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Rapid and reliable species-level 
identification from clinical samples 
using 16S rRNA gene nanopore 
sequencing analysis
Marco J. R. Ivens, Sergio Kamminga, Kawtar Benchamach, Chaimae Akile, Els Wessels,  
Eric C. J. Claas & Stefan A. Boers

The detection and identification of bacterial species in clinical samples are crucial for patient 
management and antibiotic treatment. When culture-based identification methods fail, 16S rRNA 
gene next-generation sequencing (NGS) serves as a valuable alternative. However, its clinical utility 
is often limited by prolonged time to results (TtR) and limited species-level resolution. This study 
aimed to develop and validate a faster, more discriminative 16S rRNA gene NGS workflow. Our 
current 16S rRNA gene NGS protocol uses micelle-based PCR (micPCR) targeting the V4 region, 
followed by Illumina sequencing. This method ensures accurate quantification of 16S rRNA gene 
copies in (low biomass) clinical samples by reducing PCR artefacts and correcting for background DNA 
contamination. To shorten the TtR and improve species-level determination, the micPCR protocol was 
adapted to amplify full-length 16s rRNA genes, followed by nanopore sequencing using the Flongle 
Flow Cell with automated data analysis using the Genome Detective platform. Testing with a synthetic 
microbial community and six clinical samples showed that the 16S rRNA gene micPCR/nanopore 
sequencing protocol maintains good accuracy and sensitivity, reducing TtR to 24 h and enhancing 
species-level resolution. This optimized workflow improves clinical diagnostics, making it a valuable 
tool for guiding patient treatment decisions.

16S rRNA gene sequencing methods have been increasingly used in the field of clinical diagnostics to 
complement culture-dependent methods by enabling detection of DNA derived from live, fastidious, and 
dead microorganisms directly from clinical samples1,2. These culture-independent approaches are incredibly 
powerful as they can determine the bacteriological aetiology in patients with high underlying clinical suspicion 
of bacterial infection with negative cultures. For example, a prospective study of 127 patients with infective 
endocarditis showed that 16S rRNA gene sequencing identified the causative pathogen in 87% of cases (versus 
26% with valve culture) and influenced antimicrobial treatment decisions in 10% of patients3. Additionally, in 
our previous retrospective study, 16S rRNA gene sequencing applied to 23 culture-negative joint fluid samples 
from 19 patients with suspected septic arthritis identified the bacterial etiology in seven cases and contributed to 
targeted antibiotic therapy in four cases4. Together, these examples highlight the clinical utility of 16S rRNA gene 
sequencing, particularly in invasive, complex, or difficult-to-diagnose cases where timely and accurate pathogen 
identification is crucial, and conventional diagnostics are inconclusive.

However, despite its diagnostic promise, technical flaws like chimera formation and variation in PCR 
amplification efficacy impacts the accuracy of current 16S rRNA gene sequencing methods. For example, 
chimeric amplification products are inevitably generated during 16S rRNA gene PCR amplification due to the 
presence of multiple PCR targets in a single reaction chamber and continue to be a major cause of concern for 
reliable taxonomic classification2,5. Furthermore, the presence of multiple PCR targets in one reaction chamber 
could also lead to preferential 16S rRNA gene amplification, resulting in over- or underestimation of some 
bacterial species2,6. To overcome these challenges, we have previously developed and implemented a micelle 
PCR (micPCR) approach that replaces the traditional PCR set-up in the 16S rRNA gene sequencing workflow7. 
The micPCR is designed as an emulsion-based PCR strategy in which a single molecule of template DNA is 
clonally amplified. This compartmentalization per molecule prevents chimera formation and PCR competition, 
generating robust and accurate 16S rRNA gene microbiota profiles. In addition, this method facilitates accurate 
quantification of bacterial DNA by using a single internal calibrator (IC) since equal amplicon yields are obtained 
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for each targeted template DNA molecule independently of template-specific PCR amplification efficiencies8. 
Absolute quantification enables subtraction of any non-sample associated contaminating bacteria or bacterial 
DNA molecules that are invariably present in the laboratory environment and reagents used via the processing 
of negative extraction control (NEC) samples. The ability to remove contaminating DNA allows the accurate 
detection of potentially pathogenic microorganisms at very low abundance in clinical samples, or alternatively, 
the confirmation of culture-negative results4,9,10.

Our previously published micPCR protocol was developed for Illumina next-generation sequencing (NGS) 
platforms and targets the 16S rRNA gene V4 region. This short region frequently lacks the discriminative power 
to identify bacteria to the species level, meaning that taxonomic identification was generally limited to the genus 
level11. More importantly, Illumina NGS experiments are performed in batches that in our routine diagnostic 
laboratory are sequenced once a week, which reduces the sequencing cost per sample but also increases time 
to result (TtR). Alternatively, long-read nanopore sequencing enables sequencing of full-length 16S rRNA gene 
amplicons, which when combined with Flongle flow cells (Oxford Nanopore Technologies (ONT), Oxford, UK) 
can be performed rapidly and cost-effectively on an individual sample12.

To replace Illumina short-read sequencing, an adaptation is presented of our validated 16S rRNA gene 
micPCR/NGS method (micPCR/NGS) using nanopore long-read sequencing. This updated protocol (micPCR/
nanopore sequencing) improves taxonomic resolution at the bacterial species-level by sequencing the full-length 
16S rRNA genes and, more importantly, significantly reduces the TtR to increase the clinical applicability of 16S 
rRNA gene sequencing analysis. To validate our method, a dilution series of an equimolar synthetic microbial 
community (SMC) sample was processed as well as six clinical samples with either no bacterial biomass (n = 2), 
low bacterial biomass (n = 2) or high bacterial biomass (n = 2). The micPCR/nanopore sequencing results 
obtained have been compared to the results obtained with our previously published micPCR/NGS method.

Methods
Synthetic microbial community samples
The DNA used to create the SMC samples was extracted from four independently cultured bacteria (Escherichia 
coli (ATCC 25922), Staphylococcus aureus (ATCC 16600), Clostridioides difficile (ATCC 43593), and Moraxella 
catarrhalis (ATCC 25238)), using the QIAamp DNA Blood Kit (QIAgen, Hilden, Germany) according to 
manufacturer’s instructions. In addition, an aliquot of Minimum Essential Medium (MEM) (Thermo Fisher 
Scientific, Waltham, MA, USA) was simultaneously extracted as a NEC to allow subtraction of contaminating 
bacterial DNA after nanopore sequencing. DNA concentrations were determined with the Qubit 3.0 fluorometer 
(Thermo Fisher) using the Qubit 1x dsDNA HS Assay Kit (Thermo Fisher). Subsequently, the DNA extracts were 
normalized for genome sizes and 16S rRNA gene copies to generate an equimolar mixture of 16S rRNA gene 
targets. Finally, a 10-fold dilution series of 2,500, 250, 25 and 2.5 16S rRNA gene copies/µl per bacterium was 
used as input for the micPCR. Prior to micPCR amplification, 1,000 Synechococcus (ATCC 27264D-5) 16S rRNA 
gene copies were added as IC to all SMC DNA extracts.

Clinical samples
Clinical samples were selected based on previous testing results obtained with the micPCR/NGS protocol. A 
total of six samples were included in this study and were derived from biopsy materials (n = 2), cerebrospinal 
fluids (n = 2), an abscess (n = 1) and an EDTA plasma (n = 1). DNA was extracted from 200 µl sample and eluted 
in a 100 µl volume using the MagNA Pure 96 DNA Viral NA small volume Kit (2.0) with the Pathogen Universal 
200 protocol on the MagNA Pure 96 system (Roche, Almere, The Netherlands). Again, an aliquot of MEM was 
extracted as NEC in the same run to allow for the subtraction of contaminating bacterial DNA after nanopore 
sequencing. The total number of 16S rRNA gene copies within each DNA extract was measured using a 16S 
rRNA gene quantitative PCR (qPCR) according to Yang et al.13. To reduce the risk of overloading the micelles, 
DNA extracts were diluted if required, to contain a maximum concentration of 10,000 16S rRNA gene copies/
µl. Again, 1,000 Synechococcus 16S rRNA gene copies were added as IC to all DNA extracts, including the NEC, 
prior to micPCR amplification. All experiments were performed in accordance with the relevant guidelines 
and regulations, with approval from the Medical Ethics Review Committee (METC) of the Leiden University 
Medical Centre (LUMC) (B20.002). The requirement for informed consent was waived by the METC.

16S rRNA gene micelle PCR
16S rRNA gene amplicon library preparation using micPCR was performed as published previously9, but with 
multiple modifications to accommodate sequencing on the MinION platform (Oxford Nanopore Technologies 
(ONT), Oxford, UK) using Flongle flow cells. For this, the first round of micPCR was performed using modified 
16S_V1-V9_F (5’-TTT CTG TTG GTG CTG ATA TTG CAG RGT TYG ATY MTG GCT CAG-3’) and 16S_V1-
V9_R (5’-ACT TGC CTG TCG CTC TAT CTT CCG GYT ACC TTG TTA CGA CTT-3’) primers that amplified 
the full-length 16S rRNA genes and which incorporated universal sequence tails at their 5’ ends to allow for a 
two-step micPCR amplification strategy. In addition, the LongAmp Taq 2x MasterMix (New England Biolabs, 
Ipswich, MA, USA) was used for more efficient generation of long amplicons. Accordingly, the micPCR round 1 
amplification conditions changed into 95 °C for 2 min, followed by 25 cycles of 95 °C for 15 s, 55 °C for 30 s and 
65 °C for 75 s ending with a final extension of 65 °C for 10 min using the SimpliAmp Thermal Cycler (Applied 
Biosystems, Foster City, CA, USA). The resulting micPCR amplicons were purified using AMPure XP beads in 
a 1:0.6 ratio, after which the second round of micPCR was started using 0.3 µM nanopore barcodes that are part 
of the cDNA-PCR sequencing kit SQK-PCB114.24 (ONT), LongAmp Taq 2x MasterMix and 5.25 µl of purified 
template DNA from the first micPCR round for a total volume of 12.5 µl. The second round of micPCR was 
carried out using an initial denaturation at 95 °C for 2 min followed by 25 cycles of 15 s at 95 °C, 30 s at 50 °C and 
75 s at 65 °C. During the first 10 cycles of PCR, the annealing temperature was increased by 0.5 °C per cycle up to 
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an annealing temperature of 55 °C. The PCR was stopped after a final extension at 65 °C for 10 min. Each SMC, 
clinical sample, and NEC, was processed in triplicate to increase the accuracy and correct for contaminating 
bacterial DNA, as previously described8. As a result, processing a single sample required six different nanopore 
barcodes (one for each sample replicate and one for each corresponding NEC replicate) that were all sequenced 
simultaneously on a single Flongle flow cell.

Nanopore sequencing
After performing micPCR amplicon library preparation, six barcoded amplicon products were pooled and 
sequenced on the MinION platform with the Flongle flow cell (R.10.4.1, V14 chemistry) (ONT). Priming and 
loading of the Flongle flow cell was performed according to the manufacturer’s protocol. Sequencing runs 
were operated using the MinKNOW software (v23.11.5) using the following parameters: a run limit of 16 h (to 
balance data yield and time efficiency), minimum read length of 200 bp, high-accuracy base calling at 400 bps, 
and a minimal Q-score of nine. Demultiplexed FASTQ files were generated by the integrated Dorado basecaller 
(v7.4.13) within MinKNOW and used for downstream bioinformatic analysis.

Data analysis
FASTQ read files per barcode were uploaded to the Genome Detective platform available at ​h​t​t​p​s​:​/​/​w​w​w​.​g​e​n​
o​m​e​d​e​t​e​c​t​i​v​e​.​c​o​m​/​d​b​/​u​i​​​​ (Emweb, Herent, Belgium), after which the Default Bacterial Analysis (16S) pipeline 
v2.15.0 was started. In short, this 16S pipeline first assigned sequence reads to preliminary taxonomic labels 
using Kraken 214 and the SILVA v138.1 database15 as reference. Pairwise alignment scores were then calculated 
for one or more sequence reads assigned to each of these labels using SINA16 in combination with a prealigned 
version of the SILVA database. To improve taxonomic classification, all sequence reads (with the same barcode) 
were aligned again, but now using BLAST and a temporary database of selected reference sequences containing 
pairwise alignment scores of > 99%. Global alignment scores were used to determine the best fitting and 
statistically powered taxonomic level for each assignment, grouping assignments at higher taxonomic levels 
than the species-level if needed. The end result of the 16S pipeline was a list of taxonomic assignments with 
associated sequence read counts, which were further processed manually. First, the number of sequence reads 
per taxonomic assignment were converted to the number of 16S rRNA gene copies by the use of a single 
correction factor using the Synechococcus IC (bacterial taxa copies = bacterial taxa reads x [initial IC copies/
IC reads]). Second, results were corrected for contaminating DNA in two steps: (1) bacterial taxa that could 
not be reproducibly measured in triplicate experiments were removed, and (2) 16S rRNA gene copies that were 
quantified in the NEC were subtracted from the associated (clinical) sample, using the median number of 16S 
rRNA gene copies plus two standard deviations. The order of the two-step strategy has been established in this 
way as triplicate positive results are in the first requirement needed to average out any possible quantification 
bias generated due to differences in the distribution of micelle sizes between independent micPCR experiments8.

Results
In order to determine the accuracy of the micPCR/nanopore sequencing methodology, a 10-fold dilution series 
of a SMC sample containing an equal number of 16S rRNA gene copies of C. difficile, S. aures, E. coli and M. 
catarrhalis was tested. This dilution series ranged from 2.5 to 2,500 16S rRNA gene copies/µl of each bacterial 
species. As shown in Table 1, the micPCR/nanopore sequencing method detected all four bacterial species in 
triplicate to a concentration of 25 16 s rRNA gene copies/µl with a median value of only a 1.8-fold difference (with 
a maximum of 2.6-fold difference) between the measured 16S rRNA gene copies and the expected 16S rRNA 
gene copies. The dispersal of replicate results showed a maximum coefficient of variation of 0.1, 0.2, 0.9 and 2.6 
for the SMC samples containing 2,500, 250, 25 and 2.5 16S RNA gene copies per bacterial species, respectively. In 
addition, the limit of detection (LOD) can be estimated between 2.5 and 25 16S rRNA gene copies/µl. At 2.5 16S 
rRNA gene copies/µl, three out of four bacterial species were correctly identified in triplicate with the micPCR/
nanopore sequencing method, and the remaining E. coli bacterium was identified in two of the three replicates 
at this low concentration.

16S rRNA gene analysis is prone to the introduction of contaminating bacterial DNA molecules during 
sample processing that could easily result in false-positive findings. In accordance with our previous micPCR/
NGS method, a two-step correction process was applied to correct for this background DNA. First, randomly 
occurring DNA contamination (derived from the sample-processing environment) were eliminated via the 
removal of bacterial species that cannot be reproducibly measured in triplicate measurements of the test sample. 
Secondly, the intrinsic DNA contamination obtained from DNA extraction kits and PCR reagents/consumables 
was removed via the subtraction of the number of 16S rRNA gene copies that have been amplified from the 
NEC. These corrections resulted in the complete removal of contaminating bacterial DNA from SMC samples, 
discarding up to 196 sequence reads for an individual DNA contaminant (see web-only Supplementary Table 
S1). However, the lowest concentration of E. coli present within the SMC sample at 2.5 16S rRNA gene copies per 
bacterium resulted in false-negative finding, as this bacterial species was measured in two out of three replicates 
and was therefore discarded (Table 1).

To investigate the performance of the micPCR/nanopore sequencing protocol using clinical samples, we 
selected six culture-negative samples that previously had been tested with the micPCR/NGS method. This 
selection included two samples with a low number of 16S rRNA gene copies/µl (< 25 16S rRNA gene copies/µl), 
two samples with a high number of 16S rRNA gene copies/µl (> 1,500 16S rRNA gene copies/µl) and two samples 
that previously confirmed culture-negative results. As shown in Table  2, the micPCR/nanopore sequencing 
method showed 100% agreement with the micPCR/NGS method in terms of taxonomic identification with 
comparable quantification (i.e., less than a 2-fold difference in measured 16S rRNA gene copies). As expected, the 
micPCR/nanopore sequencing method was able to differentiate the bacteria detected at the species level, whereas 
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the micPCR/NGS method reported on a genus-level only. All findings were (previously) considered clinically 
relevant because they either revealed the bacteriological aetiology consistent with the clinical presentation of the 
patient or confirmed negative culture results. As shown in Supplementary Table S1, correction for contaminating 
bacterial DNA using the two-step strategy as described removed 39 false-positive results, comprising 22 different 
bacterial species, with up to 1,836 sequence reads assigned to an individual DNA contaminant.

One of the main goals of replacing Illumina NGS by nanopore sequencing was to reduce the TtR to generate 
actionable data in a clinically relevant time frame. As shown in Fig.  1, the hands-on time (HOT) required 
to process a single sample (in triplicate) together with a NEC (in triplicate) was 150 min with a total TtR of 
24 h. Although the HOT was comparable to the micPCR/NGS method, the TtR was significantly shortened by 
sequencing an individual sample instead of batching samples for Illumina NGS-runs (which may take up to two 
weeks in our laboratory). Using the Flongle flow cells, we obtained a median of 15,826 (range 1,134–73,582) 
QC-passed sequence reads per SMC/clinical sample replicate (see web-only Supplementary Table S1), resulting 
in reliable microbiota profiles as presented in Tables 1 and 2. No sample dropouts were encountered during the 
experiments.

Discussion
16S rRNA gene sequencing has become a widely used tool in routine clinical microbiological laboratories for 
bacterial detection and identification in culture-negative clinical samples. In this study, we report a major upgrade 
of our previously published and validated 16S rRNA gene micPCR/NGS methodology to generate accurate, 

ID Clinical picture

micPCR/NGS micPCR/nanopore sequencing

Taxonomy Quantification Taxonomy Quantification

1_T Lymphadenopathy Streptococcus spp. < 25 Streptococcus dysgalactiae < 25

2_T Endocarditis Cardiobacterium spp. 1,859 Cardiobacterium hominis 1,068

3_C Endocarditis Negative 0 Negative 0

4_A Epidural abscess Fusobacterium spp. 132,369 Fusobacterium necrophorum 67,054

5_C Meningitis Streptococcus spp. < 25 Streptococcus pyogenes < 25

6_P Sepsis Negative 0 Negative 0

Table 2.  Comparison of results between micpcr/ngs and micpcr/nanopore sequencing using six culture-
negative clinical samples. Quantification values represent the number of 16S rRNA gene copies/µl per DNA 
eluate. T tissue sample, C cerebrospinal fluid sample, A abscess sample, P EDTA plasma sample.

 

Bacterial species Expected R1 R2 R3 Median (R1-R3) Trueness Precision

C. difficile 2500 1202 1125 1105 1125 0.5 0.0

S. aureus 2500 3078 2507 2813 2813 1.1 0.1

E. coli 2500 1764 1509 1500 1509 0.6 0.1

M. catarrhalis 2500 1377 1139 1182 1182 0.5 0.1

C. difficile 250 329 248 312 312 1.2 0.1

S. aureus 250 353 290 319 319 1.3 0.1

E. coli 250 295 213 230 230 0.9 0.2

M. catarrhalis 250 221 208 211 211 0.8 0.0

C. difficile 25 21 11 7 11 0.4 0.7

S. aureus 25 42 18 10 18 0.7 0.9

E. coli 25 23 9 9 9 0.4 0.9

M. catarrhalis 25 28 9 12 12 0.5 0.9

C. difficile 2.5 4 1 7 4 1.6 0.8

S. aureus 2.5 2 1 1 1 0.4 0.6

E. coli 2.5 0 1 2 1 0.4 1.0

M. catarrhalis 2.5 0.1 0.4 2 2 0.8 2.6

Table 1.  Accuracy of 16S rRNA gene copy determination using synthetic microbial community (SMC) 
samples. The expected and measured number of 16S rRNA gene copies per microliter of DNA extract are 
shown for all three replicates (R1-R3) across four different input DNA concentrations (2,500, 250, 25 and 
2.5 16 s rRNA gene copies/µL) for each bacterial species. The trueness shows the closeness of measurement 
results that was calculated by dividing the median (of triplicate results) to the expected number of 16S rRNA 
gene copies present in the SMC sample. The precision shows the coefficient of variation that was calculated 
by dividing the standard deviation (of triplicate results) to the median number of 16S rRNA gene copies 
measured.
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quantitative microbiota results within in a clinically relevant timeframe. By replacing short-read Illumina NGS 
for long-read nanopore sequencing, the TtR was successfully lowered to 24 h while maintaining a comparable 
high accuracy (i.e. trueness and precision) and sensitivity (i.e. LOD)8. The key innovation responsible for 
lowering the TtR was the implementation of Flongle flow cells that allowed clinical samples to be processed 
on a per-sample basis in a cost-effective manner. Flongle sequencing has undergone significant developmental 
changes in recent years and the latest R10.4.1 Flongle flow cells, in combination with V14 chemistry, now enables 
the generation of robust sequence data output12. However, the 16S rRNA gene amplicons obtained from the 
micPCR/nanopore sequencing workflow can be sequenced using all three types of ONT R10.4.1 flow cells (i.e., 
Flongle, MinION and PromethION), making this method flexible in terms of throughput (versus costs) and 
more resilient against updates or discontinuations of ONT products.

Besides lowering the TtR, the micPCR/nanopore sequencing method results in full-length 16S rRNA gene 
sequences compared to partial 16S rRNA gene sequencing using the micPCR/NGS method. This feature enabled 
quantitative species-level determination, which is seen as essential for clinical diagnostics as only specific species 
within a genus may be pathogenic or require a different antimicrobial therapy. However, for some species, full-
length 16S rRNA gene sequences still lack the discriminatory power to identify to the species taxonomic level, 
such as some staphylococci17 and species belonging to the Enterobacteriaceae family18. This limitation should be 
considered when 16S rRNA gene sequence data is analysed. The micPCR/nanopore sequencing method makes 
use of the Default Bacterial Analysis (16S) protocol that is commercially available via the Genome Detective 
platform. This protocol acknowledges the limitations on species-level resolution and provides results on higher 
taxonomic levels if needed. In these cases, the user is provided with suggestions for species-level identifications, 
including percentages of sequence reads that best match these suggestions, and together with the available 
BAM-files can be used for further analysis. In addition to Genome Detective, several other 16S rRNA gene 

Fig. 1.  Schematic view of the time to result (TtR) required to process a single sample using the micPCR/
nanopore sequencing workflow. The hands-on time (HOT) is shown in red and is part of the turnaround time 
(TAT) that is shown in blue. The figure was created using BioRender.com.
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analysis pipelines using nanopore sequencing are currently (commercially) available19–21, necessitating future 
benchmark studies to define their accuracy.

In addition to multiple analysis pipelines, many different 16S rRNA gene NGS wet lab protocols have been 
published and or even made commercially available20,22. However, most of these workflows neglect the biases 
introduced during 16S rRNA gene amplification as chimera formation and preferential PCR amplification. In 
addition, they do not provide accurate solutions to correct for contaminating bacterial DNA that is inevitably 
introduced during sample processing2,23. Therefore, the results may be unreliable and/or not reproducible, 
hindering the implementation of these protocols in routine clinical diagnostic laboratories. Standardization of 
methods is arguably best-practice to ensure quality, as well as a necessity to compare results obtained in different 
laboratories. The workflow presented in this study makes use of the previously validated clonal-based micPCR 
amplification strategy in combination with an IC that allows for standardization of microbiota profiles via their 
absolute abundances and correction for contaminating bacterial DNA by determining the absolute number 
of 16S rRNA gene copies measured within NEC samples. Correction for DNA contaminants is an absolute 
requirement when processing (low biomass) clinical samples as these molecules fluctuate widely in composition 
(i.e., species determination) and sequence read output, making them difficult to recognize. This is highlighted 
by the detection of 16 bacterial species (with up to 196 sequence reads) in addition to the four known species 
present within the SMC sample. Because these bacterial species could not be reproducibly measured in triplicate, 
or the quantified number of 16S rRNA gene copies did not exceed the quantified number of the same 16S rRNA 
gene copies determined within the NEC, they were all correctly identified as DNA contaminants and removed 
from the final microbiota profiling results. Furthermore, using the same two-step strategy to remove DNA 
contamination for the six clinical samples included in this study resulted in the removal of 39 bacterial species, 
represented by 1 to 1,836 sequence reads. The removal of these bacterial species resulted in the detection and 
identification of only a single bacterial species per clinical sample or confirmation of culture-negative findings.

An alternative culture-independent method to 16S rRNA gene sequencing is shotgun metagenomic 
sequencing. This method has the potential to detect all genomic contents derived from all types of microorganisms 
(including bacteria, fungi, parasites, and viruses) present in a test sample. Shotgun metagenomic sequencing 
therefore enables the ability to discriminate microorganisms on a species-level, or even strain-level, and provides 
access to the functional gene composition of these microorganisms. However, the implementation of shotgun 
metagenomics into clinical diagnostics is still troublesome due to its low sensitivity caused by the large amount 
of human DNA present in clinical samples24,25. For this reason, targeted amplicon sequencing, such as 16S 
rRNA gene sequencing analysis, remains currently the method of choice for culture-free bacterial detection and 
determination in the field of clinical diagnostics.

Altogether, the updated 16S rRNA gene sequencing workflow using ONT’s long-read sequencing technique 
generates high-resolution taxonomic analysis with accurate quantification of (low) abundant bacterial species 
in clinical samples or confirm culture-negative results. The implementation of micPCR in combination with 
Flongle sequencing makes it possible to produce these clinically relevant data within a clinically relevant time 
frame in a cost-effective manner.

Data availability
The sequence data that are connected to this article are uploaded to the Sequence Read Archive database with 
accession number PRJNA1161462.
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