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Abstract

Amplicon sequencing is a powerful approach in microbiome studies as it detects live organisms

with high sensitivity. This approach determines the composition of sequence variants of marker

genes using high-throughput DNA sequencers. The use of dual index adaptors is the fundamen-

tal technique for pooling DNA libraries for Illumina sequencers and is believed not to affect the

results. However, here, we observed a decrease of sequence quality in samples containing a

specific combination of indexes, namely N704 and S507 in Nextera kits, in multiple runs on the

Illumina MiSeq sequencer operated in different facilities. This decrease was also observed when

sequencing randomly fragmented DNA of Escherichia coli and was not observed when either in-

dividual adaptor was used. Each end of the DNA library with this index combination contains a

complementary sequence motif, which potentially inhibits proper cluster generation and/or sub-

sequent sequencing. Community analysis of the 16S and 18S rRNA amplicons using QIIME2

revealed significant decreases in a-diversity in the samples containing the N704/S507 index com-

bination, resulting from loss of low-abundance sequence variants during denoising. Our data un-

derscore the importance of quality validation of sequence reads in developing dual index

techniques and suggest cautious interpretation of microbiome data containing low-quality se-

quence reads.
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1. Introduction

Analysis of the community structure of living organisms is an impor-
tant aspect of understanding the overall function of an ecosystem.
Although isolation and cultivation of organisms is the gold standard
for characterization of their physiological, biochemical and genetic
properties, most micro-organismal taxa on our planet have yet to be

cultured1; moreover, the cultivation process often changes the overall
structure of the community.2 In this regard, culture-independent
approaches, such as amplicon sequencing and shotgun metagenom-
ics, have become commonplace with the development of high-
throughput DNA sequencers. Amplicon sequencing can reveal the
composition of organisms in an ecosystem with a high degree of
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sensitivity, and therefore this technique is replacing classical techni-
ques such as denaturing gradient gel electrophoresis and Sanger se-
quencing of cloned DNA.3 This approach is superior to shotgun
metagenomics with respect to sequencing cost per sample and is ef-
fective for the analysis of ecosystems in which phenotypes are tightly
associated with taxonomy. Amplicon sequencing has been widely ap-
plied to the studies of the human microbiome4,5 as well as other
microbiomes of diverse environments on earth.6–9

Generally, community analysis using amplicon sequencing is per-
formed with the following steps: (i) preparation of DNA libraries by
amplification and multiplexing of target genes, (ii) pooling and se-
quencing of the libraries using high-throughput sequencers, (iii)
denoising and/or clustering of the produced sequences, (iv) taxon-
omy assignment of the sequences using reference databases and (v)
analyses of a-diversity (within-sample diversity) and b-diversity (be-
tween-sample diversity). Each step involves several choices. The
genes for 16S and 18S rRNAs, which encode the small-subunit
rRNAs of prokaryotes and eukaryotes, respectively, are widely used
as marker genes. Each rRNA gene contains nine hypervariable
regions,10,11 and they are often sequenced together by spanning
reads (e.g. regions V3–V4). For sequencing platforms, short read
sequencers such as MiSeq (Illumina) and Ion Torrent PGM (Thermo
Fisher Scientific) produce highly accurate sequence data with read
lengths of 300–500 bp, whereas long-read sequencers such as
MinION (Oxford Nanopore) and Sequell (Pacific Biosciences) pro-
duce sequence data that are less accurate but have much longer
reads, with dozen of kilobase pairs.3,12 Sequencing errors have con-
ventionally been dealt with clustering of sequences into operational
taxonomic units (OTUs) based on a distance matrix at a specified
threshold (e.g. sequence identity, 97%). Recently, however, sequence
errors have been removed based on their quality scores and abun-
dances using the software package dada2,13 deblur14 or
UNOISE3.15 Sequences that have been denoised by these packages
are referred to by different names: amplicon sequence variants,13

sub-OTUs14 or zero-radius OTUs.15 In this study, these synonymous
terms are called ‘sequence variants’ (SVs). For taxonomy assignment
of SVs, reference databases for rRNA, such as SILVA for the 16S
and 18S rRNA genes,16 RDP for the 16S rRNA and fungal 28S
rRNA genes,17 and PR2 for the 18S rRNA gene,18 are well main-
tained and often used for microbiome studies.

The per-sample sequence depth that is required for amplicon se-
quencing differs between samples but typically ranges from 10 to
100 K reads.19 On the other hand, high-throughput DNA sequencers
produce much greater numbers of reads (a maximum of 25 M reads
for MiSeq and 5,000 M reads for HiSeq4000). Therefore, researchers
use index adaptors to multiplex the different DNA libraries and se-
quence the pooled libraries in a single run,20 which greatly reduces
sequencing cost per sample. The dual index of a DNA library is the
fundamental technique for Illumina sequencers, which are the most
commonly used platforms for amplicon sequencing.21 The DNA li-
braries for Illumina sequencers contain P5 and P7 adapters at DNA
ends, and these adapters are required for cluster generation for
bridge PCR in the flowcell (Supplementary Fig. S1A). Dual index
sequences of 8 or 10 bp for multiplexing are inserted next to the P5
and P7 adaptors (Supplementary Fig. S1A). After cluster generation,
sequencing primers hybridize at their specific positions within the
adaptor, followed by attachment of a dye terminator and capture of
fluorescence images; each end and two index regions of the DNA li-
braries are sequentially sequenced (Supplementary Fig. S1A). The se-
quence reads produced are demultiplexed based on the combination
of dual index sequences. Various dual index systems are

commercially available or have been developed by researchers,22,23

which often utilize the same adapter sequences of the Nextera or
TruSeq kit from Illumina (Supplementary Fig. S1A).

Many studies have been conducted for the validation and compar-
ison of the steps of amplicon sequencing,10,24–27 which include the
sequencing platform, target regions, sample preparation techniques
and software packages and their parameters. However, the valida-
tion of combinations of dual index adaptors is often overlooked and
rarely performed by sequencing on the Illumina platform. In this
study, we report that a specific combination of dual index adaptors
decreases the quality of sequences generated with the MiSeq plat-
form. The decrease in quality was indeed found to affect all reads
and positions (in either orientation) of the sequence reads containing
a specific index combination, which was probably a consequence of
impaired cluster generation and/or subsequent sequencing. We esti-
mated the effect of the quality decrease during a community analysis
of the 16S and 18S rRNA amplicons with the use of the dada2 plugin
in QIIME2,28 which is one of the most common open software pack-
ages for sequence analysis. The diminished sequence quality was
found to result in a significant decrease in a-diversity and could not
be recovered by tuning the denoising parameters. Our data under-
score the importance of quality validation of sequence reads when
developing dual index technologies for Illumina platforms and sug-
gest cautious interpretation of microbiome data containing low-
quality sequence reads.

2. Materials and methods

2.1. Library preparation of Escherichia coli DNA

Genomic DNA of Escherichia coli strain HST08 (Takara Bio Inc.),
which was originally derived from E. coli strain K-12, was used for
the preparation of a sequence library containing diverse insert
sequences. Escherichia coli cells were grown in Luria–Bertani me-
dium and harvested by centrifugation. Cells were lysed in a buffer
(10 mM Tris-HCl, pH 8.0, 1 mM EDTA) containing 1% (w/v) SDS,
extracted with Tris-buffered phenol and centrifuged at 8,000� g at
20�C for 5 min for phase separation. DNA was isolated from the up-
per/aqueous phase using the DNeasy blood and tissue kit. The con-
centration of the purified DNA was 19.0 ng/ll, as quantified with the
Qubit dsDNA BR Assay kit (Thermo Fisher Scientific).
Tagmentation of E. coli genomic DNA was performed using the
Nextera XT DNA sample prep kit (Illumina) with the following
modifications: the amount of input DNA was reduced from 1 to
0.1 ng, the tagmentation reaction time was increased from 5 to
15 min and 2� tagmentation buffer from the kit was replaced with
5� tagmentation buffer of the Nextera Mate Pair Library
Preparation kit (Illumina). Tagmentation was stopped with addition
of NTB and NPM buffers (Nextera XT DNA sample prep kit), and
the libraries were indexed with 19 combinations of the index adaptor
containing either N704 or S507 using the Nextera XT index kit set
A v2 (Illumina) with 15 cycles of index PCR using KOD FX Neo
DNA polymerase (Toyobo). Thermal cycling for index PCR was as
follows: initial denaturation at 94�C for 2 min, then 30 cycles of de-
naturation at 98�C for 10 s, annealing at 55�C for 30 s and extension
at 68�C for 30 s, with a final extension step at 68�C for 5 min. DNA
in each amplified library was purified with 0.55 volumes of AMPure
XP beads. The size distribution of each library was checked with the
High Sensitivity DNA kit (Agilent) on a Bioanalyzer 2100 (Agilent).
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2.2. Library preparation of the 16S and 18S rRNA

amplicons

As the sequencing target for the 16S and 18S amplicons, we chose an
algal mat (sample S1) that we previously collected from a freshwater
lake in Antarctica.29 The DNA of S1 was purified previously29

(10.7 ng/ll, as quantified with the Qubit dsDNA BR Assay kit). The
V3–V4 region of 16S rRNA and V7–V8 region of 18S rRNA were
amplified with the primer pair 341F and 805R30 and F1183 and
R1631,11 respectively (we previously reported the full sequences of
these primers29). Enzyme and PCR conditions were the same as those
for index PCR of E. coli DNA except that there were 30 PCR cycles.
The first amplicon PCR products were purified with 0.8 volume of
AMPure XP beads and eluted with 10 mM Tris-HCl (pH 8.5). The
second index PCR was performed with eight cycles using the
Nextera XT index kit v2 set A (Illumina) with the aforementioned
PCR conditions. Amplified libraries were purified by addition of
1.12 volumes of AMPure XP beads and eluted with 10 mM Tris-HCl
(pH 8.5). The DNA in each library was quantified using the Qubit
dsDNA HS Assay kit (Thermo Fisher Scientific). The size distribution
of libraries was investigated using the Agilent High Sensitivity DNA
kit on the Bioanalyzer 2100. The two libraries of 16S rRNA ampli-
cons indexed with N504/S507 and N503/S507 combinations were
subjected to direct sequencing on 3730xl DNA analyzer (Applied
Biosystems) by Macrogen Japan using primer P5 (50-ATAC
GGCGACCACCGAGATC) or P7 (50-CAAGCAGAAGACGGC
ATACGAG) (Supplementary Fig. S1C). The sequence libraries for
the E. coli genome and the 16S rRNA and 18S rRNA amplicons
were pooled and sequenced for 300 bp of both ends using the MiSeq
reagent kit v3 (600 cycles; Illumina) with the MiSeq instrument
(Illumina). Data were processed using Real-Time Analysis ver.
1.18.54 and MiSeq Control Software ver. 2.6.21. Cluster density
was 742 K/mm2, the cluster passing filter was 90.3% and the aligned
PhiX spike-in was 12.3%. The produced sequence reads were demul-
tiplexed based on the combination of dual index adapters with the
MiSeq Control Software.

2.3. Data analysis

To obtain the sequence reads derived from E. coli DNA, demulti-
plexed sequences were mapped to the reference genome sequence of
E. coli K-12 substrain W3110 in the RefSeq database
(GCF_000010245.2_ASM1024v1_genomic.fna) using bowtie2 with
default parameters.31–33 Uniquely mapped reads were obtained using
samtools view command with the -q 4 option in samtools ver.
1.10,34 which also removed the 16S and 18S rRNA amplicons that
could be mapped multiple times to four copies of the rRNA operons
in E. coli. Ranges of 125,389–270,435 read 1 sequences and
118,612–266,374 read 2 sequences were obtained as sequence reads
uniquely mapped to the E. coli genome (Supplementary Table S2).
Reference sequences were corrected with pilon ver. 1.23 with—fix
bases option.35 Paired reads were extracted from uniquely mapped
reads using fastq_pair,36 and read length was trimmed to 300 bp us-
ing seqtk ver. 1.3 (https://github.com/lh3/seqtk). The processed
paired reads were mapped to the corrected E. coli genome using
bowtie2, and sequence error rate was calculated using the samtools
stats command. Per-read and per-base Phred quality scores were cal-
culated using FastQC v0.11.9.37 The distribution of the mean
expected errors per sample was calculated using the command
vsearch –fastq_eestats2.38 The results files exported from these pro-
grammes were processed using custom scripts in Perl ver. 5.24.4 or R
ver.3.6.1.

To obtain the sequence reads for the 16S or 18S rRNA amplicon,
the 50 sequence of each read was searched in the demultiplexed
sequences. We used cutadapt v2.939 with the options -g ^CCTAC
GGGNGGCWGCAG and -G ^GACTACHVGGGTATCTAATCC
for the 16S rRNA amplicon and options -g ^AATTTGACTCAA
CACGGG and -G ^TACAAAGGGCAGGGACG for the 18S rRNA
amplicon. Additionally, we utilized discard-untrimmed and no-indels
options for both amplicons. These options extract sequence reads
that harbor 50-anchored amplicon primers in both reads, remove the
primer sequence and export the sequence reads of uniform length:
284 bp of read 1 and 280 bp of read 2 for the 16S rRNA amplicon,
and 283 bp of read 1 and 284 bp of read 2 for the 18S rRNA ampli-
con. The total number of read pairs ranged from 35,311 to 82,408
for the 16S rRNA amplicon and from 44,785 to 101,078 for the 18S
rRNA amplicon (Supplementary Table S2). The sequence reads of
the 16S and 18S rRNA amplicons were imported to the environment
of QIIME2 ver. 2020.2.40 Forward and reverse reads were joined,
denoised and checked for chimeras using the dada2 plugin with qual-
ity filtering thresholds of [6, 8] for the [–p-max-ee-f, –p-max-ee-r]
parameters and overlap length thresholds of [260, 210] for the [–p-
trunc-len-f, –p-trunc-len-r] parameters for both the 16S and the 18S
rRNA analyses. For the optimization of these parameters, we com-
pared the values of [2, 4], [4, 8], [6, 8] and [8, 10] for the [–p-max-
ee-f, –p-max-ee-r] parameters and values of [250, 200], [260, 210]
and [270, 220] for the [–p-trunc-len-f, –p-trunc-len-r] parameters.
This optimization was performed with dada2 ver. 1.14 on R to inves-
tigate the number of denoised forward and reverse reads because the
dada2-plugin (ver. 1.10) in QIIME2 reports the number of denoised
reads only for forward reads in dada2-stats file.

For denoising using deblur plugin, the adapter-removed reads
were trimmed at their 30 end to yield read 1 with 260 bp and read 2
with 210 bp using seqtk. Paired reads were joined using the vsearch
join-pairs command and denoised using the deblur denoise-16S or
denoise-other (for 18S) command with –p-trim-length 400 –p-min-
reads 2 options. Reference sequences of 18S rRNA clustered at 90%
identity in SIVA ver.132 (silva_132_90_18S.fna) were used for the
positive filtering of the 18S rRNA analysis. Rate of the number of
unique reads in total merged reads was analysed using the command
vsearch-derep_fulllength. For OTU clustering, joined reads were
processed with the vsearch dereplicate-sequences and cluster-fea-
tures-de-novo commands at thresholds of 0.97 for 16S rRNA and
0.99 for 18S rRNA, which are followed by de novo chimera removal
with the vsearch uchime-denovo command. Low-abundance OTUs
were then removed with the feature-table filter-features command in
QIIME2 with –p-min-frequency 2 or 10 option.

Taxonomy of the SVs was assigned using a feature-classifier plu-
gin that was trained with taxonomy information of majority_taxo-
nomy_7_levels.txt with 99% clustering in the SILVA database ver.
132 (https://www.arb-silva.de/download/archive/)16 for the 16S
rRNA analysis or pr2_version_4.12.0_18S_mothur.tax of the Protist
Ribosomal Reference database (PR2) (https://github.com/pr2data
base/pr2database/releases)18 for the 18S rRNA analysis. Rarefaction
curves were plotted using the rarecurve function in the vegan pack-
age ver. 2.5.6. For a-diversity analyses, non-chimeric SVs were rare-
fied to an even depth of 16,958 and 28,018 sequences for the 16S
and 18S rRNA genes, respectively, using the rarefy_even_depth func-
tion of the phyloseq package ver. 1.28.0 in R.41 Shannon and
Simpson diversity indices42 were calculated with the estimate_rich-
ness function of the phyloseq package. The Grubbs test43 was per-
formed using the outliers package ver. 0.14 in R.44 Plots were
visualized using the phyloseq or ggplot2 ver. 3.2.1 packages in
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R.41,45 All sequence data for E. coli and the 16S and 18S rRNA
amplicons were deposited in DDBJ with accession number
DRA010058.

3. Results and discussion

3.1. A specific combination of indexes decreases the

quality of the outputted sequence data

For the samples we subjected to amplicon sequencing on MiSeq, we
frequently observed that one of the samples had consistently lower
sequence quality compared with the other samples. Figure 1 shows
the typical data for per-sample sequence quality for nine runs with
the 600 cycle kit, producing 300 bp � 2 paired reads (Fig. 1A), and
six runs with the 500-cycle kit, producing 250 bp � 2 paired reads

(Fig. 1B).46 In Illumina paired-end sequencing, read 1 has higher
quality than read 2. Notably, decreases of sequence quality were ob-
served in both read 1 and read 2 of the aforementioned low-quality
sample in each run (Fig. 1A and B, enclosed circles). Runs with the
500-cycle kit produced higher sequence quality than runs with
the 600-cycle kit, as sequence quality gradually decreased towards
the end of the sequence read. The odd decrease in sequence quality
was observed in runs with both types of kits (Fig. 1A and B). The
quality decrease was observed in the two different MiSeq instruments
operated in the two different facilities: Toyohashi University of
Technology and Osaka Prefecture University (Fig. 1A). Samples in
these runs were derived from different environments such as seawa-
ter, rat feces, human skin and microbial mats, and thus different
samples contained different regions such as region V4 and the V3–

Figure 1. Effects of the combination of dual index adaptors on sequence quality with MiSeq. Distribution of the arithmetic mean of expected error per sample is

shown for read 1 and read 2 of paired-end sequences. Runs were performed with the different MiSeq sequencers operated at Toyohashi University of

Technology (Toyohashi) or Osaka Prefecture University (Osaka) with the MiSeq reagent kit for 600 cycles (A) or 500 cycles (B). Samples in different runs are col-

ored accordingly. Samples with the N704 and S507 index combination are enclosed with a red dashed line.
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V4 and V1-V2 regions of 16S rRNA, the V7–V8 region of 18S
rRNA, the gene nifH and combinations of these loci (Supplementary
Table S1). These points suggest that the observed decrease in se-
quence quality was not caused by the type of sequence kit,
instrument-specific issue or sample origin. We performed extensive
trouble shooting of this phenomenon and ultimately surmised that
samples with low-sequence quality commonly contained a specific
combination of dual index adaptors, namely N704 and S507 in-
dexes, in the Nextera index kits (Illumina) (Fig. 1A and B). As
Illumina is not responsible for providing support for amplicon se-
quencing, we carried out a detailed investigation of the effects of the
N704/S507 index combination.

To investigate the effect of the N704/S507 index combination on
sequence quality, we sequenced genomic DNA of E. coli that had been
randomly fragmented using Nextera transposase and indexed with a
total of 19 index combinations containing either N704 or S507
(Supplementary Fig. S2 and see Section 2 for experimental design).
The distribution of per-read Phred quality (Q) scores revealed that de-
creased sequence quality was observed in both read 1 and read 2 with
the N704/S507 combination but not with the other index combina-
tions (Fig. 2A and B). The N704/S507 combination showed single

peaks at Q33 for read 1 and at Q25 for read 2, whereas most of the
other combinations showed single peaks at Q35 for read 1 and at
Q33–34 for read 2 (Fig. 2A and B). Per-base Phred quality scores
revealed that the decrease of the sequence quality for N704/S507 oc-
curred at all positions of read 1 and read 2 (Fig. 2C and D). These
results indicate that (i) the decrease of sequence quality was not caused
by the sequence inserted in the amplicons but rather by the specific
combination of N704/S507 dual index adaptors, (ii) the decrease of
sequence quality was global in the produced reads and (iii) the de-
crease did not occur when either the N704 or the S507 adaptor was
used in combination with any other index adaptor. We investigated
the rate of mismatches of the sequence reads mapped to the E. coli ge-
nome and confirmed that the sequence error rate indeed increased by
�2-fold in the N704/S507 combination (Supplementary Fig. S3).
These results revealed that the specific combination of N704 and S507
adaptors caused a decrease of sequence quality and an increase of ac-
tual sequence errors for MiSeq-outputted sequences. Notably, the
N704/S505 combination led to slightly lower per-read and per-base
Phred quality scores compared with the other samples (Fig. 2A–D and
Supplementary Fig. S3A), reinforcing the idea that this combination
was responsible for the observed decrease in sequence quality.

Figure 2. Effects of the combination of dual index adaptors on sequencing of E. coli genomic DNA. The distribution of per-read Phred quality scores is

shown for read 1 (A) and read 2 (B) of sequence reads for E. coli genomic DNA that were fragmented by Nextera transposase. Distribution of per-base Phred qual-

ity score positions is shown for read 1 (C) and read 2 (D). Sequence qualities for 19 samples containing either the N704 or the S507 adaptor are colored

accordingly.

5Y. Hirose et al.

https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsaa017#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsaa017#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsaa017#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsaa017#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsaa017#supplementary-data


3.2. Effects of index combination on sequencing and

denoising of the 16S and 18S rRNA amplicons

We next investigated the effect of the index combination on ampli-
con sequencing of the V3–V4 region of the 16S rRNA gene and the
V7–V8 region of the 18S rRNA gene. Our protocol for the 16S
rRNA V3–V4 region corresponded to the protocol provided by
Illumina.47 We utilized an environmental sample from an algal mat
collected from a freshwater lake in Antarctica, whose community
structure was revealed in our recent study using the primer sets men-
tioned above.29 To investigate the effects of index combination, ali-
quots of first-amplicon PCR products derived from the algal mat
DNA were subjected to a second index PCR with 12 index combina-
tions of the N7xx series and S507 (Supplementary Fig. S2). As ob-
served for the sequencing of E. coli genomic DNA, the decrease of
per-read Phred quality score was observed in both read 1 and read 2
for both the 16S and 18S rRNA amplicons (Fig. 3A). Fragment
analysis showed that the library size increased by 50–75 bp after in-
dex PCR for all samples, and no primer dimers were detected
(Fig. 3B). We performed Sanger sequencing of the 16S rRNA ampli-
con libraries indexed with N504/S507 or N503/S507 (control) com-
binations using custom primers that anneal to the P5 or P7 region
and confirmed chromatogram for the adaptor sequences
(Supplementary Fig. S1C). These data indicated that the decrease of
sequence quality in the library with the N704/S507 combination was
not caused by contamination of primer dimers or by heterogeneity of
the DNA library owing to inefficient index PCR but rather by se-
quencing processes inherent in MiSeq. The relationship between the
number of reads and the concentration of the input library showed
that sequence production yields decreased in libraries with the N704/
S507 combination for both the 16S and the 18S rRNA amplicons
(Fig. 3C). This implies that the decrease of sequence quality is caused
by a partial deficiency in cluster generation and/or subsequent se-
quencing processes in the flowcell.

We attempted to mitigate the decrease in both the number and the
quality of sequence reads with the N704/S507 combination by tun-
ing parameters in the denoising process of the dada2 plugin in
QIIME2.28 In the current version of QIIME2, denoising using the
dada2 plugin is performed with the following steps13: (i) the se-
quence reads of read 1 and read 2 are filtered based on the quality
(maximum number of expected errors) and trimmed at the 30 end of
each read at a specified length; (ii) sequence errors in read 1 and read
2 are removed separately based on the quality, hamming distance
and abundance of the reads, and singleton reads are also removed
during this process; (iii) read 1 and read 2 pairs are merged, having
at least a 12-bp overlap, and read pairs containing any mismatches
are discarded and (iv) de novo chimera detection is performed, and
chimeric read pairs are discarded. We investigated the number of
reads remaining after each process using four different values for the
maximum expected error, namely, [2, 4], [4, 6], [6, 8] and [8, 10] for
[–p-max-ee-f, –p-max-ee-r]. These values were determined based on
the distribution of expected errors in read 1 and read 2
(Supplementary Fig. S4). In the samples with the N704/S507 combi-
nation, increasing the values of [–p-max-ee-f, –p-max-ee-r] improved
the relative abundance of filtered reads, but substantial numbers of
reads were removed during denoising and merging processes, and
non-chimeric reads essentially plateaued at �50% of input reads
(Fig. 3D). On the other hand, samples with other index combinations
remained at �70–80% of input reads as non-chimeric reads for any
values of [–p-max-ee-f, –p-max-ee-r] parameters (Supplementary Fig.
S5). These data suggested that denoising did not fully remove

sequence errors and that the resultant singleton reads and/or mis-
matches in the paired reads were responsible for the decrease in the
number of non-chimeric reads. The length of overlap of the paired
reads for 460-bp amplicons was estimated at �50 bp when the values
of [260, 210] were used for [–p-trunc-len-f, –p-trunc-len-r]. A change
of these parameters to [250, 200] (�30-bp overlap) or [270, 220]
(�70-bp overlap) did not substantially change the abundance of the
non-chimeric reads with all examined index combinations (Fig. 3D
and Supplementary Fig. S6). This suggested that the reduction of
reads was caused mainly by the denoising process rather than by mis-
matches resulting from the merging process. Notably, the reduction
of reads occurred in the denoising of the reverse reads rather than
the forward reads, underscoring the inherent difficulty of denoising
low-quality sequences. Data sets with the parameter [6, 8] for [–p-
trunc-len-f, and –p-trunc-len-r] and [260, 210] for [–p-trunc-len-f, –
p-trunc-len-r] were used for further analysis of community structures
of the 16S and 18S rRNA amplicons. We also investigated the rate of
the number of unique reads in the total merged reads without denois-
ing to estimate the actual sequence error rate. The rate of the unique
reads in the N704/S507 combination was 93% in both 16S and 18S
rRNA amplicons, which was substantially higher than 58% for 16S
rRNA and 50% for 18S rRNA in the average of rest combinations
and reflects the increase of the actual sequence error rate
(Supplementary Fig. S3B).

3.3. Effect of index combination on community

structure of the 16S and 18S rRNA amplicons

Rarefaction curves for the number of identified SVs of 16S rRNA
amplicon using dada2 plugin revealed that samples with the N704/
S507 combination reached a plateau at a substantially lower number
of SVs compared with the other index combinations (Fig. 4A). The
decrease of a-diversity for the N704/S507 combination was signifi-
cant in the Grubbs test for the identified SVs (P¼3.121e � 9),
Shannon index (P¼1.521e � 12) and Simpson index (P¼1.675e �
12) for reads rarefied to 16,958 non-chimeric reads (Fig. 4B). The
phylum-level composition of the 16S rRNA amplicons based on the
SILVA ver. 132 database showed an increase of Bacteroidetes and
Verrucomicrobia and a decrease in Planctomycetes and
Proteobacteria compared with the samples having other index com-
binations (Fig. 4C, left). The major taxa (>1%) at the order and ge-
nus levels of classification were detected in all 12 samples, but their
relative abundances were increased when the N704/S507 combina-
tion was used, as compared with the other index combinations
(Fig. 4C, centre and right). Heatmap analysis of the presence or ab-
sence of SVs, which were sorted in decreasing order of mean abun-
dance across all samples, revealed that most of the low-abundance
SVs and even some of the abundant SVs could not be detected in
samples with the N704/S507 combination (Fig. 4D). The plot of rela-
tive abundance of each SV and its rank demonstrated the increase of
high-rank SVs and decrease of low-rank SVs in samples with the
N704/S507 combination (Fig. 4E). Thus, the use of the N704/S507
combination substantially decreases the sensitivity of detection of the
minor SVs and alters the overall composition and a-diversity of the
samples in amplicon sequencing.

We also investigated the effect of index combination in the analy-
sis of 18S rRNA amplicons, which are less diverse than the 16S
rRNA amplicons. Rarefaction analysis with dada2 plugin revealed
that samples with the N704/S507 combination reached a plateau at
a lower number of SVs compared with the other index combinations,
as was the case for the16S rRNA amplicons (Fig. 5A). The decrease
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Figure 3. Effects of the combination of dual index adaptors on the analysis of the 16S and 18S rRNA amplicons. (A) The distribution of per-read Phred quality

scores is shown for read 1 (left) and read 2 (right) of sequence reads for 16S (solid line) and 18S rRNA amplicons (dashed line). (B) Distribution of fragment sizes

for the 16S rRNA (upper) and 18S rRNA amplicons (lower) from the Bioanalyzer 2100. The larger marker (filled triangle) and smaller marker (open triangle) are in-

dicated. (C) Sequence yield for each library was estimated based on the relationship between the total reads and the concentration of the input library. For (A–C),

the plots for the total of 12 samples with different index combinations are colored accordingly. (D) Optimization of parameters used for the denoising of the plugin

dada2 for filtering quality (two plots, left) and trimming length (two plots, right) for the 16S and 18S rRNA amplicons. The abundance of the reads remaining after

each process was scaled to the number of input sequence reads. Input, filtered, denoised forward (F), denoised reverse (R), merged and non-chimeric reads are

colored accordingly.
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Figure 4. Effects of the combination of dual index adaptors on the community analysis of the 16S rRNA amplicon denoised using dada2. (A) Rarefaction curves

for the number of identified SVs obtained using dada2 plugin for different numbers of non-chimeric reads. (B) The a-diversity of the identified SVs (left), Shannon

index (centre) and Simpson index (right). (C) Community structures of the 16S rRNA amplicons are shown at the phylum (left), order (centre) and genus (right)

levels with reference to the SILVA ver. 132 database. SVs were agglomerated to each level, and taxa below 1% are not shown. The names of taxa are colored ac-

cordingly. (D) The presence (blue) or absence (pink) of each SV is shown in a heatmap, in which SVs are sorted in decreasing order of mean abundance across 12

samples. (E) Relationship between relative abundance and rank of the SVs. Plots of the 12 samples with different index combinations are colored accordingly for

(A), (B) and (E).
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Figure 5. Effects of the combination of dual index adaptors on the community structure of the 18S rRNA amplicon denoised using dada2. (A) Rarefaction curves

for the number of identified SVs obtained using dada2 plugin for different numbers of non-chimeric reads. (B) The a-diversity of the identified SVs (left), Shannon

index (centre) and Simpson index (right). (C) Community structures of the 18S rRNA amplicons are shown at the division (left), family (centre) and genus (right)

levels with reference to the PR2 database, in which taxa below 0.5% are not shown. Taxa are colored accordingly. (E) The presence (blue) or absence (pink) of

each SV is shown in a heatmap, in which the SVs are sorted in decreasing order of mean abundance across 12 samples. (E) Relationship between relative abun-

dance and rank of the SVs. Plots of the 12 samples with different index combinations are colored accordingly for (A), (B) and (E).
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of a-diversity for the N704/S507 combination was significant in the
Grubbs test for the identified SVs (P¼1.477e � 7), Shannon index
(P¼7.578e � 10) and Simpson index (P¼3.847e � 7) at a read
depth rarefied to 28,018 (Fig. 5B). Division-level composition of the
18S rRNA amplicons based on the PR2 database revealed an in-
crease of Metazoa and a decrease of Cercozoa compared with the
samples of the other index combinations (Fig. 5C, left). The major
taxa (>0.5%) at the family and genus levels of classification were
detected in all 12 samples, but their relative abundances were in-
creased in the N704/S507 combination compared with the other in-
dex combinations (Fig. 5C, centre and right). Heatmap analysis
revealed that low-abundance SVs could not be detected in samples
with the N704/S507 combination and that this failure of detection
was responsible for the observed increase in the relative abundance
of high-rank SVs in those samples (Fig. 5D and E). Thus, the use of
the N704/S507 combination substantially decreases the sensitivity of
minor SVs in amplicon sequencing for both the 16S and the 18S
rRNA genes.

We assessed the effect of the index combination using another
denoising plugin, deblur,14 in QIIME2. Rarefaction curve analysis of
SVs obtained using deblur showed a similar result using dada2 but
with a more substantial decrease in the total number of non-chimeric
reads of the N704/S507 combination in the 16S and 18S rRNA
amplicons (Fig. 6A and B). The differences may be due to the differ-
ent denoising approaches between deblur and dada2: deblur denoises
sequence errors and removes singletons per sample with a positive fil-
tering against reference database, whereas dada2 performs denoising
and singleton removal across samples without the positive filter-
ing.13,14 We also performed conventional OTU clustering with typi-
cal thresholds of 97% and 99% identities for 16S and 18S rRNA
amplicons, respectively. Rarefaction curves for OTUs observed at
least two times across samples showed an increase in the number of
the identified OTUs in the N704/S507 combination, where the 16S
rRNA analysis showed moderate increase compared with the 18S
rRNA analysis (Fig. 6C and D). When the threshold of the abun-
dance filtering was raised to 10, all index combinations showed
closer rarefaction curves (Fig. 6E and F). This suggests that the con-
ventional OTU clustering with abundance filtering was more tolerant
of the sequence errors and could give a more robust estimation of a-
diversity compared with the denoising approach. However, the use
of OTU clustering expenses the high-sequence resolution of SVs and
also inflates the total number of OTUs,13,48 and hence users should
carefully choose the methods for dealing with sequence errors.

3.4. Possible mechanisms for the decrease of sequence

quality

Our results demonstrate that the use of the N704/S507 combination
of dual index adaptors causes the observed decrease of sequence
quality and sequence yield. What mechanism underlies this effect?
The index sequence has a length of only 8 bp but must be responsible
for the decrease of sequence quality, as this effect was found to be in-
dependent of the sequences of the insert DNA (Fig. 2). One explana-
tion could be that, after cluster generation, the sequencing primer
hybridizes not only at the proper position for sequencing but also
partially to a position near the index sequences, and the consequent
mixing of the emitted fluorescence in the cluster decreases the se-
quence quality (Figs 2A–D and 3A). Our data suggest that this is un-
likely, however, because the use of either the N704 or the S507
index adapter did not affect the sequence quality. If this mechanism
was responsible for the decrease of sequence quality, the decrease

should have occurred in all samples containing either the N704 or
the S507 index. Overall, the results indicate that the ‘interaction’ of
the two index sequences, that is, N704 and S507, is responsible for
the quality decrease. Notably, each end of the DNA library with the
N704/S507 combination contains the sequence motif ‘AGGAGTx
TCGTxGGC’ that spans the index and Nextera adaptor regions
(Supplementary Fig. S1B). This fact suggests that, during primer hy-
bridization with Illumina sequencing, the two complementary se-
quence motifs in the single-stranded DNA form an intra-molecular
loop structure at equilibrium (Supplementary Fig. S1B). We speculate
that the formation of the loop structure inhibits the hybridization of
the sequencing primers for read 1 and read 2 and caused the decrease
of sequencing quality. Alternatively, the complementary sequence
motif may affect the efficiency of cluster generation via bridge PCR
amplification of single DNA molecules. Because the sequencing
mechanisms of the Illumina platform are not fully available to the
public, we trust that these possibilities will be further investigated by
the Illumina development team. It should be mentioned that the
‘AGGAGTC’ motif existed in the library with the N704 and S505
combination that showed slightly decreased sequence quality
(Supplementary Fig. S1B), implying that the complementary sequen-
ces can lower the sequence quality in other combinations.

3.5. Caution for other applications

The substantial decrease of sequence quality was found to occur
with the N704/S507 index combination in the Nextera XT Index kit
v2 Set A, which has a maximum of 96 multiplex (combinations with
the 12 indexes of the N7xx series and 8 indexes of the S5xx series).
The simple solution for preventing this decrease in quality is to avoid
using the N704/S507 combination and rather use the other 95 com-
binations, as we did not observe any substantive decrease of quality
with any combination other than N704/S507 using this kit (Figs 1
and 2A–D). The Nextera DNA unique dual Index kit (maximum
384 multiplex, Illumina) utilizes a 10-bp index and does not contain
any sequences corresponding to N704 or S507. However,
‘TCGTxGGC’ of the Nextera overhang sequences is responsible for
the formation of 8/15 bp of the AGGAGTxTCGTxGGC motif
(Supplementary Fig. S1B). This fact suggests that the use of Nextera-
based dual index adaptors could lead to the formation of comple-
mentary sequences other than this motif, leading to a decrease of se-
quence quality. On the other hand, TruSeq-based index kits are
available, for example the QIAseq 16S/ITS Index kits (maximum
1,536 multiplex, Qiagen), NEBNext Multiplex Oligos (maximum
384 multiplex, New England Biolabs) and the KAPA Dual-Indexed
Adapter kit (maximum 96 multiplex, Roche). A triple-indexing de-
sign based on TruSeq adaptors has also been proposed.22 These
TruSeq-based index adaptors do not contain complementary sequen-
ces like those found in Nextera adaptors (Supplementary Fig. S1B).

Our data demonstrate the importance of validating the index
combination for developing dual index systems. For example, iNext
and iTru dual index systems were recently developed and have their
basis in Nextera- and TruSeq-based dual index adaptors, respec-
tively, and these sophisticated systems can establish a total of
147,456 combinations (i.e. i7� i5: 384�384).23 Unfortunately,
these systems have been validated for 208 combinations using either
adaptor (i7� i5: 160�1 and 1�48) by quantitative PCR, and only
12 combinations have been validated by sequencing E. coli DNA on
MiSeq.23 Validation of either adaptor alone was found to be insuffi-
cient because the decrease of quality can be caused by a specific com-
bination of index sequences, for example, the N704/S507
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combination. Quantitative PCR has been applied to the validation of
dual index kits during their development, but this method could po-
tentially fail to detect the decrease in sequence quality. Therefore,
dual index adaptors should be validated by sequencing with the
Illumina platform using a control library, for example, E. coli DNA
or mock amplicons. It is unrealistic for users to perform a sequencing
run for quality check for all these index combinations, and hence we
strongly encourage manufacturers and developers of dual index kits
to disclose the quality of data for all index combinations by Illumina
sequencing. Alternatively, users can analyse the per-read Phred qual-
ity score for samples with different index combinations using

FastQC37 and compare their distributions in a single graph using
MultiQC.49 Unlike sequencing of DNA or RNA libraries,
amplicon sequencing utilizes a uniform insert length, and thus the
quality of all outputted sequences should be similar within the same
run (Fig. 1).

4. Conclusion

Although the Nextera XT index kit v2 is widely used in microbiome
studies,47,50–52 it remains unclear that how many studies have

Figure 6. Rarefaction curve analyses for SVs denoised using deblur and clustered OTUs. Rarefaction curve analyses were performed for SVs denoised using

deblur plugin in the 16S (A) and 18S (B) rRNA amplicons. The same analyses were performed for OTUs clustered at 97 and 99% for the 16S (C and E) and 18S (D

and F) rRNA amplicons with abundance-based filtering of 2 (C and D) or 10 (E and F). Lines of the 12 samples with different index combinations are colored

accordingly.
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utilized the N704/S507 combination because the combination of in-
dex is rarely described in the published article or deposited sequence
in the database. Therefore, it is important to validate the significance
of the quality decrease in the N704/S507 combination by other
researchers in other facilities over the world. Our results showed that
the plugin dada2 can remove sequence errors for low-quality reads,13

but dada2 cannot fully recover the loss of low-abundance SVs result-
ing from low-quality reads (Figs 4E and 5E). The plugin deblur was
also ineffective to denoise the low-quality samples with the N704/
S507 combination (Fig. 6A and B). The effects of such low-quality
data can be mitigated by focusing on only major SVs (e.g. SVs with
mean abundance >0.5%), but this narrowed focus substantially
reduces the sensitivity of amplicon sequencing (Figs 4E and 5E).
Conventional OTU clustering with abundance filtering can deal with
the decreased sequenced quality (Fig. 6E and F), but it expenses the
high-sequence resolution of SVs and inflates the number of
OTUs.13,48 Therefore, if low-quality data are obtained for any par-
ticular sample owing to an issue with the combination of dual index
adaptors, it is better to remake the sequence library and repeat the
analysis with a different index combination. Finally, we suggest that
researchers should be careful in denoising the samples with any index
combinations containing low-quality sequence reads and interpreta-
tion of the results in microbiome studies.

Acknowledgements

The authors thank Dr. Hiroshi Mori (National Institute of Genetics) and Dr.

Sachiko Yoshida (Toyohashi University of Technology) for helpful

discussions.

Funding

This research was supported by a Grant-in-Aid for Scientific Research (S)

(grant number 15H05712) to N.H. from the Japan Society for the Promotion

of Science (JSPS).

Conflict of interest

None declared.

Supplementary data

Supplementary data are available at DNARES online.

Accession number

DRA010058.

References

1. Hug, L.A., Baker, B.J., Anantharaman, K., et al. 2016, A new view of the

tree of life, Nat. Microbiol., 1, 16048.
2. Gupta, S., Mortensen, M.S., Schjorring, S., et al. 2019, Amplicon sequenc-

ing provides more accurate microbiome information in healthy children

compared to culturing, Commun. Biol., 2, 291.
3. Goodwin, S., McPherson, J.D. and McCombie, W.R. 2016, Coming of

age: ten years of next-generation sequencing technologies, Nat. Rev.

Genet., 17, 333–51.
4. Human Microbiome Project Consortium. 2012, Structure, function and

diversity of the healthy human microbiome, Nature, 486, 207–14.

5. Nishijima, S., Suda, W., Oshima, K., et al. 2016, The gut microbiome of

healthy Japanese and its microbial and functional uniqueness, DNA Res.,

23, 125–33.
6. Thompson, L.R., Sanders, J.G., McDonald, D., et al.; The Earth

Microbiome Project Consortium. 2017, A communal catalogue reveals

Earth’s multiscale microbial diversity, Nature, 551, 457–63.
7. Tighe, S., Afshinnekoo, E., Rock, T.M., et al. 2017, Genomic methods

and microbiological technologies for profiling novel and extreme environ-

ments for the extreme microbiome project (XMP), J. Biomol. Tech., 28,

31–9.
8. Ibarbalz, F.M., Henry, N., Brandao, M.C., et al. 2019, Global trends in

marine plankton diversity across kingdoms of life, Cell, 179,

1084–97.e21.
9. Shiozaki, T., Hirose, Y., Hamasaki, K., Kaneko, R., Ishikawa, K. and

Harada, N. 2019, Eukaryotic phytoplankton contributing to a seasonal

bloom and carbon export revealed by tracking sequence variants in the

western north pacific, Front. Microbiol., 10, 2722.
10. Barb, J.J., Oler, A.J., Kim, H.S., et al. 2016, Development of an analysis

pipeline characterizing multiple hypervariable regions of 16S rRNA using

mock samples, PLoS One, 11, e0148047.
11. Hadziavdic, K., Lekang, K., Lanzen, A., Jonassen, I., Thompson, E.M.

and Troedsson, C. 2014, Characterization of the 18S rRNA gene for de-

signing universal eukaryote specific primers, PLoS One, 9, e87624.
12. Kono, N. and Arakawa, K. 2019, Nanopore sequencing: review of poten-

tial applications in functional genomics, Develop. Growth Differ., 61,

316–26.
13. Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J.

and Holmes, S.P. 2016, DADA2: high-resolution sample inference from

Illumina amplicon data, Nat. Methods, 13, 581–3.
14. Amir, A., McDonald, D., Navas-Molina, J.A., et al. 2017, Deblur rapidly

resolves single-nucleotide community sequence patterns, mSystems, 2,

e00191–16.
15. Edgar, R.C. 2016, UNOISE2: improved error-correction for Illumina 16S

and ITS amplicon sequencing. bioRXiv. DOI :10.1101/081257
16. Quast, C., Pruesse, E., Yilmaz, P., et al. 2012, The SILVA ribosomal RNA

gene database project: improved data processing and web-based tools,

Nucleic Acids Res., 41, D590–6.
17. Cole, J.R., Wang, Q., Fish, J.A., et al. 2014, Ribosomal Database Project:

data and tools for high throughput rRNA analysis, Nucleic Acids Res.,

42, D633–42.
18. Guillou, L., Bachar, D., Audic, S., et al. 2012, The Protist Ribosomal

Reference database (PR2): a catalog of unicellular eukaryote small

sub-unit rRNA sequences with curated taxonomy, Nucleic Acids Res., 41,

D597–604.
19. Wen, C., Wu, L., Qin, Y., et al. 2017, Evaluation of the reproducibility of

amplicon sequencing with Illumina MiSeq platform, PLoS One, 12,

e0176716.
20. Kozich, J.J., Westcott, S.L., Baxter, N.T., Highlander, S.K. and Schloss,

P.D. 2013, Development of a dual-index sequencing strategy and curation

pipeline for analyzing amplicon sequence data on the MiSeq Illumina se-

quencing platform, Appl. Environ. Microbiol., 79, 5112–20.
21. Bentley, D.R., Balasubramanian, S., Swerdlow, H.P., et al. 2008, Accurate

whole human genome sequencing using reversible terminator chemistry,

Nature, 456, 53–9.
22. de Muinck, E.J., Trosvik, P., Gilfillan, G.D., Hov, J.R. and Sundaram,

A.Y.M. 2017, A novel ultra high-throughput 16S rRNA gene amplicon

sequencing library preparation method for the Illumina HiSeq platform,

Microbiome, 5, 68.
23. Glenn, T.C., Nilsen, R.A., Kieran, T.J., et al. 2019, Adapterama I: univer-

sal stubs and primers for 384 unique dual-indexed or 147,456

combinatorially-indexed Illumina libraries (iTru & iNext). PeerJ., 7,

e7755.
24. Sinclair, L., Osman, O.A., Bertilsson, S. and Eiler, A. 2015, Microbial

community composition and diversity via 16S rRNA gene amplicons:

evaluating the illumina platform, PLoS One, 10, e0116955.

12 Amplicon sequencing affected by index combinations

https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsaa017#supplementary-data


25. Prodan, A., Tremaroli, V., Brolin, H., Zwinderman, A.H., Nieuwdorp,
M. and Levin, E. 2020, Comparing bioinformatic pipelines for microbial
16S rRNA amplicon sequencing, PLoS One, 15, e0227434.

26. Bokulich, N.A., Subramanian, S., Faith, J.J., et al. 2013, Quality-filtering
vastly improves diversity estimates from Illumina amplicon sequencing,
Nat. Methods, 10, 57–9.

27. D’Amore, R., Ijaz, U.Z., Schirmer, M., et al. 2016, A comprehensive
benchmarking study of protocols and sequencing platforms for 16S rRNA
community profiling, BMC Genomics, 17, 55.

28. Bolyen, E., Rideout, J.R., Dillon, M.R., et al. 2019, Reproducible, interac-
tive, scalable and extensible microbiome data science using QIIME 2, Nat.
Biotechnol., 37, 852–7.

29. Hirose, Y., Shiozaki, T., Otani, M., et al. 2020, Investigating algal com-
munities in lacustrine and hydro-terrestrial environments of east
Antarctica using deep amplicon sequencing, Microorganisms, 8, 497.

30. Klindworth, A., Pruesse, E., Schweer, T., et al. 2013, Evaluation of general
16S ribosomal RNA gene PCR primers for classical and next-generation
sequencing-based diversity studies, Nucleic Acids Res., 41, e1.

31. Hayashi, K., Morooka, N., Yamamoto, Y., et al. 2006, Highly accurate
genome sequences of Escherichia coli K-12 strains MG1655 and W3110,
Mol. Syst. Biol., 2, 0007.

32. Langmead, B. and Salzberg, S.L. 2012, Fast gapped-read alignment with
Bowtie 2, Nat. Methods, 9, 357–9.

33. O’Leary, N.A., Wright, M.W., Brister, J.R., et al. 2016, Reference se-
quence (RefSeq) database at NCBI: current status, taxonomic expansion,
and functional annotation, Nucleic Acids Res., 44, D733–45.

34. Li, H., Handsaker, B., Wysoker, A., et al.; 1000 Genome Project Data
Processing Subgroup. 2009, The Sequence Alignment/Map format and
SAMtools, Bioinformatics, 25, 2078–9.

35. Walker, B.J., Abeel, T., Shea, T., et al. 2014, Pilon: an integrated tool for
comprehensive microbial variant detection and genome assembly im-
provement, PLoS One, 9, e112963.

36. Edwards, R.A. and Edwards, J.A. 2019, fastq-pair: efficient synchroniza-
tion of paired-end fastq files. bioRxiv 552885. DOI: 10.1101/552885

37. Andrews, S. 2010, FastQC: a quality control tool for high throughput se-
quence data. http://www.bioinformatics.babraham.ac.uk/projects/fastqc.

38. Rognes, T., Flouri, T., Nichols, B., Quince, C. and Mahe, F. 2016,
VSEARCH: a versatile open source tool for metagenomics, PeerJ., 4, e2584.

39. Martin, M. 2011, Cutadapt removes adapter sequences from

high-throughput sequencing reads, Embnet. J., 17, 10–2.
40. Caporaso, J.G., Kuczynski, J., Stombaugh, J., et al. 2010, QIIME allows

analysis of high-throughput community sequencing data, Nat. Methods,

7, 335–6.
41. McMurdie, P.J. and Holmes, S. 2013, phyloseq: an R package for repro-

ducible interactive analysis and graphics of microbiome census data,

PLoS One, 8, e61217.
42. Magurran, A.E. 2013, Measuring biological diversity. John Wiley &

Sons: Malden, MA.
43. Grubbs, F.E. 1950, Sample criteria for testing outlying observations, Ann.

Math. Statist., 21, 27–58.
44. Komsta, L. 2011, outliers: Tests for outliers. R package version 0.14.
45. Wickham, H. 2016, ggplot2 – Elegant Graphics for Data Analysis.

Springer-Verlag: New York.
46. Edgar, R.C. and Flyvbjerg, H. 2015, Error filtering, pair assembly and er-

ror correction for next-generation sequencing reads, Bioinformatics, 31,

3476–82.
47. Illumina. 2015, 16S metagenomic sequencing library preparation. Part#

15044223 Rev. B.
48. Nearing, J.T., Douglas, G.M., Comeau, A.M. and Langille, M.G.I. 2018,

Denoising the Denoisers: an independent evaluation of microbiome se-

quence error-correction approaches, PeerJ., 6, e5364.
49. Ewels, P., Magnusson, M., Lundin, S. and Kaller, M. 2016, MultiQC:

summarize analysis results for multiple tools and samples in a single re-

port, Bioinformatics, 32, 3047–8.
50. Suckling, L., McFarlane, C., Sawyer, C., et al. 2019, Miniaturisation of

high-throughput plasmid DNA library preparation for next-generation se-

quencing using multifactorial optimisation, Synth. Syst. Biotechnol., 4,

57–66.
51. Videvall, E., Strandh, M., Engelbrecht, A., Cloete, S. and Cornwallis,

C.K. 2017, Direct PCR offers a fast and reliable alternative to conven-

tional DNA isolation methods for gut microbiomes, mSystems, 2.

00132-17
52. Colin, Y., Goberna, M., Verdú, M. and Navarro-Cano, J.A. 2019,
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