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T

here has been increasing interest in exploring the bacterial
communities that populate environmental (1) and biological
(2) specimens. One common approach for classifying microbial
species present in a sample, rooted in previous cloning-based
methods (3), is to PCR amplify a fraction of the taxonomically
informative 16S rRNA gene and subject this product to next-generation DNA sequencing, enabling the classification of individual reads to specific taxa. As opposed to shotgun sequencing
of genomic DNA extracted from a sample (4), wherein random
fragments of bacterial genomes (and, potentially, contaminating
DNA from host species or other organisms present) are sequenced
and classified, 16S rRNA amplicon sequencing can be targeted
specifically against bacteria, does not require the availability of
reference genome sequences, and can be employed in cases where
only trace amounts or poor-quality bacterial DNA templates are
available (5, 6). For these reasons, 16S rRNA amplicon sequencing
has found application in a wide range of metagenomic profiling
studies, especially in those studies where speed or limited input
material is a concern.
General differences among next-generation sequencing platforms that may be used for this purpose, including relative turnaround times, per-base sequencing costs, read lengths, and accuracies, have been discussed elsewhere (7–9). Historically, many
16S rRNA amplicon sequencing experiments were performed by
using 454 (Roche) massively parallel pyrosequencing (10), both
because it was the first commercially available system and because
it later offered the longest read lengths, permitting interrogation
of a larger and consequently more informative fraction of the 16S
rRNA gene (11). However, this platform is currently being phased
out by the manufacturer. At present, the two highest-selling next-
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generation sequencing technologies are relatively inexpensive
“benchtop” sequencers developed by Illumina (12) and Ion Torrent (13), both of which have developed sufficiently long reads as
to now permit data generation from a highly informative fraction
of the 16S rRNA gene. Accordingly, the Illumina MiSeq and Ion
Torrent Personal Genome Machine (PGM) platforms are increasingly being used for 16S rRNA-mediated surveys of bacterially
diverse populations (1, 2, 14–19). Although some evaluation of
these technologies against 454 sequencing have been performed
for various purposes (17, 20), a detailed and direct comparison
between the Illumina and Ion Torrent platforms for the specific
task of 16S rRNA amplicon sequencing has not yet been described.
Although both the Illumina and Ion Torrent platforms sequence DNA by monitoring the addition of nucleotides during
DNA synthesis, they operate on different principles, which could
affect their performance in this application. DNA fragments are
prepared for Illumina sequencing by isothermic “bridge PCR,”
which simultaneously amplifies single DNA molecules and cova-
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High-throughput sequencing of the taxonomically informative 16S rRNA gene provides a powerful approach for exploring microbial diversity. Here we compare the performances of two common “benchtop” sequencing platforms, Illumina MiSeq and Ion
Torrent Personal Genome Machine (PGM), for bacterial community profiling by 16S rRNA (V1-V2) amplicon sequencing. We
benchmarked performance by using a 20-organism mock bacterial community and a collection of primary human specimens.
We observed comparatively higher error rates with the Ion Torrent platform and report a pattern of premature sequence truncation specific to semiconductor sequencing. Read truncation was dependent on both the directionality of sequencing and the target species, resulting in organism-specific biases in community profiles. We found that these sequencing artifacts could be minimized by using bidirectional amplicon sequencing and an optimized flow order on the Ion Torrent platform. Results of bacterial
community profiling performed on the mock community and a collection of 18 human-derived microbiological specimens were
generally in good agreement for both platforms; however, in some cases, results differed significantly. Disparities could be attributed to the failure to generate full-length reads for particular organisms on the Ion Torrent platform, organism-dependent
differences in sequence error rates affecting classification of certain species, or some combination of these factors. This study
demonstrates the potential for differential bias in bacterial community profiles resulting from the choice of sequencing platform
alone.
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MATERIALS AND METHODS
Samples and library preparation. A synthetic mixture of genomic DNA
comprising 20 bacterial species (Microbial Mock Community B, catalog
number HM-782D) was obtained from BEI Resources (Manassas, VA).
This mixture contains DNA from each organism added at equimolar concentrations of 16S rRNA operons at 100,000 copies per organism per
microliter (see Table S1 in supplemental material). DNA was extracted
from human-derived microbiological specimens by using a High Pure
PCR template preparation kit (Roche). Sequencing libraries were prepared by PCR amplification using AmpliTaq DNA polymerase (Applied
Biosystems) with 3 mM MgCl2. PCR conditions for construction of all
sequencing libraries consisted of 1 cycle of 95°C for 10 min; 28 cycles of
95°C for 30 s, 60°C for 30 s, and 72°C for 1 min 15 s; and then 1 cycle of
72°C for 10 min. PCR products were purified by using 0.7 volumes
of AMPure beads (Agencourt), eluted in low Tris-EDTA (TE) buffer, and
quantified by using a Qubit dsDNA HS (high sensitivity) kit (Life Technologies).
Primers (PAGE purified; Integrated DNA Technologies) directed
against the 16S rRNA V1-V2 region (derivatives of 8F and the reverse
complement of 557F [21] incorporating deoxyinosine to improve crossspecies binding) were designed to incorporate either Illumina- or Ion
Torrent-compatible sequencing adaptors (see Tables S2 to S4 in the supplemental material). For MiSeq library preparation, primer Universal_
forward was used in conjunction with a reverse primer incorporating a
sample-specific 8-bp barcode sequence. For Ion Torrent sequencing,
DNA was amplified in two separate reactions (using either Universal_
ion_forward plus a barcoded reverse primer or Universal_ion_reverse
plus a barcoded forward primer), in which sequencing adaptors were
incorporated on opposite ends of the amplicon, enabling sequencing
across the full length of 16S rRNA variable regions 1 and 2 in either ori-
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entation. Ion Torrent barcodes were 10- to 12-bp sequences optimized for
maximal error correction, average sequence content, and nucleotide flow
order (Ion Xpress barcodes; Life Technologies). These independent sequencing orientations were designated “reverse” or “forward,” in accordance with the biological orientation of the 16S rRNA gene.
Sequencing. Illumina sequencing was performed by using a MiSeq
platform (Illumina) operating Real Time Analysis (RTA) software, version 1.17.28. Paired-end sequencing was done by using custom primers
(see Table S2 in the supplemental material) (15) and a 500-cycle sequencing kit (version 2), according to the manufacturer’s instructions. Amplicon sequencing was carried out in the presence of either the bacterial
whole-genome shotgun sequence or 7% PhiX control (Illumina) to allow
proper focusing and matrix calculations. Raw data processing and run
demultiplexing were performed by using on-instrument software.
Templating, enrichment, and quantification for Ion Torrent sequencing were performed by using the One-Touch 2 and One-Touch ES systems
(Life Technologies) according to the manufacturer’s instructions (part
number 4479878). Sequencing was performed on an Ion PGM (Life Technologies), using 400-bp sequencing kits (part number 4482002) according to the manufacturer’s instructions or using the same reagents with an
alternative flow order (TGCTCAGAGTACATCACTGCGATCTCGAG
ATG) (see Text S1 in the supplemental material). The default, generic Ion
Torrent flow order is designed with a particular efficiency of extensionversus-phase correction effect tradeoff and is optimized for genomes with
near-even base usage. This alternative flow order results in more aggressive phase correction, making it better for sequencing of difficult secondary structures or templates with significant bias in base usage, but is less
efficient at overall extension (C. C. Lee, personal communication). 314 v2
or 318 v2 chips were used for sequencing of various specimens. Base
calling and run demultiplexing were performed by using TorrentServer
software, version 3.6.2, with default parameters for the General Sequencing application (-Basecaller–trim-qual-cutoff 15, –trim-qual-windowsize 30, –trim-adapter-cutoff 16, with no base recalibration applied).
Data processing. Forward and reverse reads from Ion Torrent sequencing were first processed by discarding reads of ⬍100 bp. Reads were
next run length encoded (22), by which each homopolymer was represented by a single nucleotide and the length of the homopolymer tract was
recorded. This process optimizes alignments between homopolymer
tracts with different lengths, improving the sensitivity for detecting
primer sequences by minimizing pairwise alignment differences attributable to disparities in homopolymer runs. Detection of run-length-encoded primer sequences was performed by using the Smith-Waterman
alignment algorithm with ssearch36 (23). PCR primer sequences proximal to the direction of sequencing were removed; reads in which proximal
primer sequences could not be detected were discarded. These reads subjected to proximal primer trimming were used for the calculation of read
length distributions after reversing the run length encoding. Run-lengthencoded reads were then further processed to remove PCR primer sequences distal to the direction of sequencing; again, sequences in which
primer sequences could not be detected were discarded to ensure that the
remaining reads spanned the entire PCR amplicon. Reads from the “reverse” orientation were then reverse complemented. Full-length, primertrimmed sequences were used to calculate error rates after reversing run
length encoding. Finally, for the purposes of data reduction, clustering
was performed by using usearch v6.0.307 with an identity threshold of
0.995 using the “-cluster_fast” command, and clusters of ⬍3 sequences
were discarded. Clustering was performed for forward and reverse reads
independently as well as for forward and reverse reads combined into the
same input file.
Illumina sequences were analogously processed, as described in full
previously (24), with minor modifications. Briefly, paired-end Illumina
reads were self-assembled by using PANDAseq 2.4 (25) to produce sequences spanning the full length of the amplicon with PCR primer sequences removed. Successfully self-assembled reads were used to calculate
read length distributions (Fig. 1A) and error rates. For consistency with
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lently links amplicons to a solid substrate within a constrained
physical location in order to form randomly arrayed “clusters.”
Clusters are then sequenced through repeated cycles of single-base
extension using a mixture of 4 fluorescently labeled, reversible
chain terminators (one for each nucleotide); imaging to ascertain
the identity of the incorporated base; and chemical cleavage of the
terminator to enable further cycles. Illumina sequencing also supports sequencing of templates from both ends (i.e., “paired-end
sequencing”) (12). In contrast, Ion Torrent sequencing initially
prepares templates by using emulsion PCR (12): PCR reagents,
primer-coated particles, and a low concentration of template fragments are combined with oil; emulsified to form picoliter-scale
microreactions; and subjected to thermal cycling to achieve clonal
amplification of single DNA molecules on the surfaces of individual particles. Particles are then deposited into individual, nanowell
chambers on a semiconductor sequencing chip (13). Individual
nucleotides are cyclically introduced in the presence of DNA polymerase, and successful incorporation of a particular nucleotide is
registered by the release of hydrogen ions. Unlike Illumina chemistries, multiple nucleotides may be incorporated during a single
sequencing cycle, and it is recognized that errors in quantitating
the length of homopolymer repeats are common (7–9).
Here we evaluate the relative performance characteristics of the
Illumina and Ion Torrent sequencing platforms for the express
purpose of bacterial community profiling by 16S rRNA amplicon
sequencing. We examined both a synthetic community of 20 bacterial species and a collection of primary, human-derived microbiological specimens through sequencing of 16S rRNA variable
regions 1 and 2 (V1-V2), an ⬃360-bp span useful for the identification of bacteria to the species level (5) that can be fully covered
(albeit by different strategies) on both platforms.

Comparing Illumina and Ion Torrent 16S rRNA Sequencing

Ion Torrent read processing, the remaining sequences were run length
encoded and clustered by using usearch, as described above.
Error rate calculations. To tally and categorize errors observed among
reads generated from the mock-community specimen, we first constructed a database of reference sequences representing each 16S rRNA
gene allele from the whole-genome assemblies of each organism in the
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FIG 1 16S rRNA read lengths in MiSeq and Ion Torrent sequence data. (A)
Comparison of absolute sequence lengths for assembled paired-end MiSeq
reads and unidirectional reads from the Ion Torrent PGM platform derived
from a mock-community mixture of 20 bacterial DNAs. Read length is plotted
as a cumulative distribution function. A function for which all sequences were
uniformly full length would be represented as a vertical line at ⬃320 bp (exact
size is dependent on the species). (B) Ion Torrent sequence length for individual organisms, displayed as described above for panel A. The key applies to
both panels. L. gasseri, Lactobacillus gasseri; D. radiodurans, Deinococcus radiodurans; E. faecalis, Enterococcus faecalis; B. cereus, Bacillus cereus; C. beijerinckii,
Clostridium beijerinckii.

mixture, as indicated in the product literature. Reference sequences and
accompanying annotations are provided in Tables S5 and S6 in the supplemental material. Each sequence read was classified as one of the 20
species represented in the mock community on the basis of the highestscoring pairwise alignment to the library of reference sequences. To calculate read length distributions, reads ⱖ100 bp in length that aligned
successfully with the appropriate proximal PCR primer relative to the
direction of sequencing were further cropped to 400 bp to remove artifactual sequences extending beyond the distal PCR primer and then
aligned with the library of reference sequences for the mock community
by using ssearch36 with default gap opening and extension parameters to
permit assignment of each read to one of the 20 species represented in the
mock community (Fig. 1).
For error rate calculations, pairwise alignments were first performed
by aligning full-length, primer-trimmed (i.e., both forward and reverse
primer sequences were located and removed), and run-length-encoded
reads against the 20-organism reference library by using ssearch36 with a
gap extension penalty of 3 and a gap-open penalty of 8. These provisions
result in an alignment model that heavily favors the correct alignment of
homopolymer tracts of differing lengths, because it eliminates nucleotide
tract length from consideration in the alignment model. Errors were identified in pairwise alignments of each experimentally generated sequence
relative to the highest-scoring reference sequence. Details of the procedures for primer trimming, pairwise alignments of run-length-encoded
reads, error tallies, and classifications were described previously (5).
Separately, in order to enable a more general description of errors
observed and to statistically assess comparative differences, the error rate
was modeled for raw Ion Torrent reads in forward and reverse orientations and for individual self-assembled MiSeq reads by using a negative
binomial regression with a generalized estimation equation incorporating
robust variance based on an exchangeable working correlation matrix, to
account for multiple observations across error types per base length (26).
Reads classified as either Actinomyces odontolyticus or Propionibacterium
acnes were excluded from the model due to the very low numbers of reads
representing these species in the Ion Torrent data, in the reverse orientation. Potential two-way and three-way interactions between the three covariates (sequencing platform/orientation, organism, and error type)
were examined and were adjusted for in the final full multivariable model
due to statistical significance. All expected estimates were expressed as
error rates, and P values were 2 sided with a significance level at an ␣ value
of 10. These analyses were carried out by using the geem function provided by the geeM package for R, version 3.0.2 (27).
Classification of reads from clinical specimens. Consensus sequences were classified by sequence identity as described previously (5,
24). Briefly, experimentally generated sequence data (“query” sequences)
were compared to a library of representative reference sequences downloaded from the Ribosomal Database Project (RDP 10, update 32) by
using BLAST. Classification of each query sequence was performed by
assigning one or more species-level taxonomic names represented among
reference sequences with ⱖ99% identity and 95% alignment coverage.
Query sequences with no BLAST hits meeting the 99% identity threshold
were identified with the label “ⱕ99%.” Ambiguity among closely related
species was signified by assigning a compound name (e.g., Streptococcus
constellatus/S. intermedius). To simplify comparison among specimens,
query sequences that were classified as any combination of certain closely
related organisms were renamed as follows: (i) any member of the genus
Enterobacter, Escherichia, or Shigella was renamed Enterobacteriaceae; (ii)
any combination of Streptococcus mitis, S. oralis, S. pneumoniae, or S.
pseudopneumoniae was renamed Streptococcus mitis group, and any combination of Streptococcus salivarius, S. vestibularis, or S. thermophiles was
renamed Streptococcus salivarius group; (iii) any combination of Staphylococcus capitis, S. caprae, S. epidermidis, or S. saccharolyticus was renamed
Staphylococcus epidermidis group. The relative abundance of organisms
within a specimen was calculated by weighting each denoised read or
cluster centroid according to the number of reads included in the corre-
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sponding cluster. Reads were downsampled so that specimens had the
same number of reads across platforms, with a maximum of 100,000 reads
allotted per specimen.
Data availability. Sequence reads for this project are available from
the Sequence Read Archive (http://www.ncbi.nlm.nih.gov/sra) under
study accession number SRP040453.

RESULTS
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Sequencing. Sequencing libraries for both platforms were prepared by PCR amplification using forward primers incorporating
(5=-to-3=) Ion Torrent or Illumina sequencing adaptors, samplespecific barcodes, and a “universal” template-specific sequence
(28) as well as reverse primers similarly incorporating (5=-to-3=)
Ion Torrent or Illumina sequencing adaptors and a universal bacterial sequence.
Illumina sequencing was performed by using paired-end
250-bp reads; that is, 250 bp of sequence data was generated from
each end of the approximately 320- to 350-bp V1-V2 amplicons.
At the time when the experiments were performed, this was the
longest read length offered by Illumina (subsequent improvements in sequencing chemistries have increased this range to 300
bp at present), and although the length of these individual reads
does not permit the entire V1-V2 amplicon to be fully sequenced
from each direction independently, the entire target can be covered by using paired, bidirectional reads with an expected central
overlap of ⬃150 to 180 bp.
In contrast, Ion Torrent chemistries presently offer longer continuous sequencing reads (up to 400 bp) that are able to fully span
the 16S rRNA V1-V2 target region, but paired-end sequencing is
not supported as a standard protocol on this platform. We performed full-length sequencing of the V1-V2 target region in both
orientations separately (in the “forward” direction, from the 5= to
the 3= end of the gene, or in the “reverse” direction, from the 3= to
the 5= end), using independently prepared sequencing libraries
that incorporated adaptors at the appropriate end of the fragment.
In subsequent analyses, these reads from different orientations
were considered either individually or in combination (full-length
reads combined into the same data set, without self-assembly).
Organism-specific read truncation by Ion Torrent. We initially generated 16S rRNA amplicon sequence data from a defined
bacterial community encompassing 20 species distributed
throughout the eubacterial tree of life and for which 16S rRNA
reference sequences are available (29). We used a formulation of
this community containing equimolar concentrations of rRNA
operons from each species. A total of 715,306 reads were obtained
from the Illumina platform for this specimen, 675,175 (94.38%)
of which were successfully self-assembled into full-length sequences. For the Ion Torrent platform, 1,928,511 reads were obtained from the forward orientation, and 1,782,317 reads were
obtained from the reverse orientation; 684,003 (35.5%) and
567,362 (31.8%) reads, respectively, passed our quality filters for
primer trimming. We assigned species names to each read according to its highest-scoring pairwise alignment against each 16S
rRNA gene allele represented among the panel of bacteria included in the mock community and evaluated the cumulative distribution of read lengths observed for each species (Fig. 1A).
Using the Ion Torrent platform, we observed marked differences among the length distributions of reads representing different species (Fig. 1B), and for certain organisms (most notably S.
epidermidis, P. acnes, and A. odontolyticus), there were substantial

differences in read length distributions obtained with sequencing
in opposite orientations. We inactivated all on-instrument quality
filtering and quality control read truncation and found that this
decreased the overall quality of reads without changing the observed distribution of read lengths (data not shown). Use of the
standard sequencing flow order, rather than the flow order optimized for abnormal secondary structures and/or base composition, exaggerated the degree of read truncation (not shown). We
therefore elected to use the optimized flow order and default oninstrument data processing in all subsequent experiments (see
Text S1 in the supplemental material).
In general, these observations suggest both organism- and orientation-dependent biases contributing to premature read truncation. For most species, longer read lengths were obtained with
sequencing in the forward orientation. The majority of reads from
A. odontolyticus and P. acnes did not extend beyond 100 bp in the
forward orientation.
Per-read error rates. We next estimated the error rate, which is
one variable determining the specificity with which reads can be
classified (5). We tabulated the number of errors observed with
respect to the reference sequences of each component organism
empirically (see Table S7 in the supplemental material) and also
calculated per-nucleotide error frequencies using a multiple-regression model (Fig. 2A; see also Table S8 in the supplemental
material). Consistent with previous reports (7–9), we found that
the error rate of Ion Torrent sequencing (averages of 1.5 and 1.4
errors per 100 bases for read sequences from the forward and
reverse directions, respectively) was higher than that for equivalent Illumina libraries (average of 0.9 errors per 100 bases).
Error rates were also found to differ among templates from
different organisms sequenced by using the same platform (Fig.
2B; see also Table S9 in the supplemental material). For some
bacteria (Escherichia coli and Bacteroides vulgatus), the observed
per-read error rates were more consistent across platforms and
across read orientations. Comparing other organisms, the error
rates of sequence data varied substantially for both platforms (for
example, Listeria monocytogenes and Acinetobacter baumannii)
and depending on the orientation of sequencing using the Ion
Torrent platform (for example, Pseudomonas aeruginosa, Streptococcus agalactiae, Helicobacter pylori, and Rhodobacter sphaeroides). For most organisms, Illumina data had a higher fraction
of reads with perfect quality than did the Ion Torrent data, although for H. pylori, the population of Ion Torrent forward reads
contained slightly fewer errors overall than did the Illumina data
(see Table S9 in the supplemental material).
16S rRNA amplicon resequencing of a mock bacterial community. We next compared the abilities of each platform to capture the microbially diverse populations within the defined mockcommunity sample by inferring the relative representation of each
species for both raw and processed (primer-trimmed) reads (Fig.
3). This specimen was prepared to contain an equal representation
of each organism based on 16S rRNA gene read counts. Some
deviation from the expected abundance of each organism was observed for both platforms, likely reflecting both errors in the formulation of the mock-community DNA mixture and biases introduced during PCR amplification (11, 30, 31). To assess the degree
of inherent interlibrary variability, we generated three technical
replicates for each library type (MiSeq and Ion Torrent separately
in the forward and reverse orientations) using the mock community template, with each replicate incorporating different barcode
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FIG 3 Relative abundance of bacterial species in a 20-organism mock community. The relative read abundance for each organism is indicated with respect to sequencing platform and read orientation (for Ion Torrent data) and
for raw and processed reads (light shading and dark shading, respectively). The
expected relative abundance of species is indicated by a horizontal dashed line.
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FIG 2 Modeled error rates and error types. (A) Comparison of error rates and
error types for assembled paired-end MiSeq reads and unidirectional reads
from the Ion Torrent PGM platform derived from a mock-community mixture of 20 bacterial DNAs. Errors for single nucleotide substitutions, homopolymer indels (homoindels), other indels outside homopolymer tracts, and
compound errors (event involving two or more categories) are shown separately. (B) Error rates and error types for both platforms stratified by organism.
Two organisms for which insufficient reads were obtained for statistical analysis are not displayed. The key applies to both panels A and B. SNP, single
nucleotide polymorphism.

sequences. We found minimal variability among replicates (see
Fig. S1 in the supplemental material), consistent with independent reports addressing the experimental variability of ampliconbased 16S rRNA surveys (32–36).
The relative abundance of most organisms was generally in
good agreement with predicted values and was in most cases relatively consistent among platforms, with a few exceptions. The
inferred abundances of B. vulgatus and H. pylori were substantially
increased across all platforms. Notably, representation of A. odontolyticus was decreased in reverse-orientation Ion Torrent raw
reads and absent in the resultant processed reads. To a lesser degree, the same phenomenon was observed for P. acnes with reverse-orientation reads and P. aeruginosa with forward-orientation reads from the Ion Torrent platform.
Community profiling of human-derived specimens. Finally,
to assess performance using naturally occurring bacterial populations, we explored the microbiological diversity of a panel of 18
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human-derived specimens using both platforms (Fig. 4; see also
Table S10 in the supplemental material), downsampling the total
number of reads for each specimen to be equal across platforms.
To meter against organism- and orientation-specific sequencing
artifacts from the Ion Torrent data, reads from opposite orientations were combined in equal numbers for this platform. The
relative abundances of organisms as determined by both platforms were similar in 5 out of 18 cases (cases S02, S04, S15, S16,
and S18), differing in calculated abundance by a maximum of
⬃10%. In the majority of cases, this 10% tolerance was exceeded
for one or more organisms (13 cases [cases S01, S03, S05, S06, S07,
S08, S09, S10, S11, S12, S13, S14, and S17]). Disparate cases were
marked by a higher rate of failure to classify sequences at the species level from the Ion Torrent reads (cases S01, S03, S06, S07, S08,
S09, S10, S11, and S17) and, in a subset of those cases, a relative
underrepresentation of one or more organisms by the Ion Torrent
platform compared to MiSeq data (cases S01, S03, S08, and S10).
P. acnes was present in 4 such specimens (cases S01, S08, S10, and
S17). S. constellatus/S. intermedius (case S09), Morococcus cerebrosus/Neisseria macacae (case S03), and Moraxella nonliquefaciens
(case S03) were identified by MiSeq but were not detected at any
level by using Ion Torrent sequencing. In two cases, a Staphylococcus species (case S17) or a Streptococcus species (case S01) was
identified by Ion Torrent sequencing but was not detected by
MiSeq. For one specimen (case S15), both platforms failed to produce BLAST hits that met our identity threshold for species-level
classification, indicating the presence of one or more species not
represented in our sequence database.
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Enterococcus faecalis
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(other)
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Prevotella baroniae
Bacteroides heparinolyticus
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(other)
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Fusobacterium genomosp. C1/C2
Enterobacteriaceae
Veillonella denticariosi/dispar/parvula
Actinomyces johnsonii
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≤ 99%
Prevotella timonensis
Porphyromonas somerae
(other)
Anaerococcus lactolyticus
Peptostreptococcus anaerobius

≤ 99%
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Prevotella melaninogenica
Mycoplasma salivarium
Morococcus cerebrosus;Neisseria macacae
Streptococcus constellatus/intermedius
Porphyromonas catoniae
Haemophilus influenzae
Propionibacterium acnes
Eikenella corrodens
Fusobacterium genomosp. C1/C2

1
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0
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1

Relative Fraction of Reads

FIG 4 Bacterial communities inferred by MiSeq or Ion Torrent sequencing. The bacterial community structures of 18 human-derived polymicrobial specimens
determined by using each sequencing platform were compared. The relative abundance of reads corresponding to each specified organism is indicated by a
shaded bar, extending to the left of the midpoint for Ion Torrent data and to the right for MiSeq data. A circle indicates a difference in percent abundances
between methods, falling at the midpoint when no difference is observed or to the extreme end of a bar when a species is detected exclusively on one platform.
Reads for which more than one species met criteria for classification are labeled with all possible classifications; classification to different species within a genus
are separated by slashes, and classifications combining different genera are separated by semicolons. Sequences failing to meet species-level classification criteria
are labeled “ⱕ99%.” Individual organisms comprising ⬍2.5% of the overall population are aggregated into the “other” category.

DISCUSSION

With the exception of mandatory differences in platform-specific sequencing adaptors, which necessarily represent an uncontrolled variable, we kept all aspects of library production identical when we prepared sequencing templates for these studies. Furthermore, we
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employed a bidirectional sequencing strategy on both platforms, using self-assembled paired-end sequencing for the Illumina MiSeq
platform and full-length sequencing of the target from both orientations on the Ion Torrent PGM platform (albeit combining those
reads without self-assembly). When we examined data generated un-
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optimized flow order and a combination of sequencing data from
both orientations (bidirectionally) on the Ion Torrent platform
partially mitigates the effects of organism- and orientation-specific read truncations. We therefore recommend both of these
strategies for 16S rRNA amplicon sequencing studies performed
on the Ion Torrent platform.
It is well documented that data from the Ion Torrent platform
exhibit a higher rate of sequencing errors than data from the Illumina platform (7–9), and our study was consistent with this conclusion, although the absolute difference in error rates between
the two platforms is not great (Fig. 2). We additionally note that
different, organism-specific biases in error rates were observed for
both platforms. Library preparation for this study was done by
PCR amplification using a robust yet error-prone polymerase
lacking proofreading function, and the calculated error rates for
both platforms incorporate those introduced by library preparation as well as sequencing. Thus, although it is instructive to perform relative comparisons of error rates between the two platforms, the values presented here should not be interpreted as the
absolute error rates for either sequencing technology.
In a direct comparison of species compositions of a mock community consisting of an equimolar mixture of bacterial 16S rRNA
gene templates, results were largely consistent when a bidirectional sequencing strategy was employed for the Ion Torrent PGM
platform (Fig. 3). Some bias in the relative representation of bacterial species from heterogeneous mixtures is expected from PCRbased sequencing library preparations due to factors including
differences in primer mismatches and relative GC contents (11,
30, 31), some of which will be specific to both the particular 16S
rRNA region targeted and the profile of organisms present in a
sample. Indeed, neither platform produced a precisely equal representation of bacterial species, likely reflecting these underlying
issues impacting library preparation as well as potentially real differences in organism abundance introduced unintentionally during formulation of the mock community. In most cases, we observed consistent results for both platforms, with similar patterns
of over- and underrepresentation of specific species. For some
organisms, there were substantial differences in the relative abundances inferred from raw versus processed Ion Torrent reads in
some orientations (notably, A. odontolyticus, P. acnes, and P.
aeruginosa). This disparity in P. aeruginosa reads likely reflects a
pronounced degradation of terminal sequence quality and a subsequent loss of reads during trimming of the distal primer sequences in the forward orientation (Fig. 2B). An underrepresentation of the other two organisms (A. odontolyticus and P. acnes)
was apparent in the reverse orientation for both raw and processed
reads and is attributable to premature read truncation (Fig. 1B).
We analyzed human-derived microbial specimens in order to
explore functional differences between the two platforms when
applied to specimens of human origin (Fig. 4). Although the true
composition of these samples cannot be known, in general, we
found reasonable concordance between the results obtained by
using the MiSeq and Ion Torrent PGM sequencing platforms.
Nevertheless, for several samples, the abundance of one or more
organisms detected by one platform was significantly different
from that detected by the other. It is important to note that, in this
analysis, significantly biased detection of even a single organism
will significantly distort the overall population profile of a specimen, as the relative abundance of the remaining organisms will be
artifactually increased or decreased if one species is significantly
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der these matched experimental conditions, we noted several important differences in the performance characteristics of the two platforms as applied to 16S rRNA amplicon sequencing.
Notably, we observed that a fraction of 16S rRNA sequence
reads were prematurely truncated in PGM data, although virtually
all MiSeq reads were full length (Fig. 1). Read truncation was
highly dependent on both the orientation in which sequencing
was performed and the specific organism from which the sequence was derived. Several conclusions can be drawn regarding
the nature of this phenomenon. Because the Ion Torrent sequencing described in this work was performed on two different instruments, the phenomenon does not appear to be unique to a particular sequencer. It is similarly not specific to the 16S rRNA primer
set used, as the forward and reverse sequencing reactions on the
Ion Torrent platform utilized the same core primer sequences yet
yielded different patterns of read truncation. Given the fact that
DNA fragments must retain primer binding sites at opposing ends
of the molecule, either primer binding sites during PCR amplification or adaptor sequences during templating, the PCR process
can be ruled out as the source of read truncation, both at the initial
amplification stage and during emulsion PCR prior to sequencing.
We conclude that the sequencing stage can be implicated as the
source of this bias, which is supported by our observation that the
use of an optimized flow order somewhat mitigated the read truncation effect. The underlying source of this artifact is unclear, but
the directionality of the effect suggests that local sequence attributes such as homopolymer tracts, local GC content, or local nucleotide composition are responsible, rather than global properties such as a fragment’s overall GC content. However, we
examined affected reference sequences with respect to these features and failed to identify any consistent or unifying sequence
property that preceded read truncation or that was unique to sequences demonstrating premature truncation (see Fig. S2 to S4 in
the supplemental material). This suggests that the underlying
causes of this phenomenon are complex and may involve properties outside the nucleotide sequence itself, such as secondary
structure.
Whatever the origin of the bias, this finding has at least three
major practical implications for users of Ion Torrent sequencing
platforms. First, given that the removal of reads that are not full
length is an initial data-filtering step for many 16S rRNA amplicon
analysis pipelines (2, 5), our findings suggest that this requirement
might need to be relaxed when Ion Torrent data are examined in
order to avoid categorical exclusion of certain species. Such a
strategy comes with potential tradeoffs in data quality, and the
partial sequence fragments included may not contain enough taxonomic information for robust classification. Second, it should be
recognized that under some conditions, 16S rRNA amplicon fragments of the expected length may not be detectable for some species on the Ion Torrent platform, independently of whether PCR
products can be generated from those organisms. Among the 20
organisms specifically surveyed in this study, A. odontolyticus and
P. acnes strains were strongly affected by this problem when sequenced in the reverse orientation. It should be safe to assume that
this phenomenon would extend to at least a few additional species
or genera not represented in the mock community, for example,
as suggested by the failure to detect M. nonliquefaciens in one
experimental sample (Fig. 4). Third, different community profiles
can be obtained when interrogating a 16S rRNA gene target from
the two possible orientations. We have found that the use of an
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underrepresented or overrepresented, respectively. Indeed, specimens with major population-level differences in comparisons of
the two platforms can be parsimoniously explained by global differences in the ability to classify reads at the species level or by
differences in the inferred abundance of one or a few specific bacteria. In the majority of cases, disparities among the platforms can
be explained by the reduced ability of the Ion Torrent platform to
detect specific organisms due to premature read truncation: P.
acnes, known to be problematic in this regard, was implicated in
4 of the 6 discordant cases, and the failure of Ion Torrent sequencing to detect M. nonliquefaciens, Morococcus cerebrosusNeisseria macacae, and S. constellatus/S. intermedius may similarly
reflect this issue.
The choice of the 16S rRNA variable region or regions selected
for analysis, the library construction procedures used, and the
taxonomic distribution of microorganisms expected in a sample
are inevitably study dependent. Thus, although the principles established in this work are broadly applicable, the practical impact
of the observations that we report may be greater or less depending on a specific project’s experimental objectives, design, and
selected target gene(s). As the premature read truncation observed
for Ion Torrent sequence reads could extend to other 16S rRNA
variable regions and perhaps other marker genes, analogous studies should be considered to evaluate Ion Torrent amplicon resequencing, and next-generation sequencing technologies in
general, for specific applications. Similarly, next-generation sequencing technologies are developing at a rapid pace, and as
such, it will be important to periodically assess performance
characteristics of sequencing platforms in light of the latest
read lengths and sequencing chemistries as they become available.
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