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The effects of PCR cycle number and DNA polymerase type
on 16S rRNA gene pyrosequencing analysis were investigated
using an artificially prepared bacterial community (mock
community). The bacterial richness was overestimated at in-
creased PCR cycle number mostly due to the occurence of
chimeric sequences, and this was more serious with a DNA
polymerase having proofreading activity than with Taqg DNA
polymerase. These results suggest that PCR cycle number
must be kept as low as possible for accurate estimation of
bacterial richness and that particular care must be taken
when a DNA polymerase having proofreading activity is
used.
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Next-generation sequencing (NGS) technologies have en-
abled us to explore the enormous diversity of microorganisms
in various environments at an unprecedented scale. Two
types of NGS applications have been used to investigate
microbial communities: 16S rRNA amplicon sequencing
(Roesch et al., 2007; Galand et al., 2009; Bates et al., 2011;
Caporaso et al., 2011; Nam et al., 2011) and whole-genome
shotgun sequencing (Qin et al., 2010; Delmont et al., 2012).
Whole-genome shotgun sequencing is advantageous in
that it provides clues regarding the functional capacity of a
microbial community as well as its phylogenetic composi-
tion, and is also free from PCR artifacts. However, 16S rRNA
amplicon sequencing still has a valuable role to play in un-
derstanding the structures and variations of microbial
communities (Tringe and Hugenholtz, 2011).

Many studies have, however, reported that 16S rRNA am-
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plicon sequencing using NGS technologies can skew the
true community structure through biases (misrepresentation
of the relative abundances of microbial populations) and
errors (misrepresentation of an actual sequence) (Hamp et
al., 2009; Kunin et al., 2010; Lee et al., 2012a; Pinto and
Raskin, 2012), which can occur during DNA extraction, PCR
amplification, or sequencing. Although it is believed that
these artifacts do not have significant effects on the high-
level taxonomic distribution and comparison of community
structure between different samples (Weinstock, 2011; Pinto
and Raskin, 2012), depicting an accurate community struc-
ture (the total number of species and the relative abun-
dance of each species) is also important for monitoring the
variation of specific microbial groups within a community.

Although numerous data processing measures to remove
PCR errors have been proposed (Huse et al., 2007, 2010;
Quince et al., 2009; Sun et al., 2009; Edgar et al., 2011; Schloss
et al., 2011; Schloss and Westcott, 2011), to our knowledge,
there has been no entirely satisfactory one. Moreover, it is
important to prevent the PCR errors from occurring. In
this study, we investigated the effects of PCR cycle number
and DNA polymerase type on the pyrosequencing analysis
of a known bacterial community to reduce PCR errors by
controlling these parameters.

The 15 bacterial strains (Supplementary data Table S1) were
cultured as recommended by the Korean Agricultural Culture
Collection (KACC, Korea) and the genomic DNAs were iso-
lated using a Wizard genomic DNA purification kit (Promega,
USA). The 16S rRNA genes were PCR-amplified as previously
described (Lee et al., 2012b), gel-purified using a QIAquick
gel extraction kit (Qiagen, Germany), cloned into the pCR
2.1-TOPO vector, and transformed into Escherichia coli
TOP10 (Invitrogen, USA). The plasmid DNA was extracted
using an Accuprep nano-plus plasmid mini extraction kit
(Bioneer, Korea), checked by sequencing, and quantified us-
ing a micro-volume spectrophotometer ASP-2680 (ACTgene,
USA). The 15 plasmids containing the 16S rRNA genes were
combined in the final concentrations presented in Supple-
mentary data Table SI and the combined mixture (mock
community) was used as a template for PCR. Bacterial 16S
rRNA genes were amplified using the primers V1-9F (5'-X-
AC-GAGTTTGATCMTGGCTCAG-3") and V3-541R (5'-X-
AC-WTTACCGCGGCTGCTGG-3') as previously described
(Ahn et al., 2012) except for the DNA polymerase and PCR
program. PCR was performed using High-fidelity Phusion
DNA polymerase (Phusion DP, New England Biolabs, UK)
or Tag DNA polymerase (Taq DP, Roche, Germany). The
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Fig. 1. PCR amplification curves when the mock community was ampli-
fied with Phusion DNA polymerase or Tag DNA polymerase. Error bars
indicates standard deviations of two measurements.

PCR program consisted of an initial denaturation step (5 min
at 94°C) followed by 30 cycles of denaturation (94°C for 30
sec), annealing (55°C for 30 sec), and extension (72°C for
60 sec) and a final extension step (72°C for 5 min). The PCR
amplification curves (Fig. 1) were constructed by sacrificing
the replicate PCR tubes at every 5 cycles and quantifying them
using a Qubit dsDNA BR assay kit (Invitrogen, USA). The
concentration of PCR products amplified with Phusion DP
reached to the saturation level at earlier cycles than with
Tagq DP. The amount of the PCR product was even slightly
reduced at 30 cycles compared with that at 25 cycles with
Phusion DP. This was consistently observed in the indepen-
dent experiments irrespective of DNA template and attrib-
uted to the 3’55 exonuclease activity of Phusion DP based
on our communication with the manufacturer. To examine
the effect of PCR cycle number, the PCR products of each
15 and 30 cycle reaction with two types of polymerase were
selected for subsequent pyrosequencing analysis. The PCR
products were gel-purified with the QIAquick Gel extrac-
tion kit (Qiagen) and subjected to pyrosequencing, which
was performed by National Instrumentation Center for
Environmental Management (Seoul, Korea) using a 454 GS
FLX Titanium Sequencing System (Roche), according to
the manufacturer’s instructions.

The analysis of pyrosequecing data was performed using
the Mothur software package (version 1.27.0) (Schloss et al.,
2009) and a pipeline based on previous studies (Schloss et al.,
2011; Schloss and Westcott, 2011) with some modifications.
Pre-filtered flowgrams of the pyrosequencing reads were

Table 1. The numbers of pyrosequencing reads before and after chimera
removal

PCR cycle number
Chimera removal Phusion Taq
15 30 15 30
Before 10,839 6,118 15,293 6,763
After 10,771 3,927 15,257 4,594
Chimeras identified (%) 0.6 35.8 0.3 32.1

Table 2. The proportion of pyrosequencing reads (%) clustered with the
mock community sequences at various distances

PCR cycle number
Distance Phusion Taq
15 30 15 30
0.00 38.0 325 36.2 21.6
0.01 99.1 95.0 99.1 95.2
0.02 99.9 97.2 99.8 98.6
0.03 100.0 98.3 99.9 99.4
0.04 100.0 98.8 100.0 99.7
0.05 100.0 99.2 100.0 99.7

clustered using the PyroNoise algorithm (Quince et al., 2011)
and chimeric sequences were removed using UCHIME
(Edgar et al., 2011). UCHIME was performed in de novo
mode and reference database mode in which, the mock
community sequences were used as the reference database.
The pair-wise distances were calculated using the “pairwise.
seqs” command and the sequences were then clustered into
operational taxonomic units (OTUs) at distances from 0.00
to 0.05 using the average-neighbor algorithm. The mock
community sequences were included in the clustering step to
examine how many pyrosequencing reads were clustered
together with the mock community sequences. The raw
pyrosequencing data are available in the NCBI Sequence
Read Archive under the accession number SRA059986.

The number of PCR cycles significantly affected the pro-
portion of identified chimeric sequences (Table 1), which
were reduced from 32 or 36% to below 1% by decreasing
the PCR cycle number from 30 to 15. This observation is
consistent with previous studies (Judo et al., 1998; Acinas
et al., 2005).

We found that the 16S rRNA gene sequence of E. coli was
recovered from all four datasets. It was believed that the ge-
nomic DNA of the competent E. coli was co-extracted with
the plasmid DNA. Thus, we added the E. coli 16S rRNA gene
sequence to the list of the mock community sequences as
the 16th member. The pair-wise similarities between the mock
community sequences ranged from 70.2% to 95.4% in the
amplified region. Thus, ideally, the pyrosequencing reads
produced from the mock community should have yielded
16 OTUs up to a distance of 0.04.

The proportions of pyrosequencing reads clustered with
the mock community sequences at a distance of 0.00 were
low for both types of DNA polymerase, ranging from 21.6%

Table 3. The number of OTUs calculated at various distances

PCR cycle number
. Before normalization After normalization®
Distance - -

Phusion Taq Phusion Taq

15 30 15 30 15 30 15 30
0.00 211 329 1,230 666 104 327 427 587
0.01 44 139 929 146 30 139 43 130
0.02 24 89 36 63 19 88 22 57
0.03 19 58 21 35 17 58 18 33
0.04 17 46 19 28 16 46 17 27
0.05 14 31 17 23 14 31 16 22

* The number of pyroseqencing reads was normalized to 3,900.



to 38.0% while it were increased to above 95.0% at distances
above 0.01 (Table 2). The small portion (<5.0%) of the se-
quences not clustered with the mock community sequences
at distances above 0.01, however, had a significant effect on
the number of OTUs (Table 3, before normalization). At a
distance of 0.01, the numbers of OTUs were 44 and 139 at
cycle numbers of 15 and 30, respectively, with Phusion DP
and they were 99 and 146 with Taq DP. At a distance of
0.03, which was the most frequently used distance in bacterial
community analysis using 16S rRNA gene sequences, the
numbers of OTUs decreased to 19 and 58 at cycle numbers
15 and 30, respectively, with Phusion DP, and 21 and 35
with Taq DP. This is consistent with previous observations
in which the species richness was significantly overestimated
by minor erroneous sequences (so called “rare biospheres”)
(Reeder and Knight, 2009; Kunin et al., 2010). Visual in-
spection of the pyrosequencing reads that were not clus-
tered with the mock community sequences at 30 cycles and
a distance of 0.03 showed that most of the sequences (93%
and 95% for Phusion DP and Taq DP, respectively) were the
chimeric sequences, resulting from recombination between
the mock community sequences (Supplementary data Table
S2). These sequences were not filtered although we used
UCHIME, which is a chimera detection program that showed
the best performance in several studies (Edgar et al., 2011;
Schloss et al., 2011; Wright et al., 2012). At 15 cycles, the
numbers of OTUs observed at a distance of 0.03 were slightly
higher than the expected one: they were 19 and 21 with
Phusion DP and Taq DP, respectively. Visual inspection of
the sequences which were not clustered with the mock com-
munity sequences at 15 cycles revealed that most of them
were the mock community sequences with error rates >3%
(Supplementary data Table S2). This result indicates that
some of pyrosequencing reads can have error rates >3%
and thus can be recorded as distinct OTUs at a distance of
0.03 even at reduced PCR cycle numbers.

Because the number of qualified pyrosequencing reads
was markedly different among the samples (Table 1), it was
normalized to the smallest number of pyrosequencing reads
among the samples: 3,900 of the pyrosequencing reads were
re-sampled 1,000 times without replacement and the num-
bers of OTUs observed were averaged (Table 3, after normal-
ization). The results showed that PCR cycle number had a
significant effect on the number of OTUs. When PCR cycle
number increased from 15 to 30, the number of OTUs in-
creased from 17 to 58 with Phusion DP and from 18 to 33
with Taq DP at a distance of 0.03, indicating that PCR cycle
number must be kept low for accurate estimation of bacte-
rial richness. An increase in PCR errors in higher PCR cycle
numbers was observed in many studies (Judo et al., 1998;
Qiu et al., 2001; Acinas et al., 2005). At 15 cycles, the num-
bers of OTUs were lower with Phusion DP than with Tagq
DP but the difference was small at distances above 0.03.
This indicates that the proofreading activity of the high-fi-
delity DNA polymerase has no significant effect on 16S rRNA
gene pyrosequencing analysis if the pyrosequencing reads
are clustered at a distance above 0.03. On the contrary, the
numbers of OTUs were higher with Phusion DP than with
Taq DP at 30 cycles except for at a distance of 0.00. The
proportion of the identified chimeric sequences at 30 cycles
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was higher with Phusion DP than with Taq DP (Table 1)
and so was the proportion of the OTUs which consisted of
the undetected chimeric sequences (39/58=67% vs. 18/35=
51%, Supplementary data Table S2). We think that this is
due to the earlier occurrence of PCR saturation with Phusion
DP than with Tag DP (Fig. 1) because it is believed that the
occurrence of chimerc sequences will be more frequent un-
der the condition where PCR components are limited. Two
studies showed that the DNA polymerases with proofreading
activity enhance the formation of chimeric sequences com-
pared to Taq DNA polymerase (Judo et al., 1998; Zylstra et
al., 1998). Judo et al. (1998) attributed this to the earlier sat-
uration of the PCR with the DNA polymerases with proof-
reading activity than with Tag DNA polymerase, which is
consistent with our hypothesis.

The present study showed that bacterial richness was over-
estimated at increased PCR cycle number mostly due to the
occurrence of chimeric sequences, and this was more serious
with a DNA polymerase having proofreading activity than
with Taq DNA polymerase. Our results also suggested that
even at reduced PCR cycle numbers, the pyrosequencing
reads with error rate >3% can occur and thus inflate bacte-
rial richness when sequences are clustered at a distance of
0.03. Although the decrease in PCR cycle number will also
reduce the amount of PCR product, it is recommended
that PCR cycle number should be kept as low as possible
for more accurate estimation of bacterial richness.

This study was made possible by the support of the “Research
Program for Agricultural Science & Technology Development
(Project No. PJ907127032012)” of the National Academy of
Agricultural Science, Rural Development Administration,
Republic of Korea.
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