
Published online 3 July 2019 Nucleic Acids Research, 2019, Vol. 47, No. 18 e103
doi: 10.1093/nar/gkz569

High-throughput amplicon sequencing of the
full-length 16S rRNA gene with single-nucleotide
resolution
Benjamin J. Callahan 1,2,*, Joan Wong3, Cheryl Heiner3, Steve Oh3, Casey M. Theriot1, Ajay
S. Gulati4,5,6, Sarah K. McGill7 and Michael K. Dougherty7

1Department of Population Health & Pathobiology, North Carolina State University, Raleigh, NC 27607, USA,
2Bioinformatics Research Center, North Carolina State University, Raleigh, NC 27695, USA, 3Pacific Biosciences of
California, Inc., Menlo Park, CA 94025, USA, 4Center for Gastrointestinal Biology and Disease, University of North
Carolina at Chapel Hill, Chapel Hill, NC 27599, USA, 5Department of Pediatrics, Division of Gastroenterology,
University of North Carolina at Chapel Hill, Chapel Hill, NC 27599, USA, 6Department of Pathology and Laboratory
Medicine, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599, USA and 7Department of Medicine,
Division of Gastroenterology and Hepatology, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599, USA

Received February 11, 2019; Revised June 08, 2019; Editorial Decision June 15, 2019; Accepted June 20, 2019

ABSTRACT

Targeted PCR amplification and high-throughput se-
quencing (amplicon sequencing) of 16S rRNA gene
fragments is widely used to profile microbial commu-
nities. New long-read sequencing technologies can
sequence the entire 16S rRNA gene, but higher error
rates have limited their attractiveness when accu-
racy is important. Here we present a high-throughput
amplicon sequencing methodology based on PacBio
circular consensus sequencing and the DADA2 sam-
ple 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 vari-
ants from expected community members without
residual errors. The measured abundances of intra-
genomic sequence variants were in the integral ra-
tios expected from the genuine allelic variants within
a genome. The full-length 16S gene sequences re-
covered by our approach allowed Escherichia 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 alle-
les in several E. coli strains. There are likely many ap-
plications beyond microbial profiling for which high-
throughput amplicon sequencing of complete genes
with single-nucleotide resolution will be of use.

INTRODUCTION

The amplification of specific genetic loci by polymerase
chain-reaction (PCR) can powerfully focus DNA sequenc-
ing 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 (1). The precision, sensitivity and low cost
of amplicon sequencing have made it a ubiquitous tool uti-
lized in thousands of published scientific studies each year.

However, the advantages of amplicon sequencing come
at a cost: the information provided by amplicon sequenc-
ing is limited to a single genetic locus. In current practice,
the genetic loci measured by amplicon sequencing are typi-
cally 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 tax-
onomic barcodes, such as the 16S rRNA gene in bacteria
or the internal transcribed spacer (ITS) region in fungi, de-
grading taxonomic resolution and the ability to distinguish
between related strains (2,3). In studies of functional genes,
short reads do not cover even compact viral genes, limiting
amplicon sequencing to incomplete measurements of func-
tional 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 (4,5). Long reads can dramatically widen the
genetic field of view measured by amplicon sequencing, of-
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fering the promise of greatly increased resolution in taxo-
nomic profiling applications and measurement of complete
functional genes. However, amplicon sequencing applica-
tions 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 ampli-
fied genetic locus is circularized and read through multiple
times before a consensus sequence is reported (6). The CCS
approach effectively trades read length for accuracy: raw
reads reaching over 100 kb in length are processed to yield
CCS reads that extend only 1−20 kb but that have a per-
base accuracy comparable to that of short-read sequencing
(7−9).

Several previous studies have evaluated long-read ampli-
con 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 er-
rors on subsequent analyses (10−14). As a result, long-read
amplicon sequencing was not found to improve resolution
relative to short reads as much as was suggested by the in-
crease in read length. The advantages of long reads have
been a sufficient value proposition in applications such as
tracking diversification of the HIV env gene (15,16) and
characterizing histocompatibility in non-human organisms
(17,18), but the limited resolution gain in practice has been
insufficient to justify the increased cost of long-read ampli-
con sequencing in many applications, and so it is not widely
used at this time.

Here, we introduce an amplicon sequencing methodol-
ogy based on PacBio CCS sequencing and the DADA2 al-
gorithm and software (19) that resolves exact amplicon se-
quence variants (ASVs) with single-nucleotide resolution
(20) 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 techni-
cally 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 re-
covered 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.

MATERIALS AND METHODS

Mock communities

The ‘Zymo’ mock community is the ZymoBIOMICS™ Mi-
crobial Community DNA Standard available from Zymo
Research (Irvine, CA, USA). The Zymo mock commu-
nity consists of eight phylogenetically distant bacterial
strains (Table 1), as well as two yeast strains not ampli-
fied by our amplicon sequencing protocol. Genomic DNA
from each bacterial strain is mixed in equimolar propor-
tions. Of note, Zymo Research replaced five strains in
the ZymoBIOMICS™ standards with similar strains be-
ginning with Lot ZRC190633. The Lot # of the sam-
ple analyzed here was ZRC187325, which contains the

Table 1. Bacterial strains included in the Zymo mock community

Species GC Content (%) 16S Copy #

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

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).

Table 2. Bacterial strains included in the HMP mock community

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

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.

old mixture of strains, including Escherichia coli O157:H7
str. CDC B6914-MS1. Detailed information is available
at the manufacturer’s website: https://www.zymoresearch.
com/zymobiomics-community-standard.

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.

The 16S copy numbers of the strains in the HMP mock
community were not provided by the vendor, so we deter-
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mined 16S rRNA gene copy number of each strain by ref-
erence to the entries corresponding to that species in rrnDB
version 5.4 (The Ribosomal RNA Database, https://rrndb.
umms.med.umich.edu/; 21). Ambiguities were resolved by
analyzing the number of 16S rRNA gene copies in the top
BLAST hits of the ASVs assigned to each strain.

DNA extraction

The mock communities analyzed here consisted of genomic
DNA extracted by the vendors. For the human fecal sam-
ples, we extracted genomic DNA with the MO Bio Pow-
erFecal kit (Qiagen) automated for high throughput on Qi-
aCube (Qiagen). The manufacturer’s instructions were fol-
lowed 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 ge-
nomic DNA extracted from each sample. For the fecal sam-
ples, both the forward and reverse 16S primers were tailed
with sample-specific PacBio barcode sequences to allow for
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 sec-
ond PCR reaction. The KAPA HiFi Hot Start DNA Poly-
merase (KAPA Biosystems) was used to perform 20 cycles
of PCR amplification, with denaturing at 95◦C for 30 s, an-
nealing at 57◦C for 30 s and extension at 72◦C for 60 s. Post-
amplification quality control was performed by on a Bio-
analyzer (Agilent Technologies, Santa Clara, CA, USA).
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 li-
braries 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 se-
quenced on a single PacBio Sequel cell. Replicate 1 of the fe-
cal samples was sequenced using the S/P2-C2/5.0 sequenc-
ing chemistry, and Replicate 2 of the fecal samples was se-
quenced with a pre-release version of the S/P3-C3/5.0 se-
quencing chemistry.

Full details are presented in the Full-Length 16S Ampli-
fication SMRTbell® Library Preparation and Sequencing
Procedure & Checklist included as Supplementary Docu-
ment 1. For investigators interested in applying our method-
ology to other genes, we have included the more general-
purpose Preparing Amplicon Libraries using PacBio® Bar-
coded Adapters for Multiplex SMRT® Sequencing Proce-
dure & Checklist that is suitable for use with any ampli-
con as Supplementary Document 2. All amplicon sequenc-
ing was performed by Pacific Biosciences Inc. (Menlo Park,
CA, USA).

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 Bio-
sciences). CCS reads from the Zymo and HMP mock com-
munities were generated using the ccs application with min-
Passes = 3 and minPredictedAccuracy = 0.999 in the SMRT
Link 3.1.1 software. 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 in-
sert using the flags same and peek-guess, followed by gener-
ation of CCS reads using the ccs application with minPasses
= 3 and minPredictedAccuracy = 0.999 in the SMRT Link
5.1 software package (22). Of note, the ccs application was
updated in SMRTLink 3.0 to use the superior Arrow model
(23), 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 by amplicon sequencing. DADA2 was ini-
tially developed for short-read amplicon sequencing, and a
detailed description of the algorithm is available in the origi-
nal publications (19,24). Briefly, the DADA2 algorithm uses
a statistical model of the amplicon sequencing error pro-
cess to identify sequences that are repeatedly observed too
many times to be consistent with being generated by ampli-
con 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 composi-
tion 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 out-
put (Figure 1; 19,20). 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 ex-
tended in a number of ways to enable precise ASV inference
from long amplicon reads. The core data structures and se-
quence comparison algorithms used by the DADA2 algo-
rithm were augmented to handle quality scores up to 93,
sequence lengths up to 3000 nucleotides, and variable se-
quence lengths. A new error estimation procedure was in-
troduced 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 remain-
der of the quality score distribution. A new removePrimers

https://rrndb.umms.med.umich.edu/


e103 Nucleic Acids Research, 2019, Vol. 47, No. 18 PAGE 4 OF 12

Figure 1. Flowchart of computational methodology. Two software pack-
ages, PacBio SMRT Link and the DADA2 R package, were used to pro-
cess 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 pro-
cessing are indicated in grey bubbles. Complete examples of this workflow
are available in the reproducible analyses accompanying this manuscript:
https://github.com/benjjneb/LRASManuscript.

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 orienta-
tions. 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 ex-
tended in a number of ways to enable efficient process-
ing of large long-read amplicon sequencing datasets. Mul-
tithreading has been implemented for all computationally
expensive steps in the DADA2 workflow, including filter-
ing, error-model learning, ASV inference, chimera removal
and taxonomic assignment. The multithread parameter in
these functions controls the number of threads, and multi-
thread = TRUE will automatically detect and use all avail-
able threads. Pairwise sequence comparison has been ac-
celerated in several ways. The initial calculation of kmer-
distances from the overlap between lexically-ordered kmer
arrays has been explicitly vectorized using SSE2 instruc-
tions, achieving close to the theoretically maximum 16×
speedup. If the lexically-ordered kmer arrays were suffi-
ciently similar, a new step has been added in which the over-
lap between sequence-ordered kmer arrays is calculated us-

ing explicitly vectorized SSE2 instructions. If the overlap be-
tween the lexically-ordered kmer arrays is equal to the over-
lap between the sequence-ordered kmer arrays then the un-
gapped 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.

Code availability

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 per-
formed in this paper also document the full workflow
used to infer ASVs from PacBio CCS data: https://github.
com/benjjneb/LRASManuscript. All computation was per-
formed with version 1.12.1 of the DADA2 R software pack-
age on a 2017 MacBook Pro and was completed in minutes
to tens of minutes.

Full-complement classification of E. coli

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 4 February 2019. The highest
BLAST score for each ASV was determined, and all acces-
sions reaching the highest score were recorded. The total oc-
currences of accessions across the high scores for each ASV
were tabulated. The set of accessions with the greatest num-
ber of high-score hits served as the basis for further classi-
fication. 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 con-
sistent across all such accessions. Accessions for which the
metadata entry of interest was absent were ignored.

Classification based on representative full-length se-
quences pursued the same BLAST-and-consensus ap-
proach as above, but utilized only the most abundant ASV
from each strain as the representative sequence. Classifica-
tion based on the V3V4 and V4V5 gene regions followed the
same procedure as full-complement classification, but using
the subsequences extracted using the Biostrings matchLR-
Patterns function (25) based on the Illumina-recommended
V3V4 primer set and the JGI-recommended V4V5 primer
set, respectively (26,27).

Determination of genomic abundances

We used the 16S rRNA gene copy number, along with the
frequencies of the associated ASVs, to infer the genomic fre-
quency of each mock community strain in the pool of am-
plified DNA. More precisely, to calculate the genomic fre-
quencies we summed the frequencies of all ASVs assigned
to each strain, and then divided by the corresponding 16S
rRNA gene copy number.

https://github.com/benjjneb/LRASManuscript
https://github.com/benjjneb/dada2
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Determination of sequence accuracy

The available reference databases for the Zymo and HMP
mock communities are incomplete, so we used a multi-
faceted approach to evaluate the accuracy of denoised
ASVs. First, ASVs were compared to the incomplete ref-
erence databases associated with each mock community.
Second, each ASVs was BLAST-ed against nt exclud-
ing 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 in-
teger 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 gene sequencing methodology in two artificially con-
structed communities of known composition (mock com-
munities). The Zymo mock community contains eight phy-
logenetically distant bacterial strains, with proportions cho-
sen 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 chem-
istry. The Zymo mock community yielded 77 453 CCS reads
above the minPasses threshold of 3 and the minPredictedAc-
curacy threshold of 99.9%, and 69 367 reads after removing
primers and filtering (Materials and Methods, Supplemen-
tary Table S1). The HMP mock community yielded 78 328
CCS reads above the thresholds, and 69 963 reads after re-
moving primers and filtering.

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). Taxon-
omy down to the genus level was assigned to ASVs by
the naive Bayesian classifier and the SILVA v128 database
(28,29), and at the species level by BLAST searches against
the NCBI nucleotide collection (nt). In both datasets, ev-
ery ASV was assigned to a genus and species belonging to
the expected members of the mock communities. Since we
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 Lac-
tobacillus fermentum ASVs and one Staphylococcus aureus
ASV that were not exact matches differed by just one nu-
cleotide from previously observed sequences. In the HMP
mock community 51 ASVs were detected, of which 48 of
51 were exact matches. The one Staphylococcus epidermidis
ASV and two Clostridium beijerinckii ASVs that were not

exact matches differed by just two and one nucleotides,
respectively, from previously observed sequences. The fre-
quencies of ASVs detected in the HMP mock commu-
nity varied over 3 orders of magnitude, ranging as low as
0.00019.

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 arte-
facts. 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. Fig-
ure 2 shows the frequency of each ASV in the Zymo mock
community, normalized to the observed strain genomic fre-
quency (Materials and 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 commu-
nity also appear in integral ratios, with the exception of a de-
viation in Bacillus cereus ASV frequencies that cannot be at-
tributed to counting noise, given the substantial abundance
of that strain in the data (Figure 3).

Error rates of PacBio CCS amplicon reads and denoised
ASVs

The available reference databases for these mock communi-
ties are incomplete, so we used a multifaceted approach to
evaluate ASV accuracy (Methods) that incorporated both
comparisons to reference databases and the pattern of inte-
gral 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 de-
noising with DADA2 was zero. In the HMP mock commu-
nity, we concluded that it was most likely that the ASVs de-
tected 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 in-
tegral ratios could contain errors, in which case the residual
per-base error rate would be 2.6 × 10−6.

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 exclud-
ing 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, re-
stricted 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 S1.

The aggregate error rate of the uncorrected CCS reads
was 4.3 × 10−4 per nucleotide, with insertions (2.2 × 10−4)
occurring at about twice about the rate of substitutions (1.1
× 10−4) and deletions (1.0 × 10−4). The distribution of sub-
stitutions across nucleotide positions within reads was rel-
atively uniform, with a very small number of higher error
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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 Materials and 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.

rate positions that were associated with lower quality scores
(Figure 4 and Supplementary Figure S1). The rate of in-
sertion errors varied more across positions, likely due to
context-dependent error modes such as homopolymer er-
rors, but high error-rate positions were strongly associated
with low quality scores. The variation in the rate of dele-
tions across positions was intermediate between substitu-
tions and insertions and, because deletions have no associ-
ated quality score, the high rates of deletions at certain po-
sitions was not obviously explained by a technical variable.

Earlier evaluations of full-length 16S rRNA gene am-
plicon sequencing using PacBio CCS reads generated by
the RSII sequencing instrument reported far higher error
rates before and after denoising, and perhaps more impor-
tantly also reported that systematic errors repeatedly arose
at specific positions (10,12). We re-analyzed the sequenc-
ing data from the Staphylococcus aureus monoculture data
used to describe systematic errors in Wagner et al. (12) with
the updated DADA2 R software package, and recovered 5
non-chimeric ASVs. The S. aureus genome typically con-
tains five 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 be-
cause 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 (30). Ad-
ditionally, we did not see an improvement in the accuracy
of ASVs recovered from our mock communities when re-

quiring higher subread coverage than the default threshold
of minPasses = 3, suggesting that the default thresholds are
effective for Sequel sequencing chemistries and current soft-
ware versions.

Comparison of the accuracy of DADA2 ASVs to long-read
OTU methods

We compared the accuracy of our DADA2-based compu-
tational pipeline to two other pipelines that have previ-
ously been applied to PacBio amplicon sequencing data,
one based on the mothur software package (10,31) and one
based on the uparse algorithm implemented in the usearch
software package (32,33). 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 speci-
ficity, 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 these false positives were present as singletons (i.e. OTUs
with just one read) and therefore would be removed if a sin-
gleton filter were applied prior to subsequent analysis. All
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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.

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 S1 for the full-length plot.

Table 3. The accuracy of different computational methods on PacBio amplicon sequencing data from mock communities

Dataset Method Feature Type Total TP FP Singleton Strains Detected

Zymo DADA2 ASVs 29 29 0 0 8
mothur OTUs 24 8 5 11 8
uparse OTUs 8 8 0 0 8

HMP DADA2 ASVs 51 51 0 0 17
mothur OTUs 29 16 4 9 16
uparse OTUs 16 16 0 0 16

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.
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Table 4. Classification of E. coli strains based on full-length and short-
read 16S rRNA gene amplicon sequence variants

Method Classification
Best
Hits

Zymo V3V4 Escherichia/Shigella 994
V4V5 Escherichia/Shigella 996
FL-Representative E. coli O157:H7 53
FL-Full Complement E. coli O157:H7 14

HMP V3V4 Escherichia/Shigella 994
V4V5 Escherichia/Shigella 996
FL-Representative E. coli 320
FL-Full Complement E. coli K12 32

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
(Materials and 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.

three methods detected all 8 strains in the Zymo mock com-
munity. DADA2 detected 17 strains in the HMP mock com-
munity while mothur and uparse detected only 16 strains.
DADA2 was able to distinguish between between Staphylo-
coccus 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 radio-
durans strain.

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, five E. coli
ASVs were recovered with abundances in 3:1:1:1:1 ratios.
In the HMP mock community, six E. coli ASVs were re-
covered with abundances in 2:1:1:1:1:1 ratios. We consider
here a simple ad hoc full-complement classification proce-
dure 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 (Materials and Methods). We com-
pared full-complement classification to classification based
on the most abundant (i.e. representative) sequence from
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 4).

The exact full-length 16S rRNA gene sequences identi-
fied 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 un-
ambiguously and correctly classified as belonging to the en-
terohemorrhagic O157:H7 clade. In comparison, the short-
read V3V4 and V4V5 amplicon gene sequences did not al-
low resolution between the Escherichia and Shigella genera,
much less sub-species classification.

The full complement of full-length 16S rRNA gene se-
quences identified by our method allowed the E. coli strain
in the HMP mock community to be classified as belong-
ing 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 five 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 al-
lowed only 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 Es-
cherichia and Shigella genera.

Resolution and technical replication in human fecal samples

To validate the performance of our methodology in com-
plex microbial communities, we performed technical repli-
cate long-read amplicon sequencing measurements of a set
of nine human fecal samples and three 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% pre-
dicted accuracy across the twelve samples, 146 589 reads af-
ter primer detection and filtering, and a median of 12 158
filtered reads per human fecal sample (Supplementary Table
S1). 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 de-
tection and filtering, and a median of 21 411 filtered reads
per human fecal sample, nearly double that achieved using
the previous generation sequencing chemistry.

We do not know the ground truth of these human fecal
samples, so as an alternative to accuracy analysis we in-
vestigated 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 seven 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 ba-
sis, 881 ASVs were detected in both replicates, while 65 and
70 were detected only in Replicate 1 or 2, respectively. Esti-
mated abundances were highly consistent: the Pearson’s cor-
relation between the per-sample abundances across repli-
cates was 0.998. ASVs that failed to be detected in one repli-
cate or the other appeared at low frequencies (<50 reads,
<0.5% frequency; Figure 5A).



PAGE 9 OF 12 Nucleic Acids Research, 2019, Vol. 47, No. 18 e103

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.

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 E. coli. In each sam-
ple in which an appreciable number of E. coli reads was de-
tected, 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 seven 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 al-
most always conducted using short-read sequencing tech-
nologies 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 (3). The potential for species-level clas-
sification from full-length 16S rRNA gene amplicon se-
quencing has been convincingly demonstrated (e.g. 33), but
higher costs, higher error rates and a less-developed ecosys-
tem of computational methods continue to limit the ap-
peal of long-read amplicon sequencing. We believe that re-
cent 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 re-
visit long-read amplicon sequencing as a measurement tech-
nique going forward.

The resolution and accuracy achieved by our method-
ology 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 × 10−4 per
nucleotide in PacBio CCS amplicon sequencing reads, sig-
nificantly lower than the per-base error rates of common Il-
lumina sequencing platforms (34,35). As a result, half of all
sequencing reads were error-free over the entire ∼1.5 kb 16S
rRNA gene and a computational approach leveraging re-
peated observations of error-free sequence was adaptable
to PacBio CCS data (19,20). We predict that a computa-
tional workflow based on the DADA2 method will con-
tinue 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 se-
quences are expected to be error-free, alternative computa-
tional methods will be necessary and are now being devel-
oped (Kumar, Vollbrecht, Chernyshev, et al., jointly submit-
ted). We urge caution in applying our computational meth-
ods to data from PacBio RSII sequencing chemistries be-
fore P6-C4 and/or CCS data that was generated by the ear-
lier 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 ho-
mopolymeric repeats, so additional validation is warranted
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if applying our methodology to more homopolymer-rich
genetic loci given previous reports of higher PacBio CCS
error rates in homopolymer regions (9,36).

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 re-
solve 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 et al. (12) results. For this
reason we used a multifaceted approach to evaluate ASV ac-
curacy, in which we compared ASVs to the references pro-
vided with the mock community materials and to broader
reference databases such as nt, and also investigated the pat-
tern of integral ratios expected between genuine allelic vari-
ants 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 × 10−6) that compare favorably to the best error
rates reported from short-read amplicon sequencing (e.g.
19,37). These results suggest that our methodology will be
useful in applications that demand the highest levels of ac-
curacy, such as generating reference-quality gene sequences,
particularly for multi-copy genes that may have allelic vari-
ation that is difficult to resolve from short-read shotgun se-
quencing data. The short turn-around time of PacBio se-
quencing and the effectiveness of amplicon sequencing in
mixed and heterogeneous samples also suggest potential di-
agnostic applications (38).

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 mi-
crobial types in a community. However, the full allelic com-
plement can qualitatively improve the taxonomic resolu-
tion afforded by 16S rRNA gene sequencing, as we demon-
strated here by identifying an E. coli strain as belonging to
the enterohemorrhagic O157:H7 clade that is a major food-
borne pathogen and threat to public health (39). 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 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 pat-
terns across samples––will help realize the potential of full-
complement classification. This could perhaps be achieved
by translating methods developed for metagenomics bin-
ning (e.g. 40) or distribution-based clustering of marker
gene sequences (41,42). The greatest challenge to maximiz-
ing the classification potential of long-read amplicon se-
quencing 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 promis-
ing results (14). 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 devel-
oped, the available approaches for Oxford Nanopore se-
quencing do not yet achieve anywhere near the accuracy
of PacBio CCS reads. Another approach is to create ‘syn-
thetic’ long reads by assembling short reads known to de-
rive from the same long amplicon molecule via some bar-
coding scheme (e.g. 43,44) as recently commercialized for
microbiome profiling by Loop Genomics (45). In principle,
we expect that single-nucleotide resolution and high accu-
racy would be achievable from synthetic long reads, as suf-
ficient short-read coverage of long amplicon molecules can
yield very low error rates. However, further validation is
warranted as unexpected challenges such as systematic er-
ror modes could introduce complications.

Full-length 16S rRNA gene sequencing, short-read 16S
rRNA gene sequencing, and shotgun metagenomic se-
quencing 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 addi-
tionally 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 sequenc-
ing 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 character-
ized than the human gut.

Finally, while we focused here on the 16S rRNA gene,
the most important applications of targeted long-read se-
quencing 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 muta-
tions of known oncogenes in breast tumors (46), 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 iden-
tify unknown bacteria in research and clinical settings (47),
and our method could provide the same information with-
out the purification needed for Sanger sequencing, which
is particularly useful when dealing with polymicrobial sam-
ples or unculturable bacteria (38). Our method may even
scale to sequencing of the entire ∼5 kb 16S-ITS-23S gene
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region in low-complexity samples or clonal isolates. Per-
haps most intriguing, multi-kilobase reads are sufficient to
capture complete viral genes and even some complete vi-
ral genomes. Binned long-read amplicon sequencing is al-
ready being used to describe adaptive dynamics in the env
gene of HIV-1 (15), an application that would clearly ben-
efit from the ability to resolve the individual mutations
that fuel within-host diversification. Other potential appli-
cations include MHC-typing (18), broad-spectrum fungal
profiling (48), and immune repertoire sequencing (49), 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.
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