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The cost of DNA sequencing has decreased due to advance-
ments in Next Generation Sequencing. The number of se-
quences obtained from the Illumina platform is large, use of
this platform can reduce costs more than the 454 pyrose-
quencer. However, the Illumina platform has other chal-
lenges, including bioinformatics analysis of large numbers
of sequences and the need to reduce erroneous nucleotides
generated at the 3'-ends of the sequences. These erroneous
sequences can lead to errors in analysis of microbial com-
munities. Therefore, correction of these erroneous sequences
is necessary for accurate taxonomic identification. Several
studies that have used the Illumina platform to perform me-
tagenomic analyses proposed curating pipelines to increase
accuracy. In this study, we evaluated the likelihood of obtain-
ing an erroneous microbial composition using the MiSeq
250 bp paired sequence platform and improved the pipeline
to reduce erroneous identifications. We compared different
sequencing conditions by varying the percentage of control
phiX added, the concentration of the sequencing library, and
the 16S rRNA gene target region using a mock community
sample composed of known sequences. Our recommended
method corrected erroneous nucleotides and improved iden-
tification accuracy. Overall, 99.5% of the total reads shared
95% similarity with the corresponding template sequences
and 93.6% of the total reads shared over 97% similarity. This
indicated that the MiSeq platform can be used to analyze mi-
crobial communities at the genus level with high accuracy.
The improved analysis method recommended in this study
can be applied to amplicon studies in various environments
using high-throughput reads generated on the MiSeq plat-
form.
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Introduction

Next Generation Sequencing (NGS) has been widely used
to study microbes in various environments and has provided
a large amount of microbiome information. The taxonomic
composition of microbes in nature have been analyzed using
16S rRNA genes, which are the molecular chronometers of
bacteria and archaea (Woese, 1987). Roche 454 pyrosequen-
cing has been used in numerous studies of microbes due to
its relatively long read length (Oh et al., 2012). However, re-
cently, the Illumina and IonTorrent platforms have been used
in environmental microbiome studies, improving their per-
formance (Gloor et al., 2010; Caporaso et al., 2012; Degnan
and Ochman, 2012; Junemann et al., 2012; Bell et al., 2013).
The Illumina platform produces a large number of sequences;
however, its relatively short read length was a constraint for
microbial community studies. This limitation was overcome
by elongating sequence reads, up to 250 bp or 300 bp paired
reads, with the MiSeq platform. Longer sequences lead to
more accurate taxonomic assignment (Wang et al., 2007);
thus, the Illumina platform can now be used for microbial
community studies. Furthermore, the high throughput se-
quences obtained using the MiSeq platform can reduce costs
and increase the depth of sequencing per sample in a com-
munity analysis.

Application of the MiSeq platform to microbial community
studies requires the development of a bioinformatics process
for handling large numbers of paired sequences. Several stu-
dies have analyzed Illumina-based sequences using different
methods. In some studies, beta diversity among communi-
ties was compared by examining extensive sequence curation
(Caporaso et al., 2011; Werner et al., 2012). In another study,
quality scores were used to trim sequence reads (Bokulich
et al., 2013). The Illumina platform is known to produce
substitution errors in sequencing reactions, and attempts to
correct these erroneous sequences have also been reported
(Claesson et al., 2010; Gloor et al., 2010; Nakamura et al.,
2011; Kozich et al., 2013). In addition, erroneous sequences,
including chimeric sequences and PCR bias, can also be ge-
nerated during amplification due to PCR drift (Wagner et
al., 1994), non-specific primer hybridization (Kurata et al.,
2004), low annealing temperature (Ishii and Fukui, 2001),
and template reannealing (Suzuki and Giovannoni, 1996).
Correction of these erroneous sequences is necessary for
accurate analysis of environmental microbial communities.
A curation method for mismatched sequences within over-
lapping regions of paired sequences has been proposed (Gloor



et al., 2010). However, this method cannot correct erroneous
sequences present in non-overlapping regions. Resequen-
cing of a mock community sample and a sequence assem-
bly method were used to reduce overall error rates with a
250 bp paired-end MiSeq platform (Kozich et al., 2013).
Unfortunately, 98-271 operational taxonomic units (OTUs)
were obtained in the V4/V5 sequence results after removing
chimeras and sequencing errors using the mock commun-
ity, which was originally composed of 20 OTUs. This could
lead to an erroneous community composition. Therefore,
improved methods that reduce erroneous sequences in the
final results are required to enable use of the MiSeq plat-
form for accurate microbial community analysis.

Nine different hypervariable regions are present in the 16S
rRNA gene, and certain regions have better discriminative
ability for a particular bacterial lineage (Kumar et al., 2011).
However, no region is known to be the best for community
analysis, and studies on different samples have recommended
different target regions (Wang et al., 2007; Huse et al., 2008;
Liu et al., 2008). Community composition is influenced more
by regional variation than by other variables, such as DNA
extraction or PCR-related bias (Engelbrektson et al., 2010;
Kumar et al., 2011). Targeted variable regions are also an
important consideration for community analysis with the in-
creased read lengths on the MiSeq platform. Different vari-
able regions were targeted in previous studies of 100 bp and
150 bp paired sequences using the Illumina platform. The V6
and V3 regions have been used in studies with 100 bp based
sequences (Gloor et al., 2010; Bartram et al., 2011; Degnan
and Ochman, 2012). The V3/V4 and V4/V5 regions were
used in a study based on 150 bp sequences (Claesson et al.,
2010), and the V3/V4, V4, and V4/V5 regions were used in
a study with 250 bp sequences (Kozich et al., 2013).

In this study, we improved the analysis method for 16S
rRNA gene sequences obtained with the MiSeq platform to
reduce erroneous identifications. In addition, we compared
the variable regions of the 16S rRNA gene to select the best
region in a community analysis using the MiSeq platform
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and determined the optimal phiX percentage and sequenc-
ing library concentration for optimal sequencing. The im-
proved analysis method for sequence curation recommended
in this study will be helpful in future studies for microbial
community analyses using the MiSeq platform.

Materials and Methods

Preparation of mock community and DNA extraction

The mock community consisted of 47 known sequences that
were obtained from previous soil clone libraries (Ahn et al.,
2006; Kim et al., 2008). A list of the 47 clones and their se-
quences are shown in Supplementary data Table S1. Plasmid
DNAs were extracted from each clone using the QIAGEN
Plasmid mini kit (Qiagen) as previously described (Ahn et al.,
2006) and pooled at different concentrations. The concen-
trations of the extracted DNAs were quantified using the
PicoGreen dsDNA Assay kit (Invitrogen). To evaluate the
improved sequencing method and bioinformatics process,
genomic DNA was extracted from porcine fecal samples
using the FastDNA SPIN extraction kit (MP Biomedicals,).
Fecal samples were obtained from the National Institute of
Animal Science in the Republic of Korea, and our use was
approved by the Institutional Animal Care and Use Com-
mittee of the National Institute of Animal Science (No. 2013-
075).

Sequencing of the amplicon library

To determine which target sites to use for amplicon sequen-
cing, an in silico test was performed by combining two vari-
able regions (Table 1). In the in silico test, the average length
of the detectable sequences and the proportion of detect-
able sequences in the database amplified by each primer were
calculated using the EzTaxon-e database (Kim et al., 2012).
Extracted DNAs from the mock community and fecal sam-
ples were amplified with ExTaq polymerase (TaKaRa) using

Table 1. The comparison of simulated amplicon by different combinations of two variable regions. Primer sequences were obtained from previous reports

(Claesson et al., 2010; LaTuga et al., 2011; Berry et al., 2012).

Combined region ~ Amplicon size (bp) Detectable sequences in database (%)* Primer Sequence (5'>3")
V1_forward AGAGTTTGATCCTGGCTCAG
V1_V2 314.5 +29.6 43.87
V2_reverse TACGGYAGGCAGCAG
V2_forward AGYGGCGNACGGGTGAGTAA
V2_V3 388.8 +19.2 68.47
V3_reverse CCAGCAGCCGCGGTAAT
V3_forward ACTCCTACGGRAGGCAGCAG
V3_V4 416.8 £+ 11.2 75.55
V4_reverse GGATTAGATACCCTGGTAGTC
V4_forward AYTGGGYDTAAAGNG
V4_V5 3720+ 7.4 86.05
V5_reverse AAACTRAAAYYAATTGACGG
V5_forward RGGATTAGATACCC
V5_V6 249.6 + 7.4 84.64
V6_reverse AGGTGNTGCATGGRRGTCG
V6_forward AACGCGAAGAACCTTAC
V6_V7 193.7 + 14.0 57.90
V7_reverse GGAAGGTGGGGATGACGT
V7_forward GYAACGAGCGCAACCC
V7_V8 277.3+£6.9 73.92
V8_reverse GRACWCACCGCCCGTC
V8_forward GAGGAAGGTGKGGAYG
V8_V9 301.2 +41.6 50.39
V9_reverse AGTCGTAACAAGGTAN

* Detectable sequences indicates the coverage of primer sets to sequences in the EzTaxon-e database (Kim et al., 2012).
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a C1000 Touch thermal cycler (Bio-Rad). The amplification
conditions were previously described (Jeon et al., 2013).
Amplified products were purified with the QIAquick PCR
purification kit (Qiagen) and quantified using the PicoGreen
dsDNA Assay kit (Invitrogen). Then, 1 pg of purified am-
plicon was used to construct a sequencing library with the
Truseq library kit (Illumina) according to the manufacturer’s
instructions. Library concentrations were measured by quan-
titative real-time PCR with Illumina adapters, targeting pri-
mers, and SYBR Green (KAPA SYBR FAST Universal gPCR
kit; KAPA Biosystems) using a CFX96 Real-time PCR Detec-
tion system (Bio-Rad). Libraries were mixed with phiX con-
trol (Illumina) at various percentages and denatured using
NaOH according to the manufacturer’s instructions. We
compared different concentrations (4, 6, and 8 pM) of am-
plicon libraries and different percentages (50%, 10%, and
5%) of control phiX added to the libraries to determine the
optimal conditions for 16S rRNA amplicon sequencing using
the MiSeq platform.

Merging sequences of paired reads

Reads containing more than one ambiguous base (N) and
low-quality sequences (average Q < 25) in any paired reads
were removed before paring. For quality filtering, we com-
pared the average quality score four of different determi-
nation sizes (whole sequence, 10 bp-, 20 bp-, and 30 bp-re-
moved) in each read. Generally, low quality scores were de-
tected at the 3'-end of sequences from Miseq. Thus, we used
the average quality score of whole reads for quality filtering.
Paired sequences obtained from the MiSeq platform were
merged, and overlapping regions were identified in each read.
Pairwise alignment (Miller and Myers, 1988) was used to find
mismatched sequences within the primer and overlapping
regions. Primer sequences in both paired reads were removed
for further analysis. The pairwise similarity of the overlap-
ping sequences was calculated, and the correlations between
the mismatched nucleotides and corresponding quality scores
were analyzed. The Q score decreased toward the 3"-end of
reads with increasing sequence length, and higher error
rates were reported for reverse reads than for forward reads
(Claesson et al., 2010; Nakamura et al., 2011; Kozich et al.,
2013). Two different methods could be used to solve this
problem, and these two methods were compared in this study.
The first method is trimming the low quality sequences at
the 3’-end of reads, and correcting mismatched sequences
within overlapping regions according to Q scores (Zhou et
al., 2011). When a mismatched sequence is found in an over-
lapping region, the sequence closer to the 5'-end is chosen
between the pairs, or the higher quality nucleotide is selected
if the position from the 5"-end is the same. The second me-
thod is the removal of a specific sequence length (e.g., 10,
20, or 30 bp) from the 3"-end to eliminate sequences. Error
rates were calculated using read sequences of the mock com-
munity sample by the following steps: 1) a BLAST search of
the merged reads against a database of the 47 known se-
quences, 2) pairwise alignment of the merged reads to the
most similar sequences obtained in the BLAST search (>1¢”),
3) The lengths of the merged reads varied. Thus, the reads
were divided into 10 deciles for the comparison, 4) calcu-
lation of the error rate per read for each decile. Error rates

were calculated using the equation:
Error rates in each decile per read=En/Tmr

where En is the sum of the nucleotides that are mismatched
compared to the reference sequence within each decile, and
Tmr is the total number of merged reads.

The error rates patterns were compared for different li-
brary concentrations in the same sequencing run and the
same concentration of library in different runs. The error
rates for the different concentrations of sequencing library
and phiX were calculated after merging to correct overlap-
ping sequences.

Correcting erroneous nucleotides for taxonomic analysis

The effects of erroneous sequences on the identification of
microbial composition were analyzed by a scatter plot using
R software (ver. 3.0.3). Pairwise similarities between merged
reads and the corresponding sequences of the mock com-
munity were used to evaluate the effects of erroneous se-
quences. Decreased quality scores for 3’-end sequences were
related to heterogeneous sequences in the overlapping re-
gions of paired sequences. The correlation between the num-
ber of heterogeneous nucleotides in the overlapping regions
and the similarity of merged reads to reference sequences are
shown in a scatter plot. Mismatched sequences after merg-
ing were compared to the mock community sequences by
using the Burrows-Wheeler Aligner (BWA) (Li and Durbin,
2009) and displayed using the Integrative Genome Viewer
(IGV) (Robinson et al., 2011). To correct erroneous nucleo-
tides in the reads, similar sequences (97% sequence simil-
arity cutoff) were clustered with the USEARCH program
(Edgar, 2010), and consensus sequences were produced in
each cluster. The consensus sequence was generated by se-
lecting the major nucleotide in each mismatched column
within a cluster after pairwise alignment of all sequences
against the longest one in the cluster. This step was repeated
until the number of clusters did not change. Clusters inclu-
ding reads with fewer than 0.005% of all sequences were re-
moved for further analyses as described in a previous report
(Bokulich et al., 2013). Corrected sequences were identified
using the EzTaxon-e database (Kim et al., 2012), and chi-
meras were detected with the UCHIME program (Edgar et
al., 2011). A chimera check was conducted twice, once after
the first round of clustering and again after the final round
of clustering. After the first round of clustering, consensus
sequences still contained many chimeric raw reads. There-
fore, removing chimeric reads after the first round of clus-
tering could reduce the number of reads and computation
for subsequent analyses. Detecting chimeras and removing
them after the final clustering step is necessary to obtain the
final consensus reads that assign taxonomic positions. Deter-
minations of OTUs were performed using the USEARCH
program with a 97% similarity cut-off value. Sequence reads
generated in this study are available at the EMBL SRA da-
tabase (study accession number PRJEB5083) (http://www.
ebi.ac.uk/ena/data/view/PRJEB5083).

Statistical analyses

Statistical analyses were performed to evaluate the signifi-



cance of community differences and the correlation of qua-
lity scores with error rates. Bacterial community differences
were evaluated by Fisher’s exact test (Fisher, 1922), and
multiple comparisons were conducted using Bonferroni
correction (Dunnett, 1955). The correlation between error
rates and quality scores were analyzed using R software.
The error frequency in each region was calculated as the
percentage of mismatched sequences to corresponding ref-
erence sequences.

Results and Discussion

In silico analysis to determine primer sets

To determine which 16S rRNA gene target regions to use
for amplicon sequencing using MiSeq 250 bp paired reads,
combinations of two variable regions were analyzed for their
average amplicon length, and the proportion of detectable
sequences in the database amplified by each primer set was
calculated (Table 1). The amplicon size varied based on the
combination of regions. The shortest reads were obtained
using the V6/V7 combination (193.7 + 14.0 bp), whereas the
longest reads were generated by using the V3/V4 regions
(416.8 + 11.2 bp). However, the V3/V4 region was reported
to generate significant amplification bias in a previous study
(Claesson et al., 2010); therefore, the V3/V4 region was ex-
cluded from the candidate target regions. In the 250 bp-
based MiSeq platform, sequences with lengths shorter than
250 bp led to reduced advantages of paired read sequences
and the accuracy of identification (Janda and Abbott, 2007).
Amplified regions shorter than 250 bp (V5/V6 and V6/V7)
were also excluded. The highest sequence coverage was ob-
served using the V4/V5 combination, for which 86.05% of
the sequences were detectable in the database. Conversely,
there was relatively low detection of the V1/V2 regions
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(43.87%). This low detection was likely due to a lack of se-
quences, specifically primer sequences, in the databases for
the V1 region, as most sequences in public databases do not
contain sequence information for the V1 forward primer
region. The V8/V9 region has also low coverage in data-
bases; thus, the primer set for this region was excluded. Two
target regions, V2/V3 (388.8 + 19.2 bp) and V4/V5 (372.0 =
7.4 bp), were selected for evaluation because they had lon-
ger amplified sizes than V1/V2 (314.5 + 29.6 bp) and rela-
tively high sequence coverage in the databases.

Comparison of the percentage of phiX added and amplicon
library concentration

In the previous MiSeq platform, amplicon libraries were
mixed with 50% phiX to increase genetic diversity. In the
current system, the Real Time Analysis (RTA) in the MiSeq
Control software (MCS) has been improved. This improve-
ment reduced the amount of phiX added to the sequencing
libraries and increased data quality in samples with low ge-
netic diversity, such as 16S rRNA gene amplicons. The per-
formance of three different percentages of phiX in sequen-
cing conditions was compared (Fig. 1). The results showed
that the number of target sequence reads was increased by
reducing the amount of pth in the libraries (1.9 x 10° at

50% phiX and 10.03 x 10° at 5% phiX), and the number of
reads > Q30 was also increased by reducing the percentage
of phiX (Fig. 1B). This indicated that a lower percentage of
phiX in the libraries resulted in more reads, and thus could
be applied to further amplicon sequencing. This result was
consistent with a previous report, which compared different
percentages of phiX (Kozich et al., 2013). They obtained
9.0 x 10° paired reads, 80.1% of which were >Q30 using 8.0%
phiX and 10.5 x 10° paired reads, 74.6% of which were >Q30
using 6.2% phiX.

Different amplicon library concentrations were compared

Fig. 1. The comparison of different con-
centrations of library and percentages of
phiX added. (A) the numbers of target reads,
(B) the proportions of greater than Q30
among the different percentages of phiX
added, (C) the numbers of obtained reads
from different concentrations of sequenc-
ing library were compared.

10% 5%

Library
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Table 2. The numbers of paired reads by different trimming lengths at each 3"-end of paired reads in different target regions

Target region

Trimming length at each read of pairs

(bp) V2/V3 V4/V5
0 10 20 30 40 0 10 20 30 40

Number of reads with identical sequences 330 705 492 620 660,071 712,577 670,371 213,206 270,621 335317 410,010 539,858
mn Overlap reglon

Wiloie wif ool il 831,636 677,388 509,335 381,920 346,122 585783 528,818 464,747 390,546 258,653
by overlap sequences

Number of total merged reads 1,169,924 1,170,008 1,169,406 1,094,497 1,016,493 798,989 799,439 800,064 800,556 798,511
Average length of merged reads (bp) 380.0 380.0 379.9 376.5 370.9 372.0 372.0 372.0 372.0 371.9

in each run and the average number of obtained reads in
each sample is shown in Fig. 1C. In the 50% phiX sequenc-
ing runs, the numbers of reads obtained with different li-
brary concentrations were similar, whereas in the 10% and
5% phiX runs, the number of obtained reads 1ncreased with
increased library concentration. More than 6 x 10° reads per
sample were generated using 4 pM library, and more than
12 x 10’ reads were obtained using 8 pM library. The in-

crease in the number of reads from 6 pM to 8 pM (2.7 x
10 ) was less than the increase from 4 pM to 6 pM (3.8 x
10%). The number of reads obtained using a 10 pM library
in a previous report (Kozich et al., 2013) was similar to the
read numbers obtained using an 8 pM library in this study.
In a previous study, runs with 10 pM library generated 2 x
10° reads more than runs with 5 pM library. Determination
of the appropriate library concentration is necessary to ob-

tain high quality sequence reads. Therefore, for raw sequence
reads, 8 pM library containing 10% phiX was used to im-
prove the sequencing analysis method, and these improved

(A)

methods were evaluated in the presence study.

Merging paired sequences

Comparisons of the average quality score in each read for
the four different determination sizes (whole sequence of
read, and short window of 10 bp, 20 bp, and 30 bp) are
shown in Supplementary data Table S2. Most sequences
(over 50% of the total reads) were removed using an average
score in a short window of 10-30 bp, because more low
quality scores were detected in short windows towards the
3'-end of a read. Therefore, we used the average quality
score of whole sequences in each read for quality filtering.
After quality filtering, merging of paired reads can elongate
the length of amplicon sequences. The average lengths of the
expected amplicons selected using an in silico test were 389
bp (V2/V3) and 372 bp (V4/V5). Primer sequences (appro-
ximately 20 bp) at the 5'-end of each read were trimmed
for taxonomic analysis. The length of the sequences over-
lapping between the forward and reverse reads was 80 bp,

Fig. 2. The distributions of the calculated
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assuming the target length was 380 bp (Supplementary data
Fig. S1).

Two different methods for merging paired sequences were
compared using known mock community sequences. Trim-
ming over 40 bp sequences at the 3’-end of both reads of a
pair cannot produce overlapping sequences due to the length
of the overlapping region (80 bp). The number of reads ob-
tained by trimming different sequence lengths from each
3'-end of paired reads was compared (Table 2). The number
of paired reads containing identical sequences within over-
lapping regions increased as more sequence was trimmed
from the 3'-end of both reads of a pair. This also showed that
more erroneous nucleotides were generated toward the 3'-
ends. Reads with identical sequences in the overlap region
with high quality score can be used for analyses without
correction. The number of reads with identical overlap se-
quences increased greatly when 30 bp and 40 bp were trim-
med for the V2/V3 and V4/V5 combinations, respectively.
This means that trimming 30 bp from the 3’-end of V2/V3
reads and trimming 40 bp from the 3’-end of V4/V5 reads
can remove most of the erroneous sequences within the over-
lap region of paired reads. The number of identical overlap-
ping sequences targeted to the V2/V3 region was reduced
when 40 bp were trimmed from the 3"-end of each sequence
because the average length of V2/V3 was 389 bp. Thus, se-
quences trimmed by 40 bp produced no overlap sequences
(Supplementary data Fig. S1). The number of sequences
that were correctable by comparing overlapping sequences
between paired reads increased without trimming, indicat-
ing that trimming sequences at the 3’-end eliminated the
possibility of correcting sequences during merging. Although

the total number of merged reads corrected without trim-
ming the sequences was similar to the number of reads trim-
med by a specific length, correction of erroneous sequences
could improve the accuracy of sequences. For example, the
number of total merged reads after trimming 40 bp from
the 3'-end of V4/V5 reads (798,511) was similar to the num-
ber of sequences corrected without trimming (798,989); how-
ever, correcting sequences within the overlap region can
increase the number of reads in the analysis.

The accuracy of the sequenced reads after correcting het-
erogeneous nucleotides between paired sequences was eval-
uated by comparing the corrected sequences with the cor-
responding reference sequences in the mock community (Fig.
2). In overlapping regions, correction of heterogeneous nu-
cleotides between paired reads (no trim) decreased the error
rates, indicating that correcting erroneous sequences within
the overlap region increased the accuracy of the sequences.
We compared the error rates of each region with the average
Q score of the corresponding region (Fig. 2A). The highest
error rate was observed after 30 bp from the reverse primer
sequences (9th decile). However, the average Q score of this
region was higher than 35. No correlation between erroneous
reads and quality score was observed in this study, and the
error frequency in each decile was also not correlated with
quality score (Fig. 2B). This result is contrary to that of a
previous report in which errors generated by MiSeq were
correlated with a low Q score (Kozich et al., 2013). This
difference may be due to difference in the sequencing con-
ditions, such as primers and library composition for sequen-
cing runs. However, a previous study also showed an over-
estimated OTU number after removing chimeras and cor-
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Table 3. The comparison of cluster numbers after each round of clustering

The number of Clusters

Mock community sample library (n=47)

1st Round After chimera removed 2nd Round 3rd Round 4th Round
8 pM V4/V5 region with 10% phiX 2,803 2,054 94 75 75
6 pM V4/V5 region with 10% phiX 1,710 1,249 86 73 72
8 pM V2/V3 region with 10% phiX 3,502 1,387 194 154 148
8 pM V4/V’5 region with 5% phiX 9,282 3,801 416 337 333

recting sequencing errors in all tested regions (Kozich et al.,
2013). When 21 isolates were mixed for the mock com-
munity, 20 OTUs were expected in the final analysis result.
However, more than 98 OTUs were obtained for the V4/V5
regions. This indicates that erroneous sequences with high
quality scores could be obtained without an error correc-
tion step. This overestimated information can lead to erro-
neous microbial compositions in the analysis of amplicon
sequencing.

Patterns and effects of erroneous sequences

We compared the error rates obtained using different con-
centrations of sequencing library and percentage of phiX
added to analyze the correlation between the generation of
erroneous sequences and the sequenced regions (Supple-
mentary data Fig. S2). The error rates of 6 pM library were
similar to those of 8 pM library in the same run (10% phiX
added run). However, the error rates patterns for 6 pM li-
brary were different to those for the 8 pM library (Fig. 2).
The error rate for the 3th decile was the highest among the
10 deciles analyzed for 6 pM library, and the second highest
error rate was found at the 9th decile. The pattern of error
rates obtained during different sequencing runs (5% phiX)
was different from the patterns for the two sequencing re-
sults described above. These results showed that the erro-
neous sequences were not generated at a specific region, but
were randomly generated. The community composition ob-
taining using V4/V5 region sequences in this study was more
similar to the original mock community than the V2/V3 re-
gion (P<0.05). Therefore, we analyzed using the V4/V5 re-
gion in subsequent analyses (Supplementary data Fig. S3).
To investigate the effect of erroneous nucleotides on micro-
bial community analysis, the similarity of merged reads to
the corresponding reference sequences and the similarity of
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overlapping sequences between paired reads were compared
in a scatter plot (Fig. 3). The correlation between the simil-
arity of overlapping sequences and merged reads to reference
sequences was analyzed because the number of mismatches
in the overlapping regions was also used to determine quali-
fied reads in a previous report (Gloor et al., 2010). The me-
dian plots were used to determine the median value of each
axis. There was no correlation between the number of mis-
matches in overlapping regions and erroneous sequences in
merged reads. The median value of mismatched nucleotides
in overlapping regions was 2. This means most of the sequen-
cing reads (about 490,000 out of 798,989 reads) have less
than 2 nucleotide mismatches in their overlapping region.
However, the similarity values of these reads to correspond-
ing sequences in the mock community were less than 97%,
and similarity values higher than 97% were found in reads
that included more than 2 mismatched nucleotides within
the overlapping region. This is because erroneous sequences
were generated randomly throughout all regions of a read
(Fig. 2). The merged reads that had less than 97% similarity
to the corresponding reference sequences could be potentially
erroneous information about the microbial composition.
Even if reads containing more than 2 mismatched sequences
in the overlapping regions were removed from the analysis,
an erroneous result of community structure could still be
generated. There are no known reference sequences for com-
munity composition in environmental samples; thus, the cor-
rection of this erroneous information is difficult and neces-
sary for accurate analysis. Correction of erroneous nucleo-
tide in whole regions of reads is necessary to improve these
problems.

Correcting erroneous nucleotides in all regions of reads

Clustering can reduce erroneous sequences, and the effect

Fig. 4. The proportions of matched reads
to the corresponding reference sequence at
each similarity criteria. The mock commu-
nity sample was used to determine the pro-
portion of matched reads. The three differ-
ent methods, merged reads without clus-
tering, removed reads with more than two
mismatched nucleotides in the overlapping
regions, and corrected sequences using the
clustering process, were compared. The total
numbers of analyzed read in each method
are presented below each method.

W Merged reads
without
clustering
(n=798,989)

M Reads with less
than 2 mismatches
in overlap
(n=489,279)

M Clustering and
correcting reads
(n=608,419)



of clustering on the analysis of NGS reads has been reported
(Schloss et al., 2011; Kozich et al., 2013). Randomly generated
erroneous sequences can be corrected by clustering (97%
similarity cutoff) using the consensus sequences of clusters.
Consensus sequences were generated by selecting the most
common sequences in heterogeneous columns of multiple
alignments in the cluster (Supplementary data Fig. S4). The
reduced number of clusters was compared to those for dif-
ferent sequencing conditions of mock community sample
(Table 3). In general, the number of clusters does not change
after the third clustering step in all of the samples (different
target region, library concentration, and sequencing run).
Over 1,000 clusters were obtained after the first clustering
step in all of the samples, while the number of clusters was
reduced after every iterated clustering step. The numbers of
clusters from the V4/V5 region amplicon (75 clusters with
8 pM library and 72 clusters with 6 pM library) were lower
than those for the V2/V3 region amplicon (148 clusters) and
the V4/V5 region amplicon from a different sequencing run
(mixed with 5% phiX; 333 clusters). The number of merged
reads obtained from the V4/V5 sample in the 5% phiX mixed
run (1,014,630 reads) was greater than that of the same li-
brary from the 10% phiX mixed run (798,989 reads). This
suggests that increasing the number of reads lead to more
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‘\l W

&\\\\»

Reads with less
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erroneous information; therefore, it is necessary to deter-
mine the proper concentration of phiX.

The effects of clustering and correcting sequences were
evaluated by comparing the ratios of matched reads to the
corresponding reference sequences of the mock community.
Two other methods of merging reads without clustering and
discarding reads with more than two mismatches in the
overlapping regions were compared (Fig. 4). In the merged
reads without clustering, the proportion of total reads with
greater than 97% similarity to the corresponding reference
sequence was 75%, and the proportion of total reads with
greater than 95% similarity to the reference sequences was
93%. These similarities cutoff can be used to determine the
phylotypes of sequencing reads (Yarza et al., 2014). With
this method, erroneous analyses could be performed on
reads with less than 97% similarity to mock community se-
quences (Fig. 3). More than 7% of the community compo-
sition could be erroneous when using results generated by
discarding reads with more than two mismatched nucleo-
tides within the overlapping regions. In contrast, when the
clustering correction method was used, 99.5% of the total
reads showed greater than 95% similarity to the reference
sequences, and 93.7% of the reads showed greater than
97% similarity to the reference sequences. Although 6.3%

Clustered and
corrected reads

—_—

4

(n=702,875) (n=69,343) (n=615,236)

Phylum (Inner circle) Genus (Outer circle) Anaerosporobacter M Parabacteroides M EF445272_g
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Fig. 5. The bacterial compositions of the same fecal sample analyzed by three different methods were compared using double pie charts of phylum and
genus. The total numbers of analyzed read are presented below each pie, and each color is defined below the figure. The nomenclature of phylotype is

based on the EzTaxon-e database (Kim et al., 2012).
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of the reads differed from the corresponding reference se-
quences, highly accurate information was obtained, at over
95% similarity. This similarity was consistent with the taxo-
nomic assignment of the reads at the genus level (Tindall et
al., 2010). Therefore, clustering and correcting steps can re-
duce erroneous information about community composition
up to the genus level using 250 bp paired reads from the
MiSeq platform.

Comparison of community compositions obtained by using
different primer sets and different analysis methods

Amplified products produced by using two primer sets se-
lected from the in silico test were assigned based on their
taxonomic composition, and compared to the original mock
community at both the phylum and genus levels (Supple-
mentary data Fig. S3). In a UPGMA tree based on Fast Uni-
Frac distances among communities, the amplified product
of V4/V5 was more similar to the mock community com-
position than the amplicons of V2/V3. The proportions of
each genus were different from that of the original template
because the efficiency of amplification for each genus was
different. However, the V4/V5 primer set yielded results
that were similar to the original community, and the highest
classification accuracies were also reported for this region
across RDP-Classifier and MEGAN data based on BLAST
searches (Claesson et al., 2010). The amplified V2/V3 region
even differed at the phylum level. Therefore, the V4/V5 tar-
get region is considered to be suitable for amplicon sequen-
cing based on 250 bp paired sequences using the MiSeq
platform.

The bacterial community compositions in pig fecal samples
obtained using different analysis methods were compared
(Fig. 5). The phylum composition determined by the total
merged reads analysis was similar to the composition deter-
mined by the clustered and corrected reads analysis. However,
the phylum composition determined by including reads with
fewer than two mismatches in the overlapping region was
different. This difference could be caused by discarding most
of the reads within the overlapping region when using the
two mismatch rule. The total number of analyzed reads after
discarding mismatched reads (69,343 reads; 10% of total
reads) was smaller than that analyzed in the total merged
reads (702,875 reads) and corrected reads (615,236 reads)
methods. Reduced number of analyzed reads by two mis-
matches rule can provide erroneous information about the
community composition. Analysis of the clustered and cor-
rected reads allowed for analysis of most merged reads (87.5%
of merged reads), and this method did correct erroneous
information (Fig. 3). The number of observed phyla in the
analysis of the total merged reads was 19, whereas 11 phyla
were detected in the clustered and corrected reads analysis.
The number of genera in the analysis of merged reads was
537, while 173 genera were detected in the clustered and
corrected reads analysis. This suggests that the overestimated
diversity could be corrected by using this improved analysis
method. We applied our method to published data (Nelson
et al., 2014), and compared the community results (Supple-
mentary data Fig. S5). There were unexpected taxa in a pre-
vious study. In contrast, we obtained reference taxa using
our method. This result indicates that the correcting and

clustering method described in this study can improve the
accuracy of identification.

In this study, we evaluated various sequencing conditions
for the MiSeq platform and suggested a method for correc-
ting erroneous reads for accurate identification. Generation
of a large number of sequences (more than 10,000,000 paired
reads) per run by using the MiSeq platform can provide high
sequence depth as previously reported (Kozich et al., 2013).
However, this large number of sequences can also lead to
erroneous information about community composition (Figs.
3 and 4). Therefore, correction of erroneous nucleotides is
necessary to obtain accurate identification. Amplification of
the V4/V5 variable region can yield the most accurate mi-
crobial composition information in both the in silico and
community analyses. On the MiSeq platform, the best results
were obtained with 8 pM sequencing library and 10% phiX.
The improved analysis pipeline, using clustering and cor-
recting steps, reduced the overestimated community com-
position of the remaining reads. This method also reduced
the erroneous analysis of the mock community data (Fig. 4
and Table 3). We recommend that other users apply this
clustering and correcting step for their microbial community
studies when using the MiSeq platform. The methods for
correcting erroneous sequences and determining sequencing
conditions described in this study will be useful to develop
longer sequencing reads on the Illumina platform.
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