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Abstract
Targeted PCR amplification and high-throughput sequencing (amplicon sequencing) of 16S
rRNA gene fragments is widely used to profile microbial communities. New long-read
sequencing technologies can sequence the entire 16S rRNA gene, but higher error rates have
limited their attractiveness when accuracy is important. Here we present a high-throughput
amplicon sequencing methodology based on PacBio circular consensus sequencing and the
DADA2 sample inference method that measures the full-length 16S rRNA gene with
single-nucleotide resolution and a near-zero error rate.
In two artificial communities of known composition, our method recovered the full complement of
full-length 16S sequence variants from expected community members without residual errors.
The measured abundances of intra-genomic sequence variants were in the integral ratios
expected from the genuine allelic variants within a genome. The full-length 16S gene sequences
recovered by our approach allowed E. coli strains to be correctly classified to the O157:H7 and
K12 sub-species clades. In human fecal samples, our method showed strong technical
replication and was able to recover the full complement of 16S rRNA alleles in several E. coli
strains.
There are likely many applications beyond microbial profiling for which high-throughput
amplicon sequencing of complete genes with single-nucleotide resolution will be of use.
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Introduction
The amplification of specific genetic loci by polymerase chain-reaction (PCR) can powerfully
focus DNA sequencing on genetic variation of interest. Amplicon sequencing effectively detects
genetic variation embedded in complex chemical and genetic backgrounds, and is far more
cost-effective than untargeted sequencing when large amounts of undesired genetic material is
present, as can be the case for host-associated microbial populations or specific genes in large
genomes (Franzosa 2015). The precision, sensitivity and low cost of amplicon sequencing have
made it a ubiquitous tool utilized in thousands of published scientific studies each year.
However, the advantages of amplicon sequencing come at a cost: the information provided by
amplicon sequencing is limited to a single genetic locus. In current practice, the genetic loci
measured by amplicon sequencing are typically restricted to 100–500 nucleotide regions that fit
within the short reads generated by high-throughput sequencing platforms. In the popular
community profiling application, short reads limit investigators to fragments of preferred
taxonomic barcodes, such as the 16S rRNA gene in bacteria or the internal transcribed spacer
(ITS) region in fungi, degrading taxonomic resolution and the ability to distinguish between
related strains (Fuks 2018; Edgar 2018). In studies of functional genes, short reads do not cover
even compact viral genes, limiting amplicon sequencing to incomplete measurements of
functional genes.
In recent years, Pacific Biosciences (PacBio) and Oxford Nanopore have developed new
technologies that generate long sequencing reads that can extend tens of thousands of
nucleotides (Goodwin 2016; Levy 2016). Long reads can dramatically widen the genetic field of
view measured by amplicon sequencing, offering the promise of greatly increased resolution in
taxonomic profiling applications and measurement of complete functional genes. However,
amplicon sequencing applications are often sensitive to the presence of spurious sequence
variants introduced by PCR and sequencing errors, and long-read sequencing has a much
higher error rate (~10%) than does short-read sequencing (~0.5%). For PacBio, high long-read
error rates can be ameliorated by the construction of circular consensus sequences (CCS), in
which an amplified genetic locus is circularized and read through multiple times before a
consensus sequence is reported (Hebert 2018). The CCS approach effectively trades read
length for accuracy: raw reads reaching over 100 kilobases in length are processed to yield
CCS reads that extend only 1-20 kilobases but that have a per-base accuracy comparable to
that of short-read sequencing (Jiao 2013; Larsen 2014; Wenger 2019).
Several previous studies have evaluated long-read amplicon sequencing of the 16S rRNA gene
based on PacBio CCS and Oxford Nanopore reads, but have reported that a still considerable
error rate necessitated binning similar sequences together to mitigate the impact of sequencing
errors on subsequent analyses (Schloss 2016; Singer 2016; Wagner 2016; Schlaeppi 2016;
Calus 2018). As a result, long-read amplicon sequencing was not found to improve resolution
relative to short reads as much as was suggested by the increase in read length. The
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advantages of long reads have been a sufficient value proposition in applications such as
tracking diversification of the HIV env gene (Caskey 2017; Eren 2018) and characterizing
histocompatibility in non-human organisms (Westbrook 2015; Karl 2017), but the limited
resolution gain in practice has been insufficient to justify the increased cost of long-read
amplicon sequencing in many applications, and so it is not widely used at this time.
Here we introduce an amplicon sequencing methodology based on PacBio CCS sequencing
and the DADA2 algorithm and software (Callahan 2016) that resolves exact amplicon sequence
variants (ASVs) with single-nucleotide resolution (Callahan 2017) from the full-length 16S rRNA
gene with a near-zero error rate. We evaluate the accuracy and precision of our method in mock
microbial communities and in technically replicated samples from the human fecal microbiome.
We demonstrate taxonomic classification at the sub-species level using the full complement of
16S rRNA gene alleles recovered by our method. Although our focus here is on the 16S rRNA
gene, the core components of this methodology can be straightforwardly extended to other
genetic loci for which suitable PCR primers are available.
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Materials and Methods
Mock Communities
The “Zymo” mock community is the ZymoBIOMICS™ Microbial Community DNA Standard
available from Zymo Research (Irvine, CA). The Zymo mock community consists of 8
phylogenetically distant bacterial strains (Table 1), 3 of which are gram-negative and 5 of which
are gram-positive, as well as 2 yeast strains not amplified by our amplicon sequencing protocol.
Genomic DNA from each bacterial strain is mixed in equimolar proportions. Of note, Zymo
Research replaced five strains in the ZymoBIOMICS™ standards with similar strains beginning
with Lot ZRC190633. The Lot # of the sample analyzed here was ZRC187325, which contains
the old mixture of strains, including E. coli O157:H7 str. CDC B6914-MS1. Detailed information
is available at the manufacturer’s website:
https://www.zymoresearch.com/zymobiomics-community-standard.
Species

GC Content (%)

16S Copy #

Gram Stain

Pseudomonas
aeruginosa

66.2

4

-

Escherichia coli

46.7

7

-

Salmonella enterica

52.2

7

-

Lactobacillus fermentum

52.4

5

+

Enterococcus faecalis

37.5

4

+

Staphylococcus aureus

32.9

6

+

Listeria monocytogenes

38.0

6

+

Bacillus subtilis

43.9

10

+

Table 1. Bacterial strains included in the Zymo mock community. The species and 16S copy number
of each of the eight bacterial strains included in the Zymo mock community are listed. Note that the two
yeast strains included in the mock community were omitted, as yeasts are not amplified by our
sequencing protocol. This information is adapted from Table 2 in the Technical Protocol for the
ZymoBIOMICS™ Microbial Community DNA Standard (D6305).

The “HMP” mock community was obtained through BEI Resources, NIAID, NIH as part of the
Human Microbiome Project: Genomic DNA from Microbial Mock Community B (Staggered, Low
Concentration), v5.2L, for 16S rRNA Gene Sequencing, HM-783D. The HMP mock community
consists of 20 bacterial strains (Table 2), most of which are phylogenetically distant from one
other, but also contains two Staphylococcus species and three Streptococcus species. Genomic
DNA from each bacterial strain was mixed so that the concentrations of rRNA gene operons
vary over three orders of magnitude. Detailed information is available at the BEI website:
https://www.beiresources.org/Catalog/otherProducts/HM-783D.aspx.
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The 16S copy numbers of the strains in the HMP mock community were not provided by the
vendor, so we determined 16S rRNA gene copy number of each strain by reference to the
entries corresponding to that species in rrnDB version 5.4 (The Ribosomal RNA Database,
https://rrndb.umms.med.umich.edu/, Stoddard 2015). Ambiguities were resolved by analyzing
the number of 16S rRNA gene copies in the top BLAST hits of the ASVs assigned to each
strain.
Species

16S Copy #

Acinetobacter baumanii

6

Actinomyces odontolyticus

2

Bacillus cereus

12

Bacteroides vulgatus

7

Clostridium beijerinckii

14

Deinococcus radiodurans

3

Enterococcus faecalis

4

Escherichia coli

7

Helicobacter pylori

2

Lactobacillus gasseri

6

Listeria monocytogenes

6

Neisseria meningitidis

4

Propionibacterium acnes

3

Pseudomonas aeruginosa

4

Rhodobacter sphaeroides

4

Staphylococcus aureus

6

Staphylococcus epidermidis

6

Streptococcus agalactiae

7

Streptococcus mutans

6

Streptococcus pneumoniae
4
Table 2. Bacterial strains included in the HMP mock community. The species and 16S copy number
of the twenty bacterial strains included in the HMP mock community are listed. Species information is
adapted from Table 2 in the Product Information Sheet for HM-783D from BEI resources.

DNA Extraction
The mock communities analyzed here consisted of genomic DNA extracted by the vendors. For
the human fecal samples, we extracted genomic DNA with the MO Bio PowerFecal kit (Qiagen)
automated for high throughput on QiaCube (Qiagen). The manufacturer's instructions were
followed with bead beating in 0.1 mm glass bead plates. DNA quantification was performed with
the Qiant-iT Picogreen dsDNA Assay (Invitrogen).
Amplicon Sequencing
The 27F:AGRGTTYGATYMTGGCTCAG and 1492R:RGYTACCTTGTTACGACTT universal
primer set was used to amplify the full-length 16S rRNA gene from the genomic DNA extracted
6
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from each sample. For the fecal samples, both the forward and reverse 16S primers were tailed
with sample-specific PacBio barcode sequences to allow for multiplexed sequencing. The fecal
samples were barcoded to allow multiplexed sequencing. We chose to use barcoded primers
because this reduces chimera formation as compared to the alternative protocol in which
primers are added in a second PCR reaction. The KAPA HiFi Hot Start DNA Polymerase (KAPA
Biosystems) was used to perform twenty cycles of PCR amplification, with denaturing at 95C for
30 seconds, annealing at 57C for 30 seconds, and extension at 72C for 60 seconds.
Post-amplification quality control was performed by on a Bioanalyzer (Agilent Technologies,
Santa Clara, CA). Amplified DNA from the fecal samples was then pooled in equimolar
concentration.
SMRTbell libraries were prepared from the amplified DNA by blunt-ligation according to the
manufacturer’s instructions (Pacific Biosciences). Purified SMRTbell libraries from the Zymo and
HMP mock communities were sequenced on dedicated PacBio Sequel cells using the
S/P1-C1.2 sequencing chemistry. Purified SMRTbell libraries from the pooled and barcoded
fecal samples were sequenced on a single PacBio Sequel cell. Replicate 1 of the fecal samples
was sequenced using the S/P2-C2/5.0 sequencing chemistry, and Replicate 2 of the fecal
samples was sequenced with a pre-release version of the S/P3-C3/5.0 sequencing chemistry.
Full details are presented in the Full-Length 16S Amplification SMRTbell® Library Preparation
and Sequencing Procedure & Checklist included as Supplementary Document 1. For
investigators interested in applying our methodology to other genes, we have included the more
general-purpose Preparing Amplicon Libraries using PacBio® Barcoded Adapters for Multiplex
SMRT® Sequencing Procedure & Checklist that is suitable for use with any amplicon as
Supplementary Document 2. All amplicon sequencing was performed by Pacific Biosciences
Inc. (Menlo Park, CA).
Defining and Curating CCS reads
Circular consensus sequence (CCS) reads were generated from the raw PacBio sequencing
data using the standard software tools provided by the manufacturer (Pacific Biosciences). CCS
reads from the Zymo and HMP mock communities were generated using the ccs application
with minPasses=3 and minPredictedAccuracy=0.999 in the SMRT Link 3.1.1 software package
(Pacific Biosciences, 2016). For the fecal samples, raw reads were first demultiplexed using the
lima application, specifying that the same barcodes were attached at both ends of an insert
using the flags same and peek-guess, followed by generation of CCS reads using the ccs
application with minPasses=3 and minPredictedAccuracy=0.999 in the SMRT Link 5.1 software
package (Pacific Biosciences, 2018). Of note, the ccs application was updated in SMRTLink 3.0
to use the superior Arrow model (Hepler 2016), and CCS reads generated by the earlier SMRT
Portal software may not be as accurate.
Algorithms and Software
The DADA2 method is an algorithm for the inference of the ASVs (amplicon sequence variants,
i.e. the true error-free sequences) present in a sample from the library of noisy reads generated
7
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by amplicon sequencing. DADA2 was initially developed for short-read amplicon sequencing,
and a detailed description of the algorithm is available in the original publications (Rosen 2012;
Callahan 2016). Briefly, the DADA2 algorithm uses a statistical model of the amplicon
sequencing error process to identify sequences that are repeatedly observed too many times to
be consistent with being generated by amplicon sequencing errors, and thus must represent
distinct true sequences present in the sample. The DADA2 error model incorporates the quality
information associated with each read, and thus repeated observations of sequences that are
differentiated from others only at low-quality base positions are discounted appropriately. The
key assumptions made by the DADA2 error model are that the relationship between the quality
score and the likelihood of an error is consistent across all base positions in a read, and that
after accounting for correlations in quality scores and nucleotide composition that errors are
independent between reads.
The DADA2 R software package implements the DADA2 algorithm as part of a complete
workflow that takes raw amplicon sequencing data in fastq files as input, and produces an
error-corrected table of the abundances of amplicon sequence variants (ASVs) in each sample
as output (Figure 1; Callahan 2016; Callahan 2017). The standard processing steps in the
DADA2 workflow include quality filtering, dereplication, learning the dataset-specific error model,
ASV inference, chimera removal, and taxonomic assignment.
The DADA2 R software package was improved and extended in a number of ways to enable
precise ASV inference from long amplicon reads. The core data structures and sequence
comparison algorithms used by the DADA2 algorithm were augmented to handle quality scores
up to 93, sequence lengths up to 3000 nucleotides, and variable sequence lengths. A new error
estimation procedure was introduced for PacBio CCS data, in which estimation of the error rate
for bases with the maximum quality score of 93 is separated from estimation of error rates over
the remainder of the quality score distribution. A new removePrimers function was added to the
DADA2 R package that detects and removes primers from PacBio CCS reads, and orients them
in the forward direction, as CCS reads are generated in a mixture of forward and
reverse-complement orientations. A new default value of minFoldParentOverabundance=3.5 is
recommended for chimera identification in full-length 16S rRNA gene sequencing data, in order
to avoid spurious identification of some 16S variants as chimeras of other 16S variants that
occur at higher copy number within the same genome.
The DADA2 R software package was improved and extended in a number of ways to enable
efficient processing of large long-read amplicon sequencing datasets. Multithreading has been
implemented for all computationally expensive steps in the DADA2 workflow, including filtering,
error-model learning, ASV inference, chimera removal and taxonomic assignment. The
multithread parameter in these functions controls the number of threads, and multithread=TRUE
will automatically detect and use all available threads. Pairwise sequence comparison has been
accelerated in several ways. The initial calculation of kmer-distances from the overlap between
lexically-ordered kmer arrays has been explicitly vectorized using SSE2 instructions, achieving
close to the theoretically maximum 16X speedup. If the lexically-ordered kmer arrays were
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sufficiently similar, a new step has been added in which the overlap between sequence-ordered
kmer arrays is calculated using explicitly vectorized SSE2 instructions. If the overlap between
the lexically-ordered kmer arrays is equal to the overlap between the sequence-ordered kmer
arrays then the ungapped alignment is assumed to be the optimal alignment between the
sequences. Otherwise a banded Needleman-Wunsch alignment is performed that has been
implicitly vectorized along the sub-diagonal.

Figure 1: Flowchart of computational methodology. Two software packages, PacBio SMRT Link and
the DADA2 R package, were used to process raw PacBio amplicon sequencing data into chimera-free
amplicon sequence variants (ASVs). The specific commands used at each step of data processing are
italicized, and the data types at each stage of processing are indicated in grey bubbles. Complete
examples of this workflow are available in the reproducible analyses accompanying this manuscript:
https://github.com/benjjneb/LRASManuscript.

Code Availabilty
The DADA2 R software package is licensed under the LGPL3, and the source code is freely
available from GitHub: https://github.com/benjjneb/dada2. Reproducible R markdown
documents implementing the analyses performed in this paper also document the full workflow
used to infer ASVs from PacBio CCS data: https://github.com/benjjneb/LRASManuscript. All
computation was performed with version 1.12.1 of the DADA2 R software package on a 2017
MacBook Pro and was completed in minutes to tens of minutes.
Full-Complement Classification of E. coli
9
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ASVs assigned to the Escherichia genus were grouped into strain-level bins based on the
expectation of integral ratios between same-genome ASVs and the known copy number of
seven 16S rRNA genes in E. coli. We performed BLAST searches for each ASV in a strain-level
bin against the NCBI nucleotide database (nt) on February 4, 2019. The highest BLAST score
for each ASV was determined, and all accessions reaching the highest score were recorded.
The total occurrences of accessions across the high scores for each ASV were tabulated. The
set of accessions with the greatest number of high-score hits served as the basis for further
classification. The metadata associated with the Genbank entry for each such accession was
inspected, and E. coli strains were assigned metadata values (e.g. serotype) that were
consistent across all such accessions. Accessions for which the metadata entry of interest was
absent were ignored.
Classification based on representative full-length sequences pursued the same
BLAST-and-consensus approach as above, but utilized only the most abundant ASV from each
strain as the representative sequence. Classification based on the V3V4 and V4V5 gene
regions followed the same procedure as full-complement classification, but using the
subsequences extracted using the Biostrings matchLRPatterns function (Pagès 2017) based on
the Illumina-recommended V3V4 primer set and the JGI-recommended V4V5 primer set,
respectively (Klindworth 2013; Parada 2016).
Determination of Genomic Abundances
We used the 16S rRNA gene copy number, along with the frequencies of the associated ASVs,
to infer the genomic frequency of each mock community strain in the pool of amplified DNA.
More precisely, to calculate the genomic frequencies we summed the frequencies of all ASVs
assigned to each strain, and then divided by the corresponding 16S rRNA gene copy number.
Determination of Sequence Accuracy
The available reference databases for the Zymo and HMP mock communities are incomplete,
so we used a multifaceted approach to evaluate the accuracy of denoised ASVs. First, ASVs
were compared to the incomplete reference databases associated with each mock community.
Second, each ASVs was BLAST-ed against nt excluding uncultured/environmental sample
sequences. Finally, the genomic abundance of each ASV was calculated (see above). An ASV
was determined to be accurate if it exactly matched a sequence previously observed from an
isolate of the corresponding species, or if the ASV appeared in an integer number (±0.2) of
copies per genome and there were multiple alleles present in the data from that strain.

Results
Accuracy in Mock Communities of Known Composition
We evaluated the performance of our full-length 16S rRNA amplicon sequencing methodology
in two artificially constructed communities of known composition (mock communities). The Zymo
mock community contains eight phylogenetically distant bacterial strains, with cellular
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proportions chosen to equalize the total genomic DNA contributed by each strain. The HMP
mock community contains 20 bacterial strains of varying phylogenetic similarity, with proportions
chosen such that rRNA gene frequencies vary over 3 orders of magnitude. Each mock
community was sequenced on a single Sequel cell using the S/P1-C1.2 sequencing chemistry.
They Zymo mock community yielded 77,453 CCS reads above the minPasses threshold of 3
and the minPredictedAccuracy threshold of 99.9%, and 69,367 reads after removing primers
and filtering (Methods, Supplementary Table 1). The HMP mock community yielded 78,328 CCS
reads above the thresholds, and 69,963 reads after removing primers and filtering.

Figure 2. Abundances of full-length 16S rRNA gene amplicon sequence variants (ASVs) detected
in the Zymo mock community, scaled by the genomic abundance. Twenty-nine distinct ASVs were
detected by our long-read amplicon sequencing methodology in the Zymo mock community. Each ASV
was grouped into a bin corresponding to eight bacterial strains in the mock community on the basis of its
taxonomic assignment. The abundance of each ASV was divided by the genomic abundance of the mock
community strain from which it originated (see Methods), and the normalized abundance of each ASV is
plotted on the y-axis. Panels correspond to the 8 bacterial strains in the Zymo mock community, most of
which were associated with multiple unique ASVs, i.e. distinct alleles from different copies of the rrn
operon. No other ASVs were detected.

Exact amplicon sequence variants (ASVs) were inferred from the filtered reads by the new
version 1.12.1 of the DADA2 R software package that has been updated to efficiently process
long amplicon reads and appropriately model PacBio CCS sequencing errors (Methods).
Taxonomy down to the genus level was assigned to ASVs by the naive Bayesian classifier and
the SILVA v128 database (Wang 2007; Quast 2013), and at the species level by BLAST
searches against the NCBI nucleotide collection (nt). In both datasets, every ASV was assigned
to a genus and species belonging to the expected members of the mock communities. Since we
11
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expect to detect intragenomic variation in the often multi-copy 16S rRNA gene, we grouped
ASVs into putative strain bins by their taxonomic assignments.
In the Zymo mock community 29 ASVs were detected, of which 25 of 29 were exact matches
(100% identity, 100% coverage) to 16S rRNA genes previously sequenced from the isolates of
the corresponding species. The three Lactobacillus fermentum ASVs and one Staphylococcus
aureus ASV that were not exact matches differed by just one nucleotide from previously
observed sequences. In the HMP mock community 51 ASVs were detected, of which 48 of 51
were exact matches. The one Staphylococcus epidermis ASV and two Clostridium bejerenckii
ASVs that were not exact matches differed by just two and one nucleotides, respectively, from
previously observed sequences. The frequencies of ASVs detected in the HMP mock
community varied over 3 orders of magnitude, ranging as low as 0.00019.

Figure 3. Abundances of genomes and ASVs recovered from the HMP mock community. (a) The
abundances of each genome in the long-read amplicon sequencing data are plotted on the log-scaled
y-axis (Methods). Observed genome abundances varied over three orders of magnitude. Significant
counting noise exists for ASVs from genomes with abundances below 100. (b) The abundance of each
ASV divided by the genomic abundance of the mock community strain from which it originated is plotted
on the y-axis. Integral values are indicated by horizontal grid lines. No other ASVs were detected.

If ASVs represent genuine allelic variants present in these genomes, then ASVs from the same
strain should appear in integral ratios corresponding to the copy number of each allele within the
genome. Integral ratios are unexpected if ASVs represent uncorrected amplicon sequencing
artefacts. The ASVs inferred by our methodology appear in frequencies that are integral ratios
to one another, and to the genomic frequency of the corresponding strain. Figure 2 shows the
frequency of each ASV in the Zymo mock community, normalized to the observed strain
genomic frequency (Methods). All ASV:genome ratios are integers (e.g. 1, 2, 3, …) with
maximum deviations of ±0.2. The frequencies of ASVs in the HMP mock community also appear
in integral ratios, with the exception of a deviation in Bacillus cereus ASV frequencies that
cannot be attributed to counting noise, given the substantial abundance of that strain in the data
(Figure 3).
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Error Rates of PacBio CCS Amplicon Reads and Denoised ASVs
The available reference databases for these mock communities are incomplete, so we used a
multifaceted approach to evaluate ASV accuracy (Methods) that incorporated both comparisons
to reference databases and the pattern of integral ratios expected between genuine allelic
variants within a genome. In the Zymo mock community, we concluded that the ASVs detected
by our methods contained no false positives and that the residual per-base error rate after
denoising with DADA2 was zero. In the HMP mock community, we concluded that it was most
likely that the ASVs detected by our method contained no false positives, in which case the
residual per-base error rate of the denoised ASVs was again zero. However, we leave open the
possibility that the less frequent B. cereus ASVs that did not appear in integral ratios could
contain errors, in which case the residual per-base error rate would be 2.6 x 10-6.

Figure 4. Error rates in PacBio CCS amplicon reads from the Zymo mock community as a function
of error type, nucleotide position and quality score. The rate of substitutions (top), insertions (middle),
and deletions (bottom) is shown for non-chimeric and non-contaminant reads from the Zymo mock
community. Darker colors indicate lower quality bases. There is no quality score associated with
deletions, as such errors indicate the absence of a nucleotide in the sequencing read. For visual clarity,
only nucleotide positions 151-350 are plotted. See Supplementary Figure 1 for the full-length plot.

The Zymo mock community was used to characterize in detail the error profile of the
uncorrected PacBio CCS amplicon reads generated by our protocol. After excluding chimeras
and contaminants, the remaining reads were aligned to the true ASVs from which they were
most likely to have originated. All differences between reads and true sequences were recorded
by type (i.e. substitution, insertion or deletion), position in the read, and associated quality
score. The measured error rates are shown in Figure 4, restricted to a representative window of
200 nucleotides for visual clarity. A complete plot over the full 16S rRNA gene amplicon in a
vector image format suitable for zooming is included as Supplementary Figure 1.
13

bioRxiv preprint first posted online Aug. 15, 2018; doi: http://dx.doi.org/10.1101/392332. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license.

The aggregate error rate of the uncorrected CCS reads was 4.3 x 10-4 per nucleotide, with
insertions (2.2 x 10-4) occurring at about twice about the rate of substitutions (1.1 x 10-4) and
deletions (1.0 x 10-4). The distribution of substitutions across nucleotide positions within reads
was relatively uniform, with a very small number of higher error rate positions that were
associated with lower quality scores (Figure 4 and Supplementary Figure 1). The rate of
insertion errors varied more across positions, likely due to context-dependent error modes such
as homopolymer errors, but high error-rate positions were strongly associated with low quality
scores. The variation in the rate of deletions across positions was intermediate between
substitutions and insertions and, because deletions have no associated quality score, the high
rates of deletions at certain positions was not obviously explained by a technical variable.
Earlier evaluations of full-length 16S rRNA gene amplicon sequencing using PacBio CCS reads
generated by the RSII sequencing instrument reported far higher error rates before and after
denoising, and perhaps more importantly also reported the presence of systematic errors
repeatedly arose at specific positions (Schloss 2016; Wagner 2016). We re-analyzed the
sequencing data from the Staphylococcus aureus monoculture data used to describe systematic
errors in Wagner et al. 2016 with the updated DADA2 R software package, and recovered 5
non-chimeric ASVs. The S. aureus genome typically contains 5 copies of the rrn operon, and all
5 ASVs exactly matched previously sequenced S. aureus 16S rRNA genes. The differences
between these intragenomic variants may have been misinterpreted as systematic errors,
perhaps because the short-read genome assembly that was used as the ground truth in the
original publication contained only one of the five rrn operons in the S. aureus genome
(Larner-Svensson 2013). Additionally, we did not see an improvement in the accuracy of ASVs
recovered from our mock communities when requiring higher subread coverage than the default
threshold of minPasses=3, suggesting that the default thresholds are effective for Sequel
sequencing chemistries and current software versions.

Comparison of the Accuracy of DADA2 ASVs to Long-Read OTU Methods
We compared the accuracy of our DADA2-based computational pipeline to two other pipelines
that have previously been applied to PacBio amplicon sequencing data, one based on the
mothur software package (Schloss 2009; Schloss 2016) and one based on the uparse algorithm
implemented in the usearch software package (Edgar 2013; Earl 2018). Each computational
pipeline was applied to commonly pre-processed fastq files from the Zymo and HMP mock
community datasets. The accuracy of the ASVs output by DADA2 and the OTUs output by
mothur and uparse are reported in Table 3.
All computational methods performed reasonably well, reflecting the high accuracy of the
underlying PacBio CCS reads, but clear differences between the methods were also apparent.
Both DADA2 and uparse had perfect specificity, in that every ASV or OTU output by these
methods was truly present in the expected mock communities. The mothur method output 16
and 13 false positive OTUs in the Zymo and HMP mock communities, respectively. Most of
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these false positives were present as singletons (i.e. OTUs with just one read) and therefore
would be removed if a singleton filter were applied prior to subsequent analysis. All three
methods detected all 8 strains in the Zymo mock community. DADA2 detected 17 strains in the
HMP mock community while mothur and uparse detected only 16 strains. DADA2 was able to
distinguish between between Staphylococcus aureus and Staphylococcus epidermidis while
mothur and uparse lumped these species together into a single OTU. Mothur also failed to
detect the moderately abundant (>100 reads) Neisseria gonorrhoeae strain, but was the only
method that detected the rare (3 reads) Deinococcus radiodurans strain.

Dataset

Method

Feature
Type

Zymo

DADA2

ASVs

29

29

0

0

8

mothur

OTUs

24

8

5

11

8

uparse

OTUs

8

8

0

0

8

DADA2

ASVs

51

51

0

0

17

mothur

OTUs

29

16

4

9

16

uparse

OTUs

16

16

0

0

16

HMP

Total

TP

FP

Singleton

Strains
Detected

Table 3. The accuracy of different computational methods on PacBio amplicon sequencing data
from mock communities. The PacBio long-read amplicon sequencing data from the Zymo and HMP
mock communities was processed by DADA2, mothur and uparse (as implemented in usearch). DADA2
identifies exact amplicon sequence variants (ASVs) with single-nucleotide resolution, while mothur and
usearch identify OTUs, i.e. clusters of reads within a 97% similarity threshold. Total: The number of
features (ASVs or OTUs) identified. TP: True positives. FP: False positives. Singleton: Features with just
one read. In these datasets, the singleton OTUs output by mothur consisted of chimeras, sequencing
errors and contaminants. Strains detected: The number of strains in the mock communities identified by
each method.

Sub-species Classification using the Full Complement of 16S rRNA Gene Alleles
Taxonomic classification is typically performed on 16S rRNA sequences individually, but greater
resolution can be achieved by utilizing the full complement of 16S alleles in bacterial strains. In
the Zymo mock community, 5 E. coli ASVs were recovered with abundances in 3:1:1:1:1 ratios.
In the HMP mock community, 6 E. coli ASVs were recovered with abundances in 2:1:1:1:1:1
ratios. We consider here a simple ad hoc full-complement classification procedure in which the
accessions of the best BLAST hits for each E. coli ASV against the NCBI nucleotide database
(nt) are recorded, and sub-species classifications are assigned based on the set of accessions
that were best hits to the largest number of ASVs (Methods). We compared full-complement
classification to classification based on the most abundant (i.e. representative) sequence from
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each strain, as well as classification based on short-read ASVs from the commonly used V3V4
and V4V5 regions of the 16S rRNA gene (Table 3).

Zymo

HMP

Method

Classification

Best Hits

V3V4

Escherichia/Shigella

994

V4V5

Escherichia/Shigella

996

FL-Representative

E. coli O157:H7

53

FL-Full Complement

E. coli O157:H7

14

V3V4

Escherichia/Shigella

994

V4V5

Escherichia/Shigella

996

FL-Representative

E. coli

320

FL-Full Complement

E. coli K12

32

Table 4. Classification of E. coli strains based on full-length and short-read 16S rRNA gene
amplicon sequence variants. The ASVs identified from the E. coli strains in the Zymo and HMP mock
communities were used to classify the strains based on the V3V4 region alone, the V4V5 region alone,
the representative (i.e. most abundant) full-length (FL) sequence, and the full complement of full-length
sequences (Methods). Classification was based on a consensus across the best hits identified by exact
BLAST hits against the NCBI nucleotide database (nt). The number of equally best hits is recorded.

The exact full-length 16S rRNA gene sequences identified by our method allowed for the E. coli
strain in the Zymo mock community to be classified as belonging to the enterohemorrhagic
O157:H7 clade. Classification precision increased further when making use of the full
complement of 16S rRNA alleles. There were 14 accessions that exactly matched 4 of the 5
ASVs recovered from the Zymo E. coli strain, and none that exactly matched all five. Of those
14 accessions, 12 were annotated with serotype O157:H7, one was annotated with O antigen
157 but had no annotation for the H antigen, and one had no serotype annotation. If we ignore
the missing values, the Zymo E. coli strain was unambiguously and correctly classified as
belonging to the enterohemorrhagic O157:H7 clade. In comparison, the short-read V3V4 and
V4V5 amplicon gene sequences did not allow resolution between the Escherichia and Shigella
genera, much less sub-species classification.
The full complement of full-length 16S rRNA gene sequences identified by our method allowed
the E. coli strain in the HMP mock community to be classified as belonging to the K12 clade.
There were 32 accessions that exactly matched all 6 ASVs recovered from the HMP E. coli
strain. Of those 32 accessions, 27 were either annotated as K-12, MG1655 (a specific strain in
the K-12 clade), or as derived from MG1655. The other 5 were unannotated, but the best
BLAST hits to the full genomes were K-12 strains. Classification based on only the most
abundant full-length sequence did not resolve this clade membership, and allowed only
16
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classification to the E. coli species. The short-read V3V4 and V4V5 sequences of this K12 strain
were identical to those obtained from the Zymo O157:H7 strain, and once again did not allow
resolution between the Escherichia and Shigella genera.

Resolution and Technical Replication in Human Fecal Samples
To validate the performance of our methodology in complex microbial communities, we
performed technical replicate long-read amplicon sequencing experiments on a set of 9 human
fecal samples and 3 additional samples excluded from further analysis. Individual samples were
barcoded, and multiplexed sequencing of the 12 samples was performed in a single Sequel cell.
The first replicate was sequenced using the S/P2-C2/5.0 Sequel sequencing chemistry, which
yielded 177,691 CCS reads at 99.9% predicted accuracy across the twelve samples, 146,589
reads after primer detection and filtering, and a median of 12,158 filtered reads per human fecal
sample (Supplementary Table 1). The second replicate was sequenced using a pre-release
version of S/P3-C3/5.0 Sequel sequencing chemistry, which yielded 289,644 CCS reads at
99.9% predicted accuracy across the twelve samples, 249,802 reads after primer detection and
filtering, and a median of 21,411 filtered reads per human fecal sample, nearly double that
achieved using the previous generation sequencing chemistry.

Figure 5. Consistent detection of full-length 16S rRNA gene sequences with single-nucleotide
resolution in human fecal samples. Seven human fecal samples were characterized by two technical
replicates of our full-length 16S rRNA gene amplicon sequencing method. (a) The abundances of all
ASVs recovered from the same sample in different technical replicates. ASVs recovered in both technical
replicates are black, and non-replicated ASVs are red. The top panel shows the full range of per-sample
abundances, and the bottom panel zooms in on low abundance ASVs. (b) The abundance of each ASV
assigned to E. coli in Replicate 2 for samples with >0.2% E. coli reads. Longitudinal samples from
subjects R3 (top row) and R9 (bottom row) are ordered left-to-right by sampling time. ASVs putatively
derived from the same strain are plotted adjacently.
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We do not know the ground truth of these human fecal samples, so as an alternative to
accuracy analysis we investigated consistency across technical replicates. Prior to sample
inference with DADA2, we rarefied each replicate sample to 10,000 reads in order to remove
any impact of sequencing depth, yielding 7 pairs of samples in which both replicates exceeded
10,000 reads. The ASVs detected by DADA2 from these rarefied samples were consistent
across technical replicates (Figure 5A). On a per-sample basis, 881 ASVs were detected in both
replicates, while 65 and 70 were detected only in Replicate 1 or 2, respectively. Estimated
abundances were highly consistent: the Pearson’s correlation between the per-sample
abundances across replicates was 0.998. ASVs that failed to be detected in one replicate or the
other appeared at low frequencies (<50 reads, <0.5% frequency; Figure 5A).
To investigate whether the full complement of 16S rRNA alleles within individual strains could
be resolved in more complex natural communities, we focused on all ASVs in the fecal samples
that were classified as Escherichia coli. In each sample in which an appreciable number of E.
coli reads was detected, clear bins of ASVs from the same strain could be constructed based on
the expected integral ratios between the abundances of intra-genomic alleles, and our
knowledge that E. coli has 7 copies of the 16S rRNA gene (Figure 5B). Consistent strain-level
bins persisted over time in both subjects. In Subject R9, two different E. coli strains can be
clearly distinguished from one another in the Timepoint 1 sample. The full complement of ASVs
was recovered from the low-frequency E. coli strain even though the individual ASVs were
present in only 8–15 reads each. The ASVs from the low-frequency strain in Timepoint 1 exactly
match the ASVs from the single strain present in Timepoint 2.

Discussion
Currently, community profiling of the 16S rRNA gene is almost always conducted using
short-read sequencing technologies that measure only fragments of the complete gene. This is
largely responsible for the well-known difficulty in achieving species-level resolution from
high-throughput 16S sequencing data (Edgar 2018). The potential for species-level
classification from full-length 16S rRNA gene amplicon sequencing has been convincingly
demonstrated (e.g. Earl 2018), but higher costs, higher error rates and a less-developed
ecosystem of computational methods continue to limit the appeal of long-read amplicon
sequencing. We believe that recent and ongoing improvements in the accuracy and
cost-efficiency of long-read sequencing technologies, coupled with the high-resolution
computational methods now being developed, make a compelling case for investigators to
revisit long-read amplicon sequencing as a measurement technique going forward.
The resolution and accuracy achieved by our methodology derives in significant part from the
exceptional and not-entirely-appreciated accuracy of modern PacBio CCS sequencing. We
observed total error rates of 4.3 x 10-4 per nucleotide in PacBio CCS amplicon sequencing
reads, significantly lower than the per-base error rates of common Illumina sequencing
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platforms (Schirmer 2016, Pfeiffer 2018). As a result, half of all sequencing reads were
error-free over the entire ~1.5 kilobase (kb) 16S rRNA gene and a computational approach
leveraging repeated observations of error-free sequence was adaptable to PacBio CCS data
(Callahan 2016; Callahan 2017). We predict that a computational workflow based on the
DADA2 method will continue to be effective for PacBio CCS amplicons extending out to ~3 kb
but that sensitivity to low-frequency variants will degrade for >3 kb amplicons as the fraction of
error-free reads declines. In the regime in which few or no sequences are expected to be
error-free, alternative computational methods will be necessary and are now being developed
(Kumar 2019). We urge caution in applying our computational methods to data from PacBio
RSII sequencing chemistries before P6-C4 and/or CCS data that was generated by the earlier
SMRT Portal software, as error rates in such data may be substantially higher than in the data
considered here. In addition, the 16S rRNA gene is almost devoid of long homopolymeric
repeats, so additional validation is warranted if applying our methodology to more
homopolymer-rich genetic loci given previous reports of higher PacBio CCS error rates in
homopolymer regions (Francis 2018; Wenger 2019).
One of the challenges in evaluating our method was that the accuracy and completeness of the
ASVs we recovered often outstripped supposedly authoritative references. This was particularly
true when reference genome assemblies were based on short-read sequencing, which
struggles to resolve repeated regions such as the multiple copies of the rrn operon present in
many bacterial genomes, as exemplified by our re-analysis of the Wagner 2016 results. For this
reason we used a multifaceted approach to evaluate ASV accuracy, in which we compared
ASVs to the references provided with the mock community materials and to broader reference
databases such as nt, and also investigated the pattern of integral ratios expected between
genuine allelic variants within a genome. We observed very high ASV accuracy in both the
Zymo and HMP mock communities (no false positives, all taxa detected) and very low residual
error rates (zero – 2.6 x 10-6) that compare favorably to the best error rates reported from
short-read amplicon sequencing (e.g. Kozich 2013; Callahan 2016). These results suggest that
our methodology will be useful in applications that demand the highest levels of accuracy, such
as generating reference-quality gene sequences, particularly for multi-copy genes that may
have allelic variation that is difficult to resolve from short-read shotgun sequencing data. The
short turn-around time of PacBio sequencing and the effectiveness of amplicon sequencing in
mixed and heterogeneous samples also suggest potential diagnostic applications (Cummings
2016).
Single-nucleotide resolution of the full-length 16S rRNA gene often reveals intragenomic allelic
variation. At first glance this may appear to be an unwanted nuisance, at least for simple
applications such as counting the number of microbial types in a community. However, the full
allelic complement can qualitatively improve the taxonomic resolution afforded by 16S rRNA
gene sequencing, as we demonstrated here by identifying an E. coli strain as belonging to the
enterohemorrhagic O157:H7 clade that is a major foodborne pathogen and threat to public
health (Lim 2010). Short-read 16S rRNA gene sequencing would identify the same strain only
as belonging to the Escherichia/Shigella genus, and traditional OTU binning approaches applied
19

bioRxiv preprint first posted online Aug. 15, 2018; doi: http://dx.doi.org/10.1101/392332. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license.

to full-length 16S rRNA gene data would group this pathogenic E. coli strains with other
non-pathogenic E. coli strains in a shared OTU. New methods that automate the simple rules
we used to create strain-level bins in our data by hand – integral ratios, similar taxonomic
assignments, and consistent patterns across samples – will help realize the potential of
full-complement classification. This could perhaps be achieved by translating methods
developed for metagenomics binning (e.g. Alneberg 2014) or distribution-based clustering of
marker gene sequences (Preheim 2013; Frøslev 2017). The greatest challenge to maximizing
the classification potential of long-read amplicon sequencing may be the development of
databases that include the full complement of 16S rRNA alleles for each reference entry.
In recent years, additional sequencing technologies have become available that could be used
for long-read amplicon sequencing. Oxford Nanopore sequencing technology can achieve reads
of 10s or even 100s of kilobases in length, and offers compelling benefits such as portability and
rapid data acquisition. Recent work has examined Oxford Nanopore sequencing of the
full-length 16S rRNA gene with promising results (Calus 2018). However, at this point in time the
error rates of Oxford Nanopore remain too high to achieve single-nucleotide resolution from
community samples. While new molecular consensus sequence approaches are being
developed, the available approaches for Oxford Nanopore sequencing do not yet achieve
anywhere near the accuracy of PacBio CCS reads. Another approach is to create “synthetic”
long reads by assembling short reads known to derive from the same long amplicon molecule
via some barcoding scheme (e.g. Burke 2016; Cole 2016) as recently commercialized for
microbiome profiling by Loop Genomics (Wu 2019). In principle, we expect that
single-nucleotide resolution and high accuracy would be achievable from synthetic long reads,
as sufficient short-read coverage of long amplicon molecules can yield very low error rates.
However, further validation is warranted as unexpected challenges such as systematic error
modes could introduce complications.
Full-length 16S rRNA gene sequencing, short-read 16S rRNA gene sequencing, and shotgun
metagenomic sequencing each have different advantages that make them preferable in different
applications. Short-read amplicon sequencing is the most inexpensive taxonomic profiling
method, and is also the method best suited for probing rare community variants given the great
depth per-sample it can provide. Shotgun metagenomic sequencing can achieve species and
even sub-species level taxonomic resolution when suitable genomic references are available,
and also provides information about the functional genetic potential of the sampled community.
Deep shotgun sequencing additionally allows for the de novo assembly of at least partial
genomes from abundant members of the community. Full-length 16S rRNA gene sequencing
combines the targeting of amplicon sequencing with species and sub-species level taxonomic
resolution. We believe that amplicon sequencing of the full-length 16S rRNA gene will be an
attractive option for applications that benefit from the advantages of targeted amplicon
sequencing, e.g. environments in which the genetic material of interest is a minority of all DNA,
and that benefit from taxonomic resolution below the genus level and/or from the breadth of
available 16S rRNA gene reference databases, e.g. environments less well characterized than
the human gut.
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Finally, while we focused here on the 16S rRNA gene, the most important applications of
targeted long-read sequencing with single-nucleotide resolution may be outside the microbial
profiling application. Targeted sequencing is commonly used to characterize variation at specific
loci within the large human genome, such as somatic mutations of known oncogenes in breast
tumors (Chen 2018), and our method could potentially capture entire oncogenes rather than
incomplete slices. Targeted sequencing of the full-length 16S rRNA gene is a standard
technique to identify unknown bacteria in research and clinical settings (Woo 2008), and our
method could provide the same information without the purification needed for Sanger
sequencing, which is particularly useful when dealing with polymicrobial samples or unculturable
bacteria (Cummings 2016). Our method may even scale to sequencing of the entire ~5 Kb
16S-ITS-23S gene region in low-complexity samples or clonal isolates. Perhaps most intriguing,
multi-kilobase reads are sufficient to capture complete viral genes and even some complete
viral genomes. Binned long-read amplicon sequencing is already being used to describe
adaptive dynamics in the env gene of HIV-1 (Caskey 2017), an application that would clearly
benefit from the ability to resolve the individual mutations that fuel within-host diversification.
Other potential applications include MHC-typing (Karl 2017), broad-spectrum fungal profiling
(Tedersoo 2018), and immune repertoire sequencing (Georgiou 2014), and we look forward to
future developments in other areas that can leverage the precise long-read amplicon
sequencing that new sequencing technologies and computational methods are making possible.

Author Contributions
BJC designed the research; BJC implemented the algorithm; BJC performed the analysis; BJC
wrote the paper; JW, CH and SO developed the amplicon sequencing methodology, performed
the amplicon sequencing, and processed the raw sequencing data; CMT, ASG, SKM and MKD
collected the human fecal samples.

Competing Interests
JW, CH and SO are full-time employees at Pacific Biosciences, a company commercializing
single-molecule sequencing technologies.

Data Availability
Reproducible R markdown documents implementing the analyses presented in this manuscript
are available at https://github.com/benjjneb/LRASManuscript. Sequencing data are deposited in
the SRA under Bioproject accession PRJNA521754 and will be made public upon acceptance.

Acknowledgements
We thank Naga Betrapally for assistance in generating CCS reads, Meredith Ashby for advice
and consultation, and Paul Hess, Roey Angel and Jacob Price for sharing test datasets not
included in this manuscript. CoreBiome, Inc. performed the fecal sample DNA extraction and
quantification.
21

bioRxiv preprint first posted online Aug. 15, 2018; doi: http://dx.doi.org/10.1101/392332. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license.

References
Alneberg,J., Bjarnason,B.,S., De Bruijn,I., Schirmer,M., Quick,J., Ijaz,U.,Z., Lahti,L.,
Loman,N.,J., Andersson,A.,F., Quince,C. (2014). Binning metagenomic contigs by coverage
and composition. Nat. Methods, 11, 1144.
Burke,C.,M., Darling,A.,E. (2016). A method for high precision sequencing of near full-length
16S rRNA genes on an Illumina MiSeq. PeerJ, 4, e2492.
Callahan,B.,J., McMurdie,P.,J., Rosen,M.,J., Han,A.,W., Johnson,A.,J.,A., Holmes,S.,P. (2016).
DADA2: high-resolution sample inference from Illumina amplicon data. Nat. Methods, 13,
581-583.
Callahan,B.,J., McMurdie,P.,J., Holmes,S.,P. (2017). Exact sequence variants should replace
operational taxonomic units in marker-gene data analysis. ISME J., 11, 2639.
Calus,S.,T., Ijaz,U.,Z., Pinto,A.,J. (2018). NanoAmpli-Seq: A workflow for amplicon sequencing
for mixed microbial communities on the nanopore sequencing platform. GigaScience, 7, giy140.
Caskey,M., Schoofs,T., Gruell,H., Settler,A., Karagounis,T., Kreider,E.,F., Murrell,B., Pfeifer,N.,
Nogueira,L., Oliveira,T.,Y., Learn,G.,H. (2017). Antibody 10-1074 suppresses viremia in
HIV-1-infected individuals. Nat. Med., 23, 185.
Chen,L., Yang,L., Yao,L., Kuang,X.,Y., Zuo,W.,J., Li,S., Qiao,F., Liu,Y.,R., Cao,Z.,G.,
Zhou,S.,L., Zhou,X.,Y. (2018). Characterization of PIK3CA and PIK3R1 somatic mutations in
Chinese breast cancer patients. Nat. Commun., 9, 1357.
Cole,C., Volden,R., Dharmadhikari,S., Scelfo-Dalbey,C., Vollmers,C. (2016). Highly Accurate
Sequencing of Full-Length Immune Repertoire Amplicons Using Tn5-Enabled and Molecular
Identifier–Guided Amplicon Assembly. J. Immunol., 196, 2902-7.
Cummings,L.,A., Kurosawa,K., Hoogestraat,D.,R., SenGupta,D.,J., Candra,F., Doyle,M.,
Thielges,S., Land,T.,A., Rosenthal,C.,A., Hoffman,N.,G., Salipante,S.,J. (2016). Clinical next
generation sequencing outperforms standard microbiological culture for characterizing
polymicrobial samples. Clin. Chem., 62, 1465-73.
Earl,J.,P., Adappa,N.,D., Krol,J., Bhat,A.,S., Balashov,S., Ehrlich,R.,L., Palmer,J.,N.,
Workman,A.,D., Blasetti,M., Sen,B., Hammond,J. (2018). Species-level bacterial community
profiling of the healthy sinonasal microbiome using Pacific Biosciences sequencing of full-length
16S rRNA genes. Microbiome, 6, 190.

22

bioRxiv preprint first posted online Aug. 15, 2018; doi: http://dx.doi.org/10.1101/392332. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license.

Edgar,R.,C. (2013). UPARSE: highly accurate OTU sequences from microbial amplicon reads.
Nat. methods, 10, 996.
Edgar,R.,C. (2018). Updating the 97% identity threshold for 16S ribosomal RNA OTUs.
Bioinformatics, 34, 2371–2375.
Eren,K., Weaver,S., Ketteringham,R., Valentyn,M., Smith,M.,L., Kumar,V., Mohan,S.,
Pond,S.,L., Murrell,B. (2018). Full-Length Envelope Analyzer (FLEA): A tool for longitudinal
analysis of viral amplicons. PLoS Comput. Biol., 14, e1006498.
Francis,F., Dumas,M.D., Davis,S.B., Wisser,R.J. (2018). Clustering of circular consensus
sequences: accurate error correction and assembly of single molecule real-time reads from
multiplexed amplicon libraries. BMC Bioinf., 19, 302.
Franzosa,E.,A., Hsu,T., Sirota-Madi,A., Shafquat,A., Abu-Ali,G., Morgan,X.,C., Huttenhower,C.
(2015). Sequencing and beyond: integrating molecular 'omics' for microbial community profiling.
Nat. Rev. Microbiol., 13, 360.
Frøslev,T.,G., Kjøller,R., Bruun,H.,H., Ejrnæs,R., Brunbjerg,A.,K., Pietroni,C., Hansen,A.,J.
(2017). Algorithm for post-clustering curation of DNA amplicon data yields reliable biodiversity
estimates. Nat. Commun., 8, 1188.
Fuks,G., Elgart,M., Amir,A., Zeisel,A., Turnbaugh,P.J., Soen,Y., Shental,N. (2018). Combining
16S rRNA gene variable regions enables high-resolution microbial community profiling.
Microbiome, 6, 17.
Georgiou,G., Ippolito,G.C., Beausang,J., Busse,C.E., Wardemann,H., Quake, S.R. (2014). The
promise and challenge of high-throughput sequencing of the antibody repertoire. Nat.
Biotechnol., 32, 158.
Goodwin,S., McPherson,J.D., McCombie,W.R. (2016). Coming of age: ten years of
next-generation sequencing technologies. Nat. Rev. Genet., 17, 333.
Hebert,P.,D., Braukmann,T.,W., Prosser,S.,W., Ratnasingham,S., Ivanova,N.,V., Janzen,D.,H.,
Hallwachs,W., Naik,S., Sones,J.,E., Zakharov,E.,V. (2018). A Sequel to Sanger: amplicon
sequencing that scales. BMC genomics, 19, 219.
Hepler,N.,L., Delaney,N., Brown,M., Smith,M.,L., Katzenstein,D., Paxinos,E.,E., Alexander,D.
(2016). An Improved Circular Consensus Algorithm with an Application to Detect HIV-1
Drug-Resistance Associated Mutations (DRAMs). Poster presentation.

23

bioRxiv preprint first posted online Aug. 15, 2018; doi: http://dx.doi.org/10.1101/392332. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license.

Jiao,X., Zheng,X., Ma,L., Kutty,G., Gogineni,E., Sun,Q., Sherman,B.,T., Hu,X., Jones,K.,
Raley,C., Tran,B. (2013). A benchmark study on error assessment and quality control of CCS
reads derived from the PacBio RS. J. Data Min. Genomics Proteomics, 4, 1000136.
Karl,J.,A., Graham,M.,E., Wiseman,R.,W., Heimbruch,K.,E., Gieger,S.,M., Doxiadis,G.,G.,
Bontrop,R.,E., O’Connor,D.,H. (2017). Major histocompatibility complex haplotyping and
long-amplicon allele discovery in cynomolgus macaques from Chinese breeding facilities.
Immunogenetics, 69, 211-229.
Klindworth,A., Pruesse,E., Schweer,T., Peplies,J., Quast,C., Horn,M., Glöckner,F.,O. (2013).
Evaluation of general 16S ribosomal RNA gene PCR primers for classical and next-generation
sequencing-based diversity studies. Nucleic Acids Res., 41, e1.
Kozich,J.,J., Westcott,S.,L., Baxter,N.,T., Highlander,S.,K., Schloss,P.,D. (2013). Development
of a dual-index sequencing strategy and curation pipeline for analyzing amplicon sequence data
on the MiSeq Illumina sequencing platform. Appl. Environ. Microbiol., 79, 5112-20.
Kumar,V., Vollbrecht,T., Chernyshev,M., Mohan,S., Hanst,B., Bavafa,N., Lorenzo,A.,
Ketteringham,R., Eren,K., Golden,M., Oliveira,M.,F. (2019). Long-read amplicon denoising.
Jointly Submitted.
Larner-Svensson,H., Worning,P., Bartels,M.,D., Hansen,L.,H., Boye,K., Westh,H. (2013).
Complete genome sequence of Staphylococcus aureus strain M1, a unique t024-ST8-IVa
Danish methicillin-resistant S. aureus clone. Genome announcements, 1, e00336-13.
Larsen, P.,A., Heilman, A.,M., Yoder,A.,D. (2014). The utility of PacBio circular consensus
sequencing for characterizing complex gene families in non-model organisms. BMC genomics,
15, 720.
Levy,S.,E., Myers,R.,M. (2016). Advancements in next-generation sequencing. Annu. Rev.
Genomics Hum. Genet., 17, 95-115.
Lim,J.,Y., Yoon,J.,W., Hovde,C.,J. (2010). A brief overview of Escherichia coli O157: H7 and its
plasmid O157. J. Microbiol. Biotechnol., 20, 5.
Pacific Biosciences. (2018). SMRT® Tools Reference Guide.
Pagès H., Aboyoun P., Gentleman R., DebRoy S. (2017). Biostrings: Efficient manipulation of
biological strings. R package version 2.46.0.
Parada,A.,E., Needham,D.,M., Fuhrman,J.,A. (2016). Every base matters: assessing small
subunit rRNA primers for marine microbiomes with mock communities, time series and global
field samples. Environ. Microbiol., 18, 1403-14.
24

bioRxiv preprint first posted online Aug. 15, 2018; doi: http://dx.doi.org/10.1101/392332. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license.

Pfeiffer,F., Gröber,C., Blank,M., Händler,K., Beyer,M., Schultze,J.,L., Mayer,G. (2018).
Systematic evaluation of error rates and causes in short samples in next-generation
sequencing. Sci. Rep., 8, 10950.
Preheim,S.,P., Perrotta,A.,R., Martin-Platero,A.,M., Gupta,A., Alm,E.,J. Distribution-based
clustering: using ecology to refine the operational taxonomic unit. (2013). Appl. Environ.
Microbiol., 79, 6593-6603.
Quast,C., Pruesse,E., Yilmaz,P., Gerken,J., Schweer,T., Yarza,P., Peplies,J., Glöckner,F.,O.
The SILVA ribosomal RNA gene database project: improved data processing and web-based
tools. Nucleic Acids Res., 41, D590-6.
Rosen,M.,J., Callahan,B.,J., Fisher,D.,S., Holmes,S.,P. (2012). Denoising PCR-amplified
metagenome data. BMC Bioinf., 13, 283.
Schirmer,M., D’Amore,R., Ijaz,U.,Z., Hall,N., Quince,C. (2016). Illumina error profiles: resolving
fine-scale variation in metagenomic sequencing data. BMC Bioinf., 17, 125.
Schlaeppi,K., Bender,S.F., Mascher,F., Russo,G., Patrignani,A., Camenzind,T., Hempel,S.,
Rillig,M.C., van der Heijden,M.G. (2016). High-resolution community profiling of arbuscular
mycorrhizal fungi. New Phytol., 212, 780-791.
Schloss,P.D., Westcott,S.L., Ryabin,T., Hall,J.R., Hartmann,M., Hollister,E.B., Lesniewski,R.A.,
Oakley,B.B., Parks,D.H., Robinson,C.J., Sahl,J.W. (2009). Introducing mothur: open-source,
platform-independent, community-supported software for describing and comparing microbial
communities. Appl. Environ. Microbiol., 75, 7537-7541.
Schloss,P.,D., Jenior,M.,L., Koumpouras,C.,C., Westcott,S.,L., Highlander,S.,K. (2016).
Sequencing 16S rRNA gene fragments using the PacBio SMRT DNA sequencing system.
PeerJ, 4, e1869.
Singer,E., Bushnell,B., Coleman-Derr,D., Bowman,B., Bowers,R.,M., Levy,A., Gies,E.,A.,
Cheng,J.,F., Copeland,A., Klenk,H.,P., Hallam,S.,J. (2016). High-resolution phylogenetic
microbial community profiling. ISME J., 10, 2020.
Stoddard,S.,F., Smith,B.,J., Hein,R., Roller,B.,R., Schmidt,T.,M. (2014). rrnDB: improved tools
for interpreting rRNA gene abundance in bacteria and archaea and a new foundation for future
development. Nucleic Acids Res., 43, D593-8.
Tedersoo,L., Tooming-Klunderud,A., Anslan,S. (2018). PacBio metabarcoding of Fungi and
other eukaryotes: errors, biases and perspectives. New Phytol., 217, 1370-1385.
25

bioRxiv preprint first posted online Aug. 15, 2018; doi: http://dx.doi.org/10.1101/392332. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license.

Wagner,J., Coupland,P., Browne,H.,P., Lawley,T.,D., Francis,S.,C., Parkhill,J. (2016).
Evaluation of PacBio sequencing for full-length bacterial 16S rRNA gene classification. BMC
Microbiol., 16, 274.
Wang,Q., Garrity,G.,M., Tiedje,J.,M., Cole,J.,R. (2007). Naive Bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. Microbiol., 73,
5261-7.
Wenger,A.M., Peluso,P., Rowell,W.J., Chang,P.C., Hall,R.J., Concepcion,G.T., Ebler,J.,
Fungtammasan,A., Kolesnikov,A., Olson,N.D., Toepfer, A. (2019). Highly-accurate long-read
sequencing improves variant detection and assembly of a human genome. bioRxiv, 519025.
Westbrook,C.,J., Karl,J.,A., Wiseman,R.,W., Mate,S., Koroleva,G., Garcia,K., Sanchez-Lockhart
M., O’Connor,D.,H., Palacios,G. (2015). No assembly required: Full-length MHC class I allele
discovery by PacBio circular consensus sequencing. Hum. Immunol., 76, 891-896.
Woo,P.,C., Lau,S.,K., Teng,J.,L., Tse,H., Yuen,K.,Y. Then and now: use of 16S rDNA gene
sequencing for bacterial identification and discovery of novel bacteria in clinical microbiology
laboratories. (2008). Clin. Microbiol. Infect., 14, 908-34.
Wu,I., Ben-Yehezkel,T. (2019). A Single-Molecule Long-Read Survey of Human Transcriptomes
using LoopSeq Synthetic Long Read Sequencing. bioRxiv, 532135.

26

bioRxiv preprint first posted online Aug. 15, 2018; doi: http://dx.doi.org/10.1101/392332. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license.

Supplementary Tables and Figures

Supplementary Figure 1. Error rates in PacBio CCS amplicon reads from the Zymo mock
community as a function of error type, nucleotide position and quality score. The rate of
substitutions (top), insertions (middle), and deletions across all non-chimeric and non-contaminant reads
from the Zymo mock community are shown. Lower quality bases are plotted in darker colors. There is no
quality score associated with deletions, as such errors indicate the absence of the corresponding
nucleotide in the sequencing read.
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Sample

CCS

Primers

Filtered

Denoised

Mocks
(S/P1-C1.2)

Zymo

77453

73057

69367

69261

BEI

78328

73939

69963

69911

Human Fecal
Samples,
Replicate 1
(S/P2-C2/5.0)

R11_1

16195

12955

10307

10212

R3_1

24657

18588

15043

14972

R3_2

22799

18663

14939

14772

R3_3

14675

11838

9447

9401

R9_1

25306

19923

16052

15935

R9_1B

23003

18362

14630

14443

R9_2

19073

15186

12158

11906

R9_3

16315

12641

10115

9735

R9_4

12438

10053

8117

7816

R11_1

19627

17436

17147

16974

R3_1

30983

26605

26190

26088

R3_2

27505

24477

24081

23856

R3_3

18783

16738

16474

16382

R9_1

32133

28623

28171

27951

R9_1B

28156

24832

24453

24228

R9_2

24760

21759

21411

21071

R9_3

21621

18701

18429

17945

R9_4

15169

13481

13258

12864

Human Fecal
Samples,
Replicate 2
(S/P3-C3/5.0)

Supplementary Table 1. Reads retained at each step of our computational processing pipeline.
Three categories of samples were included in this manuscript: mock community samples, and the first
and second replicate samples derived from the human fecal specimens. The mock community samples
were sequenced on dedicated Sequel cells, while the human fecal samples were 12-fold multiplexed. The
sequencing chemistry used for each set of samples is indicated in parentheses. CCS: PacBio CCS reads
that met the default minPasses=3 and minPredictedAccuracy=0.999 thresholds for inclusion. Primers:
PacBio CCS reads in which the forward and reverse primer sequences were detected with at most two
mismatches each. Filtered: PacBio CCS with primers that passed the maxEE=2, minLen=1000 and
maxLen=1600 filtering thresholds. Denoised: PacBio CCS reads that were successfully denoised.
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