-17/S-D-Bact-0785a-A-21 (A: 0.0%, B: 43.1%, E: 0.0%). However, considering one mismatch the overall coverage signiﬁcantly
increased to A: 58.2%, B: 70.9%, E: 0.0%.
The re-evaluation of the primer pairs based on the GOS
dataset (Supplementary Tables S27–S38) shows that,
despite the relatively large dataset size, it still lacks resolution power, especially when considering a speciﬁc gene.
Unfortunately, the data obtained by other large scale
projects, such as the Earth Microbiome Project (52), is
of little use for primer evaluation due to their cost effective, but length-limited sequencing strategy. Due to the
inherent risk of creating chimeric sequences we would
not consider assembly a solution to this limitation.
Should the error rate of long read sequencing technologies
such as PacBio be signiﬁcantly reduced, data from
metagenomic studies relying on these technologies would
become a valuable resource for revisiting the primer sensitivity issue. In summary, if a sufﬁcient amount for
metagenomic 16S rDNA sequences were available, the

The primer pair S-D-Bact-0341-b-S-17/S-D-Bact-0785a-A-21 (Group M) was applied to DNA extracted from a
time series of three marine environmental samples at
Helgoland Roads. For simpliﬁcation, we will refer to the
obtained reads as ‘16S pyrotags’. In the course of the
MIMAS project, metagenomic analysis was performed
using marine samples from the same site and time points
(22). The results from the metagenomic-based diversity
studies are used to evaluate the accuracy of each primer
pair by comparing the taxonomic classiﬁcations.
On average, 59 700 sequences were obtained per
sampling occasion, of which 52 400 could be assigned as
16S pyrotags (88.4%) (Supplementary Table S39). The
relatively high loss is due to the stringent quality checks
used for the identiﬁcation and taxonomic classiﬁcation of
16S rDNA fragments. In contrast, metagenome analysis
resulted on average in 2 109 000 sequences (22) per
sampling occasion, but only 1600 sequences (0.1%)
qualiﬁed as 16S rDNA gene fragments.
The results of the 16S pyrotag analysis show that the
bacterial community is dominated by Alphaproteobacteria,
Bacteroidetes and Gammaproteobacteria (Figure 1A and
Supplementary Table S40). According to the in silico
evaluation, for primer pair S-D-Bact-0341-b-S-17/
S-D-Bact-0785-a-A-21 high coverage of these three
groups are expected (Bacteroidetes: 89.2%, Alphaproteobacteria: 81.4%, Gammaproteobacteria: 90.6%).
Allowing one mismatch the overall coverage increases to
up to 95% for each group. The results from the 16S
pyrotags also revealed a succession of the relative abundances. Bacteroidetes peaked on 7 April 2009, but were
still abundant on 14 April 2009. For Alphaproteobacteria
more sequences could be detected in winter on 11
February 2009. In contrast, the relative abundance of
Gammaproteobacteria increased on 14 April 2009. The
same trends were observed in the metagenomes
(Figure 1B and Supplementary Table S41) (22). To
verify that the results derived from the 16S pyrotags are
not an artefact of deep sequencing, the total number of
reads was adjusted to smaller subsets of around 2000 sequences by random re-sampling. Detailed analysis of these
re-sampled subsets conﬁrmed the results (Supplementary
Table S42).
16S pyrotag analysis provides an enhanced resolution
up to the group or genus level. Six relatively abundant
taxonomic groups and genera (Formosa, Polaribacter,
SAR11 clade surface 1, NAC11-7 lineage, Reinekea
and SAR92 clade) have been examined in detail
(Supplementary Figure S1A and Supplementary Table
S43). Noteworthy is the Formosa peak on 7 April 2009
and the presence of Reinekea only on 14 April 2009.
Both results were supported by diversity studies from
the corresponding metagenomes (Supplementary Figure
S1B and Supplementary Table S44). Again, the
re-sampled 16S pyrotag subsets conﬁrmed that the
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results are not an artefact of deep sequencing
(Supplementary Table S45). In addition, it is interesting
to note that corresponding metaproteome studies
described in Teeling et al. (22) reﬂect the same succession
of the bacterial community on the protein level.
Considering the in silico evaluation, S-D-Bact-0341-bS-17/S-D-Bact-0785-a-A-21 should fail to detect SAR 11
clade surface 1 (0.7%). However, experimental evaluation
clearly shows that the primer pair is able to amplify this
taxonomic group. This can be explained by the increased
coverage of up to 97% if one mismatch is allowed. A
closer look at the primer target position of the reverse
primer reveals an internal mismatch position towards
the 50 end. The results demonstrate that S-D-Bact-0341b-S-17/S-D-Bact-0785-a-A-21 provides a good representation of the bacterial diversity down to genus and group
level and illustrates that an internal mismatch towards the
50 end can be tolerated by standard PCR.
To test the assumption that a suboptimal primer pair
might result in a biased picture of the bacterial diversity,
S-D-Bact-0008-a-S-16/S-D-Bact-0907-a-A-20 was applied
to the same samples. This primer pair was chosen due
to its relatively high overall coverage (A: 0.0%, B:
75.1%, E: 0.0%) but distinctly lower phylum spectrum.
Based on the in silico evaluation it should fail to
detect 18 bacterial phyla (Aquiﬁcae, BD1-5, BHI80-139,
Chlamydiae,
Dictyoglomi,
EM19,
Lentisphaerae,
SM2F11, Thermotogae, Tenericutes, Verrucomicrobia,
WCHB1-60 and Candidate divisions TM7, WS6, OD1,
SR1 and OP11). With relatively high coverage of
Bacteroidetes (77.6%), Alphaproteobacteria (71.3%) and
Gammaproteobacteria (80.5%) in silico evaluation and
experimental data conﬁrm that this primer pair is able
to detect the same dominant taxonomic groups
(Supplementary Figure S2 and Supplementary Table
S46). However, in comparison with the 16S pyrotags
generated with S-D-Bact-0341-b-S-17/S-D-Bact-0785-aA-21 and metagenome studies Alphaproteobacteria
appear to be more abundant throughout all samples.
Bacteroidetes, on the other hand, are under-represented.
A similar bias can be found on the group level
(Supplementary Figure S3 and Supplementary Table
S47). Use of this primer pair indicates a higher relative
abundance of Alphaproteobacteria SAR11 clade surface
1 as well as NAC11-7 lineage on 7 April 2009 and 14
April 2009. In turn, particularly the genus Formosa is
less prominent. This is in line with the results from the
in silico evaluation, which shows that S-D-Bact-0008-aS-16/S-D-Bact-0907-a-A-20 only detects 52.9% of the
Formosa sequences. Even one allowed mismatch results
only in an increase of 9% up to 61.9%. A closer look
reveals a mismatch of the reverse primer towards the 30
end for several Formosa sequences.
Although S-D-Bact-0008-a-S-16/S-D-Bact-0907-a-A-20
is able to detect all major groups, a bias in the relative abundances as well as community structure is clearly conﬁrmed
by the experimental data (Figure 1 and Supplementary
Figures S1–S3). This supports our assumption that the
overall coverage need always to be considered in combination with the phylum spectrum. Detailed analysis of the
mismatch position should also be taken into account.
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Nevertheless, the experimental results strongly indicate
that in silico evaluation can serve as a guideline for
choosing the most suitable primer pair.
CONCLUSIONS
The advent of new sequencing methods has been a
paradigm shift for molecular ecology and especially microbial diversity analysis using marker genes. The rapid
adoption of the new techniques caused a backlog in
proper evaluation of the primers used for diversity
surveys. Our study shows that even commonly used
single primers exhibit signiﬁcant differences in overall
coverage and phylum spectrum. Consequently, primer
pairs need to be carefully selected to avoid accumulative
bias. Out of the 175 primers and 512 primer pairs checked,
only 10 can be recommended as broad range primers.
Although none of them are perfect, and especially for
the Archaea we recommend the design of additional
primers, the experimental validation shows that a good
combination of primers approximate PCR-free metagenomic approaches with respect to community structure
and relative abundances. The experimental results conﬁrm
that single internal mismatches, when located towards
the 50 end, are tolerated in the ampliﬁcation process.
Re-inspection of the primers using GOS metagenomes
was found to be a reasonable approach for determining
possible primer bias in the public rDNA repositories.
However, the incomplete phylum spectrum as well as the
comparatively small dataset size with respect to 16S rRNA
genes in the GOS metagenomes did not allow for an
in-depth re-evaluation. For example, Group M primer
pair S-D-Bact-0341-b-S-17/S-D-Bact-0785-a-A-21, which
we recommended based on the SSURef 108 NR results,
fails to detect major groups in the GOS dataset, yet excels
in the experimental evaluation. This demonstrates the
validity of using comprehensive, non-redundant datasets
like the SILVA SSURef 108 NR for detailed evaluation of
probes and primers. We would like to note that the
SILVA project has prepared an online service for this
purpose at www.arb-silva.de/search/testprime, which is
modelled after our evaluation method and allows inspection of per-taxon coverages for individual primer pairs.
Furthermore, all primers, including bibliographic information and information on speciﬁcity and overall
coverage, have been added to probeBase. The availability
of the evaluated primers in a central and publically accessible repository plus the online primer evaluation tool
should facilitate the search for, and the evaluation and
selection of, suitable primers in future studies.
AVAILABILITY
Supplementary ﬁles are available at www.arb-silva.de/
download/archive/primer_evaluation/.
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Supplementary Data are available at NAR Online: Supplementary Tables 1–52 and Supplementary Figures 1–3.
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