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ABSTRACT Bacterial pathogens that cannot be identified using matrix-assisted laser
desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) are occa-
sionally encountered in clinical laboratories. The 16S rRNA gene is often used for
sequence-based analysis to identify these bacterial species. Nevertheless, traditional
Sanger sequencing is laborious, time-consuming, and low throughput. Here, we
compared two commercially available 16S rRNA gene sequencing tests that are
based on Illumina and Nanopore sequencing technologies, respectively, in their abil-
ity to identify the species of 172 clinical isolates that failed to be identified by
MALDI-TOF MS. Sequencing data were analyzed by the respective built-in programs
(MiSeq Reporter software of Illumina and Epi2me of Nanopore) and BLAST+
(v2.11.0). Their agreement with Sanger sequencing on species-level identification
was determined. Discrepancies were resolved by whole-genome sequencing. The
diagnostic accuracy of each workflow was determined using the composite sequenc-
ing result as the reference standard. Despite the high base-calling accuracy of
lllumina sequencing, we demonstrated that the Nanopore workflow had a higher
taxonomic resolution at the species level. Using built-in analysis algorithms, the con-
cordance of Sanger 16S with the lllumina and Nanopore workflows was 33.14% and
87.79%, respectively. The agreement was 65.70% and 83.14%, respectively, when
BLAST+ was used for analysis. Compared with the reference standard, the diagnostic
accuracy of Nanopore 16S was 96.36%, which was identical to that of Sanger 16S
and better than that of Illumina 16S (69.07%). The turnaround time of the lllumina
workflow and the Nanopore workflow was 78 h and 8.25 h, respectively. The per-
sample cost of the lllumina and Nanopore workflows was US$28.5 and US$17.7,
respectively.

KEYWORDS 16S rRNA gene, bacterial species, lllumina sequencing, Nanopore
sequencing, Sanger sequencing

raditionally, clinical microbiology laboratories have relied on phenotypic methods to

identify bacterial pathogens. However, conventional biochemical tests are labor-inten-
sive and time-consuming, and the results can be ambiguous when two species share simi-
lar biochemical profiles (1, 2). Nowadays, matrix-assisted laser desorption—ionization time
of flight mass spectrometry (MALDI-TOF MS) is widely used for bacterial identification in
clinical laboratories (3). MALDI-TOF MS allows rapid identification of microorganisms by
comparing the mass spectrum of a sample with the reference spectra in the database (4).
Although MALDI-TOF MS is a rapid, simple, and high-throughput technology for bacterial
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identification, some species cannot be well differentiated due to high similarity in the
mass spectra of closely related species or lack of reference spectra (5).

A study by Lau et al. reported that MALDI-TOF MS failed to determine the species of 37
out of 67 (55%) phenotypically “difficult-to-identify” bacteria in clinical laboratories (6). In
general, anaerobes, particularly Actinomyces spp., Peptostreptococcus spp., Prevotella spp.,
and Fusobacterium spp. (7-9), have a higher failure rate than aerobes in bacterial identifica-
tion using MALDI-TOF MS (7, 10). Additionally, some weakly acid-fast bacilli and Gram-posi-
tive aerobes, such as Nocardia spp. and Streptomyces spp., respectively, are poorly identified
by MALDI-TOF MS (7, 11). Regarding Gram-negative aerobes, studies have reported that
MALDI-TOF MS cannot effectively identify certain Achromobacter spp., Acinetobacter spp.,
Chryseobacterium spp., and Moraxella spp. (11, 12). In such cases, 16S sequencing of cul-
tured isolates is commonly used for species-level identification.

Sanger sequencing offers a high base-calling accuracy, but it is laborious and time-
consuming with limited throughput (13). High-throughput sequencing (HTS) technolo-
gies, such as lllumina sequencing and Nanopore sequencing, have been proposed as
alternatives to generate 16S sequences for rapid identification of bacteria that are of
clinical interest. The lllumina platform can generate vast quantities of highly accurate
sequencing reads. However, the read length is limited and insufficient to cover the
entire 16S rRNA gene. According to the 16S metagenomic sequencing library prepara-
tion workflow from Illumina, bacteria are identified based on variable regions (V3 and
V4) of 16S. Nevertheless, the variable regions are not equally discriminative between
and across different species, genera, and families (14).

In contrast, the MinlON device by Oxford Nanopore Technologies (ONT) enables
generation of ultralong reads exceeding 4 Mb. The 16S rRNA sequencing assay (SQK-
165024) from ONT allows the entire 165 rRNA gene to be sequenced with real-time
data analysis. Recent studies have demonstrated its potential for rapid bacterial identi-
fication; however, the high read error rate (8% to 15%) of this platform might hinder
the accuracy of species-level identification for diagnostic purposes (15).

Considering the respective limitations of Illumina and Nanopore technologies, a
comprehensive investigation of the clinical utility of these 16S rRNA sequencing
approaches for bacterial identification is required. This study aimed to evaluate the
performance of two commercial HTS workflows for 16S rRNA sequencing, which were
the 16S metagenomic sequencing library preparation workflow (Nextera XT index kit
v2) coupled with MiSeq Reporter software (MSR) from Illumina and the 16S barcoding
kit 1-24 (SQK-165024) coupled with Epi2me from ONT. These workflows were used to
identify bacterial isolates that could not be definitively identified by MALDI-TOF MS.
The respective performances of the two built-in analysis pipelines (MSR and Epi2me)
were compared with that of the in-house BLAST+ (v2.11.0) analysis.

In light of the complexities of evaluating diagnostic accuracy in the absence of a
perfect gold standard, we considered a composite 16S rRNA sequencing result inferred
by Sanger and the two HTS platforms as a reference standard. In cases of disagreement
in taxa inferred by the three sequencing platforms, whole-genome sequencing (WGS)
was conducted to confirm the bacterial identities. The costs and times to result of the
sequencing workflows were also compared.

MATERIALS AND METHODS

Sample collection. A total of 172 clinical isolates from 117 species were collected from the clinical
microbiology laboratory of Pamela Youde Nethersole Eastern Hospital in Hong Kong. Clinical isolates
were included if they failed to be classified at the species level (score < 2.00) by the IVD MALDI Biotyper
(Bruker Daltonics, Bremen, Germany). The MALDI-TOF MS procedures were repeated twice to eliminate
the effect of random errors. Failure to identify bacterial species occurred due to (i) lack of a reference
spectrum in the database (81 samples), (ii) inclusion of certain species in the “dangerous database,”
named Security Library 1.0, rather than the regular database (two samples), or (i) poor quality of protein
spectra (89 samples) (see Table S1 in the supplemental material). The IVD MALDI Biotyper used in this
study was microflex (Bruker Daltonics), and the database version was BD-6763. The original specimens
from which the organisms were isolated are listed in Table S1 in the supplemental material.

DNA extraction. Total nucleic acid was extracted from clinical isolates using the Amplicor respira-
tory specimen preparation kit (Roche, Basel, Switzerland) and purified with 1.8x AMPure XP beads
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(Beckman Coulter, CA, USA). Purified DNA was diluted to targeted concentrations in subsequent
sequencing workflows. The required DNA inputs for the lllumina and Nanopore workflows were 12.5 ng
and 10 ng, respectively.

Sanger 16S. For Sanger 16S rRNA sequencing (Sanger 165S), the full-length 16S rRNA gene was ampli-
fied using primers for 16s_27F (5'-AGAGTTTGATCMTGGC-3"") and 16s_1492R (5’-TACCTTGTTACGACTT-3"")
(Fig. S1) (16). The reaction mixture was prepared by mixing 36.7 uL of nuclease-free water, 5 uL of 10x
PCR buffer, 1 uL of 10 mM deoxynucleoside triphosphate mix (NEB, Ipswich, MA, USA), 1 ulL of each 25
M primer, 0.3 ulL of HotStarTag Plus DNA polymerase (Qiagen, Hilden, Germany), and 5 uL of DNA tem-
plate. The PCR conditions were 96°C for 8 min, 37 cycles at 94°C for 1 min, 37°C for 2 min, and 72°C for
2 min 30 s, followed by 72°C for 10 min and a hold step at 4°C. PCR products were purified using ExoSAP-
IT reagent (Thermo Fisher Scientific, Waltham, MA, USA) and then passed to the subsequent cycle
sequencing by using eight sequencing primers (17-19) (Table S2). The reaction mixture consisted of 13 uL
of nuclease-free water, 1 uL of BigDye Terminator v3.1 ready reaction mix (Thermo Fisher Scientific),
3.5 uL of 5x sequencing buffer, 1 uL of 3.2 uM primer, and 1.5 L of purified PCR product. The PCR condi-
tions were 96°C for 1 min and 25 cycles at 96°C for 10 s, 37°C for 30 s, and 60°C for 4 min, followed by a
hold step at 4°C. The sequencing products were purified using 75% isopropanol and resuspended in
12 pl of Hi-Di formamide (Thermo Fisher Scientific). After loading on the Applied Biosystems 3130 genetic
analyzer (Thermo Fisher Scientific), the resulting raw trace files were analyzed using the Staden Package
(v2.0.0b11). The consensus sequence of each sample was classified by submitting a Basic Local Alignment
Search Tool (BLAST) query against the 16S rRNA sequence database (https://blast.ncbi.nim.nih.gov/Blast
.cgi), using the default parameters. The classified species with the lowest E value and highest percentage
identity was regarded as the identity of the sample.

Illumina 168S. (i) Library preparation. For Illumina sequencing (lllumina 16S), libraries were con-
structed according to the 16S metagenomic sequencing library preparation workflow from Illumina.
Briefly, the 16S V3 and V4 regions of samples were amplified in the first stage of PCR using the primers
suggested in the workflow, which were 16S amplicon PCR forward primer (5'-TCGTCGGCAGCGTCAGA
TGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3') and 16S amplicon PCR reverse primer (5'-GTCTCGT
GGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3') (Fig. S1). The underlined bases
in the primer sequences are the overhang adapter sequences for attachment of the indexed adapters in
the second stage of PCR. The size of the amplicon was approximately 460 bp. After a post-PCR cleanup,
a unique indexed sequencing adapter was added to each sample using the Nextera XT index kit v2
(Illumina, San Diego, CA, USA). Then, a second post-PCR cleanup was performed, followed by a qualifica-
tion check of the purified libraries.

(ii) Quantification and sequencing. The size of each library was measured using the 2100
Bioanalyzer system (Agilent, Santa Clara, CA, USA) and the high-sensitivity DNA kit (Agilent). The quan-
tity of the libraries was measured by real-time PCR using the LightCycler 480 instrument Il (Roche) and
the QlAseq Library Quant assay kit (Qiagen). Then, the libraries were diluted to 4 nM and pooled into
one tube. After denaturation with 0.2 N NaOH, the pooled library was diluted to 9 pM and spiked with
15% of 9 pM PhiX prepared from the PhiX control kit v3 (lllumina). The pooled library was then loaded
on the MiSeq sequencer (lllumina) for sequencing using MiSeq reagent kit v3 (lllumina). The sequencing
time was 56 h.

(iii) On-instrument data analysis. Sequencing data were analyzed using MiSeq Reporter software
(v2.6.2.3) (MSR) in the MiSeq system. After selection of the metagenomics workflow, sequencing reads
were mapped against reference sequences in the Greengenes database (v13.5, May 2013) (http://
greengenes.lbl.gov/) for classification. The classification of reads at seven taxonomic levels from king-
dom to species was analyzed in this workflow.

(iv) Data analysis using BLAST+ (lllumina_BLAST+). The paired-end reads of each sample were
merged using the “make.contigs” command in Mothur (v1.44.3) (20). The reads were filtered using the
“screen.seqs” command. Sequences smaller than 400 bp, larger than 500 bp, or with any ambiguous bases
were removed. The resulting fasta files were analyzed by BLAST+ (v2.11.0) using an in-house Python script
(https://github.com/siupenyau/Pocket_16S5/tree/7d3fa9d73a6a35afb47e40e7850cef72b4b91a22). In brief,
the reads were aligned to the reference sequences in the 16S rRNA database (https://ftp.ncbi.nlm.nih.gov/
blast/db/) downloaded from the National Center for Biotechnology Information (NCBI). The percentage
identity and percentage query coverage were set at 90%.

(v) Data analysis using nf-core/ampliseq. Samples with disagreements between the MSR and
lllumina_BLAST+ were further analyzed using another pipeline, nf-core/ampliseq (https://github.com/nf
-core/ampliseq), which was developed by Straub et al. (21) to obtain the resolved lllumina 16S identity.
The pipeline performed taxonomic assignments based on an error-correcting amplicon sequence variant
(ASV) approach instead of read-by-read classification. The reference 16S rRNA database was the SILVA
v132 database (22).

Nanopore 168S. (i) Library preparation and sequencing. For Nanopore sequencing (Nanopore
16S), library preparation was performed using the 16S barcoding kit 1-24 (SQK-165024) from ONT
according to the manufacturer’s protocol. Libraries were quantified using the Qubit 2.0 fluorometer
(Thermo Fisher Scientific) with the Qubit 1x double-stranded DNA (dsDNA) HS assay kit (Thermo Fisher
Scientific). Then, 24 barcoded libraries were pooled into one tube in equal concentrations. After ligation
with the rapid adapter, sequencing was performed using the FLO-MIN106 R9.4.1 flow cell with the
MinlON sequencer on the MinKNOW platform for approximately 4 h.

(ii) On-instrument real-time data analysis. During sequencing, the passed fastq files generated by
Guppy of MinKNOW, which had a quality score of >7, were uploaded on the cloud-based data analysis
platform Epi2me for analysis. Sequencing reads were aligned to reference sequences in the NCBI 16S
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bacterial database using the FASTQ 16S workflow (v2020. 04. 06). Regarding the workflow parameters,
the minimum QSCORE was set at 7, while the minimum percentage coverage and minimum percentage
identity were set at 90%.

(iii) Data analysis using BLAST+ (NanoBLAST +). In addition to Epi2me, sequencing data were an-
alyzed using BLAST+ (v2.11.0), similar to the analysis of Illumina data. As each sample generated multi-
ple fastq files in a sequencing run, the fastq files of each sample were first merged into a single fastq file
and then converted to a fasta file before being aligned to reference sequences in the database.

(iv) Data analysis using NanoCLUST. Samples with disagreement between Epi2me and NanoBLAST+
were further analyzed using another pipeline, NanoCLUST (https://github.com/genomicsITER/NanoCLUST)
(23), to obtain the resolved Nanopore 16S identity. Unlike Epime and NanoBLAST+, NanoCLUST does not
classify individual reads in a sample. Instead, NanoCLUST forms clusters of similar reads and classifies the
consensus sequence of each cluster.

WGS. Samples with completely discordant taxa, as inferred by Sanger 165, lllumina 16S, and Nanopore
16S tests, were subjected to whole-genome sequencing (WGS) to confirm the definite identities using the
ONT platform. Library preparation was performed using the transposase-based rapid barcoding kit (SQK-
RBK110.96) from ONT in accordance with the manufacturer’s protocol. After pooling and adapter ligation,
the library was loaded on the FLO-MIN106 R9.4.1 flow cell and sequenced using the GridION device for 48
h in high-accuracy base-calling mode. The passed fastq files were uploaded to Epi2me and analyzed using
the WIMP workflow (v2021.03.05).

De novo assembly for WGS data sets. Sequencing reads of each sample were assembled using Shasta
(v0.7.0) (https://github.com/chanzuckerberg/shasta). Sequencing reads were realigned to the assembled con-
sensus sequences using minimap2 (v2.17-r941) and samtools (v1.10). Consensus sequences were first polished
using MarginPolish (v1.3.dev-5492204) (https://github.com/UCSC-nanopore-cgl/MarginPolish) and then further
polished using homopolish (v0.2.1) (https://github.com/ythuang0522/homopolish) (24). To avoid bioinfor-
matics bias in de novo assembly, each sample was also subjected to a second analysis pipeline. In brief, the
sequencing reads were assembled using miniasm (v0.3-r179) (https://github.com/lh3/miniasm/releases/tag/v0
.3). All-versus-all read self-mapping was performed using minimap2. Raw consensus sequences were then gen-
erated using miniasm. After realignment of the raw reads to consensus sequences using minimap2, the con-
sensus sequences were polished twice using racon (v1.4.3) (https://github.com/isovic/racon).

The longest polished consensus sequences of each sample were classified using BLAST+ (v2.11.0)
with the Prokaryotic RefSeq Genomes database downloaded from the NCBI. The top classified species
with both query coverage and percentage identity were reported. The average nucleotide identity (ANI)
between the query and best-matched reference genomes was calculated using an ANI calculator
(https://www.ezbiocloud.net/tools/ani) (25). An ANI of >94% indicated that the samples belong to the
same species as the best-matched genomes.

Data and statistical analysis. The top classified taxa obtained from lllumina and Nanopore data
sets were compared with those inferred by Sanger 16S using built-in programs and BLAST+ for analysis.
Species-level concordance between the HTS and Sanger workflows was calculated. For samples that did
not match at the species level, concordance at the genus or family level was determined.

To assess diagnostic accuracy, a composite 16S rRNA sequencing result obtained from the three
sequencing platforms was considered the reference standard. Identical species obtained by at least two
sequencing platforms were considered reference taxa. For samples with completely discordant species
inferred by the three sequencing platforms, WGS was conducted to confirm the reference taxa.

RESULTS

Statistics of sequencing reads generated from the lllumina and Nanopore
workflows. Based on the default analysis of MSR, the Illumina platform generated an
average of 113,381 reads per sample. After merging the paired-end reads and filtering
out unwanted reads with undesired read lengths and ambiguous bases, an average of
68,652 filtered reads per sample was retained for lllumina_BLAST+ analysis.

The Nanopore MinKNOW platform generated an average of 51,769 reads (QSCORE = 7)
per sample, but an average of 51,419 reads (QSCORE = 7) per sample was analyzed in the
FASTQ 16S workflow in Epi2me. The slight difference in the number of average reads per
sample was due to using different algorithms in the demultiplexing step between Epi2me
and Guppy of MinKNOW. An average of 51,769 reads per sample was analyzed using
NanoBLAST+. The total number of reads and the number of classified reads of each sample
on both sequencing platforms are shown in Table S3 in the supplemental material.

Taxonomic resolution of sequencing reads. The percentage distribution of classi-
fied reads via both sequencing platforms is shown in Fig. 1. On average, only 45.74% of
the total reads of a sample were successfully classified at the species level by MSR with
reference to the Greengenes database. After merging paired-end reads and quality filter-
ing, 94.02% of filtered reads were classified at the species level by lllumina_BLAST+ with
reference to the NCBI 16S rRNA database.

In the Nanopore workflow, both Epi2me and NanoBLAST+ use the NCBI 16S rRNA
database for classification of long-read sequencing data. An average of 76.03% of total
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FIG 1 Boxplots showing the distribution of percentages of classified reads of all samples in lllumina
(a) and Nanopore (b) sequencing.

reads were classified at the species level in Epi2me, compared with 53.56% in
NanoBLAST+.

Concordance in bacterial speciation: lllumina 16S and Nanopore 16S versus
Sanger 16S. The top-ranked species obtained from the lllumina 16S and Nanopore 16S
workflows, coupled with the respective analysis pipelines, are listed in Table S3. The per-
centage of samples that matched Sanger 16S results at each of the species, genus, and
family levels is illustrated in Fig. 2. The concordance in species-level identification among
the sequencing platforms is shown in Fig. 3. Overall, in terms of concordance with the

The concordance between bacterial taxa generated from HTS technologies and

the reference Sanger sequencing
100%

90% |
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Percentage of samples matched to reference

Miseq re.porter NGS_BL-AST+ T NanoBLAST+

(Hlumina) (Hlumina) (Nanopore)
= Not match 9.30% 0.00% 1.16% 1.16%
B Matched at family level 18.02% 1.16% 0.58% 1.16%
B Matched at genus level 39.54% 33.14% 10.47% 14.54%
B Matched at species level 33.14% 65.70% 87.79% 83.14%

FIG 2 Concordance between bacterial taxa inferred by the two HTS workflows and Sanger sequencing.
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FIG 3 Venn diagram showing concordance of bacterial taxa inferred by different 16S rRNA sequencing platforms. (a)
Concordance of the top classified species between Illumina sequencing, coupled with MSR and lllumina_BLAST+
analysis, and Sanger sequencing. (b) Concordance of the top classified species between Nanopore sequencing,
coupled with Epi2ME and nanoBLAST+, and Sanger sequencing. (c) Concordance of the top classified species among
Sanger 16S, resolved Illumina 16S, resolved Nanopore 16S, and reference standard.

Sanger 16S result, Nanopore 16S was better than Illumina 16S, regardless of analysis
pipeline.

For the lllumina 16S workflow, MSR and lllumina_BLAST+ demonstrated concordances
of 33.14% (57/172) and 65.70% (113/172), respectively, with Sanger 16S in species-level iden-
tification. A total of 9.30% of samples (16/172) were unmatched, even at the family level, in
MSR, whereas all samples matched at the family level or below in lllumina_BLAST+. Of note,
concordance between the results of MSR and lllumina_BLAST+ was low; only 32.56% of
samples (56/172) showed a matched result among the classified species from these two
analysis pipelines. Moreover, only 28.49% of samples (49/172) showed complete agreement
in the classified species among the MSR, lllumina_BLAST+, and Sanger data sets.

For the 116 samples with discrepant taxa inferred by MSR and Illumina_BLAST+, nf-
core/ampliseq was used to resolved their identities. However, only 41 samples were classi-
fied at the species level by nf-core/ampliseq, 28 (24.14%) of them matched the results of
lllumina_BLAST+, and 4 (3.45%) of them matched the results of MSR. For the nine samples
that failed to reach agreement at the species level, all of them matched the results of
lllumina_BLAST+ at the genus level. A total of 75 samples were classified only at the ge-
nus level or above by nf-core/ampliseq, and all of them matched the genus or family
inferred by Illumina_BLAST+. Concordance between the resolved lllumina 16S and Sanger
16S results was 63.95% (110/172).

For Nanopore 16S, concordances of 87.79% (151/172) and 83.14% (143/172) at the
species level were achieved with Epi2me and NanoBLAST+, respectively. A total of
1.16% of samples (2/172) were unmatched even at the family level, as reported by
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Epi2me and NanoBLAST+, respectively. Concordance between the results of Epi2me
and NanoBLAST+ was 80.23% (138/172). Additionally, 76.74% of samples (132/172)
showed agreement in the classified species among the Epi2me, NanoBLAST+, and
Sanger data sets.

A total of 34 samples showed disagreement in the classified species inferred by
Epi2me and NanoBLAST+. The respective Nanopore data were further analyzed using
NanoCLUST to resolve the discrepancies. NanoCLUST agreed with Epi2ME and BLAST +
in 13 (38.24%) and 17 (50.00%) samples, respectively. Four samples failed to reach
agreement in terms of species-level identification, of which three were matched in
terms of genus-level identification and one was considered as having no reliable bacte-
rial identification. Concordance between the resolved Nanopore 16S and Sanger 16S
results was 89.53% (154/172).

WGS for bacterial isolates with discrepant species-level identification. Eight
samples (4.65% [8/172]) showed complete discordance in bacterial species, as inferred
by the three 16S rRNA sequencing workflows. WGS was conducted to identify definite
taxa. To validate the transposase-based rapid sequencing protocol for bacterial ge-
nome construction, two ATCC reference strains, namely, Klebsiella pneumoniae
BAA3079 and Staphylococcus aureus BAA3114, were sequenced and analyzed in paral-
lel with the eight discordant samples. Both reference strains successfully yielded con-
sensus sequences of >3 Mb, which covered 94% of the genomes of the respective tar-
get organisms with 99% identity. This indicated that the WGS protocol was able to
construct reliable consensus prokaryotic genomes (Table 1).

Interestingly, seven of these samples failed to match the published bacterial genomes,
with query coverage of <70% for the longest consensus sequences (Table 1). The average
nucleotide identities (ANIs) to the best-matched genomes were <85% (the threshold for
the same species should be >94%), suggesting that these seven “difficult-to-identify” iso-
lates were likely novel bacterial species. As the definite bacterial species could not be con-
firmed, these samples were excluded from the subsequent diagnostic evaluation.

The consensus sequence of one sample (R062) showed an overall query coverage
of >92%, with 99.17% identity to Klebsiella michiganensis (NZ_CP060111.1). As the ANI
achieved 98.71%, K. michiganensis was therefore considered the reference taxon for
this sample.

Diagnostic accuracy of the three 16S rRNA sequencing workflows. The compos-
ite of 16S rRNA sequencing and WGS results was regarded as the reference standard for
calculating the diagnostic accuracy. The discordant samples between each sequencing
platform and the reference standards are listed in Table 2.

The diagnostic performance of each sequencing workflow is summarized in Table 3.
For the lllumina platform, the diagnostic accuracies of MSR and Illlumina_BLAST+ were
35.76% and 71.52%, respectively. Notably, the diagnostic accuracy of resolved Illlumina
16S was even lower than that of lllumina_BLAST+ alone (69.07% versus 71.52%), sug-
gesting that Illumina_BLAST+ was the most optimized analysis pipeline for lllumina
16S.

For the Nanopore platform, the diagnostic accuracies of Epi2me and nanoBLAST+
were 89.09% and 89.70%, respectively. The diagnostic accuracy of resolved Nanopore
16S was 96.36%, which was the same as that of Sanger sequencing.

Comparison of sample-to-report time and running cost of the two HTS technologies.
The lllumina platform enables sequencing of up to 384 samples per run, whereas,
owing to the limited choice of sequencing barcodes, the Nanopore platform can sup-
port only a batch of 24 samples per run. Without considering the time for DNA extrac-
tion, it took 78 h for the lllumina workflow to generate sequencing data for each run
(Fig. 4). With the Nanopore platform, the sequencing workflow required 8.25 h. Of
note, although base-calling and Epi2me analyses are real-time processes, their speed is
highly dependent on the strength of the computer. However, Nanopore sequencing
can be stopped once sufficient reads have been generated.

The running cost of the Nanopore workflow is relatively lower than that of the
lllumina workflow. The cost of the Illumina workflow per sequencing run is US$4,931
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TABLE 3 Diagnostic accuracies of the Sanger, lllumina, and Nanopore 16S rRNA sequencing methods

No. of samples No. of samples Diagnostic P value

Sequencing method analyzed with matched taxa accuracy (%) 95% CI¢ (chi-square test)“
Sanger 16S 165 159 96.36 92.25-98.65
Resolved lllumina 165° 165 115 69.70 62.07-76.60 <0.0001*

Analyzed by MSR 165 59 35.76 28.46-43.58

Analyzed by 165 118 71.52 63.98-78.26

Ilumina_BLAST+
Resolved Nanopore 165° 165 159 96.36 92.25-98.65 0.0291*

Analyzed by Epi2ME 165 147 89.09 83.31-93.41

Analyzed by 165 148 89.70 84.02-93.88

NanoBLAST+

aDiscordant samples between MSR and Illumina_BLAST+ were analyzed by nf-core/ampliseq; classified species in nf-core/ampliseq were considered resolved identities in
lllumina workflow.

bDiscordant samples between Epi2me and NanoBLAST + were analyzed by NanoCLUST; classified species in NanoCLUST were considered resolved identities in Nanopore
workflow.

<Cl, confidence interval.

da*, P < 0.05, statistically significantly different from Sanger 16S results.

(172 samples), and the cost per sample is approximately US$28.7. If the sample size is
increased to 384, the cost of the lllumina workflow per sequencing run is US$8,279;
therefore, the cost per sample is reduced to US$21.6. For the Nanopore workflow, the
cost per sequencing run (24 samples) is US$424, which means that the cost per sample
is approximately US$17.7.

lllumina Sequencing | DNAextraction | Nanopore sequencing
and purification

(16S Metagenomic Sequencing

Library Preparation workflow) (165iBarcoding Kit =24)

172 samples/run 24 samples/run

v

Amplicon PCR and Barcode PCR and
a purification (4h) purification (3h) )
Index PCR and Quantification and
purification (3h) pooling (1h)
—
L l L
Q Bioanalyzer and qPCR Adapter ligation and g
=) (12h) sample loading (15min) -
o _| -
o0 .
N~ Library normalisation (2h) Sequencing (4h) 0
l l Al
Miseq sample loading (1h) Basecalling (real-time)
Sequencing and ) i ) w;
“ on-instrument analysis (56h) Epizme analysis (real-time)

FIG 4 16S rRNA gene sequencing workflow of the HTS technologies.
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DISCUSSION

Although the majority of bacterial pathogens can be identified by MALDI-TOF MS,
16S rRNA gene sequencing is needed in clinical microbiology laboratories to confirm
the identities of “difficult-to-identify” clinical isolates. With reduced costs, simplified
protocols, and automated bioinformatics pipelines, HTS has been proposed as a better
alternative to traditional Sanger sequencing for sequence-based bacterial identification
in clinical laboratories. This is the first study to compare the performances and evaluate
the clinical utilities of two commercially available high-throughput 16S rRNA gene
sequencing assays with built-in analysis software for taxonomic assignment of bacterial
pathogens that are unidentifiable using MALDI-TOF MS.

In order to evaluate the performance of the built-in analysis pipelines from Illumina
(MSR) and Nanopore (Epi2me) platforms, the sequencing data from both platforms
were also analyzed using BLAST+. With the same analysis approach as that of MSR and
Epi2me (read-by-read classification) and the applicability to both Illumina and
Nanopore data, BLAST+ is a good analysis tool for intra- and interplatform compari-
sons. The full analysis workflow is illustrated in Fig. 5.

The results from lllumina and Nanopore platforms were compared with Sanger 16S
results (Fig. 5a). With the lllumina platform, the concordance of the classified species
between MSR and Sanger 16S was exceptionally low; only 33.14% of samples matched
the Sanger result for the top classified species, compared with 65.70% when using
Illumina_BLAST+. As described in previous studies, the use of different bioinformatics
tools and 16S rRNA sequence databases could result in different taxonomic assign-
ments, especially at lower taxonomic levels (26, 27). The latest version of the
Greengenes database for MSR was updated in 2013 and does not contain certain new
bacterial taxa, which accounts for the poor agreement of this workflow compared with
others (27). Nevertheless, mismatches between Illumina and Sanger sequencing were
observed in 34.33% of samples, even when the same aligner (i.e., BLAST) and database
(i.e., NCBI 16S bacterial database) were used.

The Nanopore 16S workflow demonstrated a considerably higher percentage con-
cordance with the Sanger 16S workflow than with the lllumina 16S workflow, regard-
less of the analysis pipeline used. In contrast to the built-in analysis on the Illumina
platform (i.e., MSR), the performance of Epi2me with Nanopore 16S was comparable to
that of nanoBLAST+ (83.14%), with 87.79% of samples matching the Sanger results for
the top classified species. Notably, species-level disagreement between Epi2me and
nanoBLAST+ was observed in 34 samples (19.77%).

One may argue that with the constraint of low sequencing depth, the Sanger 16S
result alone should not be considered as the final reference. We therefore used a com-
posite of 16S sequencing results generated by the three platforms, and any discrepan-
cies were resolved by WGS as the reference standard to determine the diagnostic accu-
racy of the HTS workflows (Fig. 5b and c).

The discrepant samples between MSR and Illlumina_BLAST+ were further analyzed
by nf-core/ampliseq. This new pipeline classifies reads based on an error-correcting
amplicon sequence variant (ASV) approach, which showed better performance in taxo-
nomic classification than the clustering of operational taxonomic unit (OTU) approach
in the study by Straub et al. (21). However, there was no improvement in the diagnos-
tic accuracy when the resolved lllumina 16S was compared with the reference stand-
ards. Regardless of the classification approaches, the diagnostic accuracy of the
lllumina workflow was still restricted by the length and position of the variable regions
of the 16S gene fragment being sequenced.

As indicated by Johnson et al., although some subregions (e.g., V1 to V3) of the 16S
rRNA gene provide a reasonable approximation of 16S diversity, most do not capture
sufficient sequence variation to discriminate between closely related taxa. Also, differ-
ent subregions show bias in the bacterial taxa that can be identified (28). In this study,
V3 and V4 regions might perform poorly in classifying the genera of discordant sam-
ples (Table 2) down to the species level. However, lllumina_BLAST+ showed a high
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concordance to the reference at the genus level (98.79%), meaning that the genus-
level identification of the lllumina platform is credible.

Epi2me and BLAST+ rely on read-by-read alignment to reference sequences in the
database. As the base-calling accuracy of Nanopore sequencing is relatively low, the
prevalence of sequencing errors in Nanopore reads could limit its ability to resolve
highly similar sequences. Alternatively, NanoCLUST generates clusters based on uni-
form manifold approximation and projection (UMAP) and classifies the representative
consensus read in each cluster using BLAST. The effect of sequencing errors in individ-
ual sequences can be minimized by forming clusters, which reduces the chance of mis-
classification. Comparing the species resolved using NanoCLUST with the reference
standard, there was a slight improvement in diagnostic accuracy from 89.09%
(Epi2me) and 89.70% (nanoBLAST+) to 96.36%.

There were six samples (3.64%) that still failed to match the reference at the species level
for the resolved Nanopore 16S. One possible reason for this discordance is the high similar-
ity in 16S rRNA gene sequences between the inferred species and the reference taxa. Based
on the now historic assumption of 16S rRNA sequencing, sequences with >95% identity
represent the same genus, whereas sequences with >97% identity represent closely related
species (29). Many researchers have reported that the taxonomic resolution of the 16S rRNA
gene is lower and is unable to discriminate the closely related species in certain genera,
including but not limited to Bacillus, Burkholderia, Acinetobacter baumannii-calcoaceticus
complex, Achromobacter, Actinomyces, and Staphylococcus and Enterobacterales (30, 31). In
this study, all six taxa inferred by Nanopore 16S had >97% sequence identity with the refer-
ence standard (Table 2).

In addition, WGS was performed to identify the definite bacterial taxa for the eight
samples with completely discordant 16S results given by three sequencing platforms.
Nonetheless, seven samples were considered novel bacterial species due to the low
query coverage (<50%) and low ANIs (<94%) between the respective consensus
sequence and best-matched genome (32). WGS confirmed that R062 belonged to K.
michiganensis (ANl = 98.71%), which shared a high degree of 16S rRNA identity with
the taxa assigned by Sanger 16S (Klebsiella grimontii; 99.20%), resolved lllumina 16S
(Enterobacter cloacae; 97.07%), and resolved Nanopore 16S (Yokenella regensburgei;
98.56%) (Table 1). This demonstrated that 16S rRNA sequencing was not able to accu-
rately differentiate these closely related species.

Considering the time to result (not including DNA extraction) of the two sequenc-
ing platforms, the Nanopore workflow (8.25 h) has a much shorter turnaround time
than the lllumina workflow (78 h). A long quantification process (quantitative PCR
[gPCR] and bioanalyzer) is required in the Illumina workflow (12 h) since the cluster
generation process in lllumina sequencing is highly sensitive to library concentration.
While overclustering leads to lower base accuracy, underclustering leads to lower data
output in Illumina sequencing. In contrast, Nanopore sequencing is less sensitive to
the fluctuation of library concentration, and the DNA quantification process is simpler.

The largest sample size of the Nanopore 16S workflow is 24 samples per batch,
compared to 384 samples per batch in the lllumina 16S workflow. Comparing the cost
per sample in a sequencing run with respective maximum sample size, Nanopore
sequencing is relatively cheaper than lllumina sequencing (US$17.7 versus US$21.6,
respectively). Additionally, the startup cost of Nanopore sequencing is remarkably
lower than that of Illlumina sequencing. The starter package of Nanopore sequencing
costs only US$1,000, whereas the lllumina MiSeq costs approximately US$125,000.
Also, expensive instruments like a qPCR machine and a bioanalyzer are required for
the quantification step in lllumina sequencing.

In this study, the FLO-MIN106 R9.4.1 reusable flow cell, which enables sequencing for
up to 72 h, was used for Nanopore 16S sequencing. However, library carryover from the
previous run was observed in a pilot study. This is problematic when the same barcode
set is used in consecutive sequencing runs. To avoid contamination by library carryover,
a new flow cell was used in each sequencing run, and used flow cells were reserved for
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other sequencing runs using different barcodes. In this context, the disposable Flongle
flow cell with fewer active pores is preferred in a clinical setting, especially when the
sample size is small.

Bacterial identification at the genus level might be enough for prescribing treat-
ment in some cases, since most antimicrobial drugs act against groups of bacteria
instead of single species. However, identification to the species level is crucial in differ-
entiating environmental nonpathogenic species and pathogenic species, especially
when the bacteria have contrasting drug susceptibility patterns, for example, the A.
calcoaceticus-A. baumannii complex (33). Nevertheless, the taxonomic resolution of
16S sequencing is dependent on the read length of the 16S rRNA gene, the capacity of
the 16S reference database, and the choice of analysis pipeline.

There are some limitations to this study. First, the aim of this study was to compare
commercially available kits for 16S rRNA gene sequencing from lllumina and Nanopore.
Therefore, by using the 16S metagenomic sequencing library preparation kit, only the V3
and V4 subregions of the 16S rRNA gene were sequenced in the lllumina workflow. But,
it is possible to sequence the full-length 16S rRNA gene using lllumina MiSeq with a lab-
oratory-developed protocol (31), which may increase the diagnostic accuracy of the
lllumina workflow. However, the analysis is more complicated since an additional step of
making contigs is required, which could not be done by MSR. Second, except for the
eight discordant samples, the reference taxa of isolates were defined solely by 16S rRNA
sequencing, and it may not represent the definite taxa. Third, the taxonomic assignment
in WGS was based on the contigs of consensus sequences after de novo assembly.
Circular, gap-free bacterial genomes were not constructed.

Conclusions. Because of its rapidity, simplicity, and high accuracy, MALDI-TOF MS
is the mainstay of bacterial identification in clinical microbiology laboratories. 16S
sequencing of cultured isolates should only be used for taxonomic assignment of
unidentifiable bacterial pathogens in MALDI-TOF MS.

The performance of MSR in taxonomic classification was unsatisfactory, and analysis
using external pipelines such as BLAST+ was recommended in the lllumina 16S workflow
(Nextera XT index kit v2). With massive throughput and high base accuracy, the lllumina
platform is suitable for clinical laboratories with a high burden of clinical samples, where a
longer turnaround time is acceptable. The Nanopore 16S workflow (SQK-165024 with
Epi2me) is recommended when rapid species-level identification is required, especially in
emergency cases. It is recommended to further confirm the classified species using other
analysis pipelines in both sequencing platforms to increase the diagnostic accuracy.
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