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Abstract

High-throughput massive parallel sequencing has significantly improved bacterial pathogen genomics,
diagnostics, and epidemiology. Despite its high accuracy, short-read sequencing struggles with
complete genome reconstruction and assembly of extrachromosomal elements such as plasmids.
Long-read sequencing with Oxford Nanopore Technologies (ONT) presents an alternative that offers
benefits including real-time sequencing and cost-efficiency, particularly useful in resource-limited
settings. However, the historically higher error rates of ONT data have so far limited its application in
high-precision genomic typing. The recent release of ONT's R10.4.1 chemistry, with significantly
improved raw read accuracy (Q20+), offers a potential solution to this problem.

The aim of this study was to evaluate the performance of ONT's latest chemistry for bacterial genomic
typing against the gold standard lllumina technology, focusing on three respiratory pathogens of public
health importance, Klebsiella pneumoniae, Bordetella pertussis, and Corynebacterium diphtheriae, and
their related species. Using the Rapid Barcoding Kit V14, we generated and analyzed genome
assemblies with different basecalling models, at different simulated depths of coverage. ONT
assemblies were compared to the lllumina reference for completeness and core genome multilocus
sequence typing (cgMLST) accuracy (number of allelic mismatches).

Our results show that genomes obtained from raw ONT data basecalled with Dorado SUP v0.9.0,
assembled with Flye, and with a minimum coverage depth of 35x, optimized accuracy for all bacterial
species tested. Error rates were consistently below 0.5% for each cgMLST scheme, indicating that ONT
R10.4.1 data is suitable for high-resolution genomic typing applied to outbreak investigations and public

health surveillance.

Keywords: Klebsiella pneumoniae, Bordetella pertussis, Corynebacterium diphtheriae, long-read

sequencing, genomic typing, Oxford Nanopore sequencing

Introduction
Whole genome sequencing has revolutionized the study of bacterial pathogens, emerging as
crucial tool for molecular diagnostics and epidemiology, and as cornerstone of public health

and clinical microbiology (Bagger et al., 2024; Doll et al., 2024; Revez et al., 2017). Over the
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past two decades, short-read sequencing technologies have dominated the research field and
the market for molecular diagnostics and public health surveillance due to their high
throughput and low error rates (Fox et al., 2014; Pfeiffer et al., 2018). This has provided
scientists worldwide with high-resolution data for bacterial strain subtyping, which is
indispensable for accurate and reliable public health surveillance. Today, bacterial isolate
differentiation and outbreak investigation are mainly carried out using Single-Nucleotide-
Polymorphism (SNP) analysis and gene-by-gene methods, including core genome multilocus
sequence typing (cgMLST) schemes. These schemes are available on curated databases like
BIGSdb-Pasteur, PubMLST (Jolley et al., 2018; Jolley & Maiden, 2010), and EnteroBase
(Zhou et al., 2020), facilitating standardized genomic typing, surveillance, and outbreak
investigation of key pathogens (e.g., Listeria monocytogenes, and Salmonella enterica) from
short-read assemblies.

However, reconstructing a complete bacterial genome de novo from short-read data is rarely
possible due to complex, repetitive genomic regions such as insertion sequences (IS) and
other repetitive elements (Ring et al., 2018). Short reads also struggle to reconstruct extra-
chromosomal elements, such as plasmids (Arredondo-Alonso et al., 2017), making it difficult
to map specific genes, like antimicrobial resistance (AMR) genes, to either the chromosome
or mobile genetic elements. Additionally, short-read sequencing technologies like lllumina
sequencing by synthesis remain relatively expensive, both in terms of price per genome and
acquisition cost of these sequencing platforms. These factors, along with limited portability,
hinder their use in small labs and low- and middle-income countries (LMICs).

Oxford Nanopore Technologies (ONT) sequencing overcomes several of these issues,
including portability (e.g., MinlON device), cost-efficiency (especially when multiplexing;
Sanderson et al., 2024), and the ability to circularize chromosomes and plasmids due to its
long-read nature (Lerminiaux et al., 2024). It also provides options for real-time sequencing
and rapid library preparation, essential for quick outbreak responses (Wagner et al., 2023).
Early work on ONT data showed promising results with regards to typing and outbreak

investigation (Liou et al., 2020; Quick et al., 2015); however, higher error rates of early ONT
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chemistries (e.g. R9) compared to lllumina data (Dohm et al., 2020; Jain et al., 2017) have so
far limited its use in surveillance, as these may strongly impact gene-by-gene approaches like
cgMLST. In fact, spurious SNPs introduced by sequencing errors can create artificial alleles,
increasing allelic distances between isolates. As a result, most public bacterial genotyping
databases, such as BIGSdb-Pasteur, do not currently accept ONT-only data.

Recent studies have attempted to benchmark ONT sequencing for bacterial genomic typing,
showing variable but promising results depending on laboratory and bioinformatics factors
(Lerminiaux et al., 2024; Sanderson et al., 2023, 2024; Soto-Serrano et al., 2024; Wagner et
al., 2023), as well as on the pathogen (Linde et al., 2023; Sanderson et al., 2023). The new
ONT chemistry R10.4.1 may address the high error rates of previous versions, offering a
declared raw read accuracy comparable to short-read technologies (Phred Q20+, i.e. 299 %
base accuracy).

This study aimed to compare the performance of the existing gold standard short-read
sequencing technology for bacterial genotyping (lllumina) with the latest ONT chemistry for
cgMLST typing of three key groups of respiratory pathogens, namely Klebsiella pneumoniae,
Corynebacterium diphtheriae (the major agent of diphtheria), Bordetella pertussis (the agent

of whooping cough) and their related species, using the Rapid Barcoding Kit V14.

Results

Most raw reads generated with Dorado SUP v0.9.0 have Q20+ quality scores

Raw reads produced by basecalling ONT data with the high accuracy (HAC) model of Dorado
v0.9.0 had lower quality scores compared to the super accurate (SUP) model, with a median
read quality between 15.9 and 17.2 (Supplemental Fig. S1). Quality scores increased
significantly when basecalling raw data with the SUP algorithm, with most of the basecalled
reads showing Q20+ quality scores (mean read quality of 21.4 for Klebsiella, of 21.0 for

Corynebacterium and of 22.6 for Bordetella; Supplemental Fig. S1).
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ONT long-reads improve genome completeness and circularization of chromosome
and extra-chromosomal elements

lllumina assemblies comprised between 14 and 295 contigs (Supplemental Fig. S2), with the
Bordetella genus exhibiting the highest average number of contigs (n=186). Klebsiella
genomes had an average of 53 contigs, and Corynebacterium genomes averaged 27.

ONT genomes consisted of one to 19 contigs (Supplemental Fig. S2). Assemblies generated
from HERRO (Haplotype-aware ERRor cOrrection)-corrected reads displayed an overall lower
level of circularization (both chromosome and plasmids) and higher genome fragmentation,
particularly in the Corynebacteria of the diphtheriae Species Complex (CdSC), compared to
assemblies derived from uncorrected reads (Supplemental Fig. S3, Supplemental Fig. S4,
Supplemental Fig. S5). Most of the latter demonstrated circularization of the chromosome
(contigs >2 Mbp) across the three genera (Supplemental Fig. S3, Supplemental Fig. S4,
Supplemental Fig. S5), with CdSC SUP data showing a slightly higher number of linearized,
although mostly complete, chromosome sequences. Notably, most Bordetella genome
assemblies were complete and circularized (Supplemental Fig. S5).

Among our dataset, none of the Bordetella isolates carried plasmids, and no circular elements
of size <500 kbp were detected in Bordetella ONT genome assemblies (Supplemental Fig.
S5). In CdSC, two isolates (FRC1356 and FRC1385) contained one plasmid each, which was
generally assembled and circularized correctly (Supplemental Fig. S4). In isolate FRC1385,
two SUP assemblies (>65x% and >75x%) showed the presence of 1-2 larger plasmids (51 kbp
and 68 kbp, respectively) compared to HAC assemblies, which contained solely a 30 kbp
plasmid (Supplemental Fig. S6); these larger plasmids appear to comprise repeated
sequences from the smaller plasmid, which is likely an assembly artifact. An additional circular
element of size 11 kbp was detected uniquely in one genome assembly (>75x) obtained from
SUP data of isolate FRC0466 (Supplemental Fig. S4, Supplemental Fig. S6). This plasmid
shows high sequence similarity (>99%) with plasmids found in C. diphtheriae (e.g.,
FRC0402_p2, OV884290.1) and Corynebacterium spp. (e.g., MSK107 unnamed plasmid,

CP176013.1). For the Klebsiella pneumoniae Species Complex (KpSC), a high concordance
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in the detected circular elements was observed between assemblies from HAC and SUP data
(Supplemental Fig. S3, Supplemental Fig. S6), with three exceptions. In SB132, in addition to
a 96 kbp plasmid identified in most assemblies, a larger plasmid (105 kbp) was found in SUP
assemblies, showing very little sequence similarity to the first. In SB5420, most HAC and SUP
assemblies displayed two plasmids (48 kbp and 204 kbp), except for one SUP assembly
(Supplemental Fig. S6) that contained a segment of the smaller plasmid in a circularized form.
In SB11, while a high concordance was noted for a large plasmid (150 kbp), the assembly of
plasmids sized 1-25 kbp showed more uncertainty, with some differences between HAC and

SUP (Supplemental Fig. S6).

Basecalling with Dorado SUP v0.9.0 allows for accurate genomic typing of the three
pathogens

We analyzed the number of cgMLST mismatches after allele calling, compared to Illlumina
assembly calls used as reference. In most cases, the average number of mismatches per
isolate did not differ significantly between data basecalled with the HAC model compared to
the SUP model, as it was already low in HAC-generated assemblies (Supplemental Fig. S7).
However, in a few cases HAC assemblies showed a non-negligible number of allelic
mismatches, whereas SUP basecalling allowed to recover almost all the correct alleles
(Supplemental Fig. S7). In particular, C. rouxii FRC0190" shows a very high number of
mismatches in HAC data (>200 at high coverage depths; Supplemental Fig. S7) compared to
SUP data (between 5 and 27; Supplemental Fig. S7 and Supplemental Fig. S8), with the latter
being still significantly higher than any other Corynebacterium isolate sequenced in this study
(Supplemental Fig. S8). This is very likely due to species-specific DNA modifications, such as
methylation motifs that are uncommon or unique to C. rouxii, not being well-represented in the
training datasets of the basecalling model, especially since C. rouxii is a rare species. For this

reason, we excluded the C. rouxii isolate from further analyses.
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Overall, allelic mismatches appear minimized in SUP assemblies at coverage depths >25x for
KpSC and Bordetella spp. (Figure 1) and >35x for CdSC, with an error rate below 0.5% at

coverages >35x across all tested cgMLST schemes.

HERRO correction shows limited benefits on bacterial genome assembly accuracy

HERRO raw read correction did not result in significant improvements over uncorrected reads
for the genera Klebsiella (Figure1, Supplemental Fig. S7, and Supplemental Fig. S8) and
Bordetella (for both the cgMLST_genus and cgMLST_pertussis schemes; Figure 1). In
Corynebacterium, the effect of correction varied (Supplemental Fig. S8), generally leading to
an increase in allelic mismatches in assemblies with coverages exceeding 35x (Figure 1).
Considering the higher number of mismatches observed in HERRO-corrected assemblies
(e.g., in CdSC) or the absence of a strong effect in improving assembly accuracy (e.g., in

KpSC and in Bordetella spp.), we did not perform any further analyses on these assemblies.

Medaka assembly polishing improves HAC assemblies, with limited effects on
accuracy

We evaluated the impact of genome assembly polishing with Medaka on the overall number
of cgMLST mismatches on assemblies generated from uncorrected reads. Polishing
consistently resulted in a decrease in mismatches for genome assemblies derived from HAC
basecalled reads, showing significant improvements particularly for KpSC and CdSC
(Supplemental Fig. S9). However, it is important to note that most often Medaka did not reduce
mismatch rates to the same low level achieved by SUP assemblies (e.g., SB48, CIP100721T,
FRCO01907, FRC4991; Supplemental Fig. S9). Additionally, the effect of polishing observed in
SUP assemblies was more moderate than in HAC ones, predominantly resulting in a reduction
in mismatches (n=10/24 isolates; Supplemental Fig. S9) or no effect (n=9/24 isolates), while

a slight increase was noted in some cases (n=5/24 isolates).
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Considering the higher accuracy of genome assemblies generated with the SUP model from
uncorrected reads, and the negligible improvements of Medaka polishing on these
assemblies, results reported from here onwards uniquely refer to unpolished SUP assemblies

from uncorrected reads.

ONT R10.4.1 sequencing can be used for rapid outbreak investigation and public health
surveillance of KpSC, CdSC, and B. pertussis

Single-linkage classification and minimum-spanning trees (MSTrees) with species-specific
allelic mismatch thresholds may be used in public health for surveillance of multiple pathogens
and for outbreak investigations. In addition, cgMLST-based Life Identification Numbers (LIN)
codes can be used to classify KpSC genomes and to detect outbreak strains (Palma et al.,
2024). Here, we aimed to investigate the accuracy of ONT assemblies from uncorrected SUP

raw reads for these applications.

Klebsiella pneumoniae Species Complex

cgMLST profiles of ONT-assembled genomes had a maximum of two allelic mismatches
compared to the lllumina reference (Supplemental Fig. S8). On the MSTree, all KpSC profiles
are part of the central genotype with the lllumina assembly (Supplemental Fig. S10). These
profiles have identical alleles to the reference, and they are either complete, or they are
missing one or more loci due to alleles that were not tagged because of spurious SNPs. In the
latter case, they still cluster with the lllumina genotype in the MSTree because missing data is
handled dynamically by GrapeTree, reducing the total number of loci considered in the
pairwise distance calculation (i.e., GrapeTree computes the shortest possible connections
between nodes to minimize the overall length of the tree). If these ONT assemblies had been
scanned for new alleles, the currently incomplete profiles could appear as more distanced
from the lllumina reference, which is why we do not recommend defining new alleles on ONT

data at present.
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LIN codes identical to that of the Illumina reference were detected for all cgMLST profiles of
genomes generated from SUP uncorrected reads from the lowest coverage (>25x;
Supplemental Table S1), with one exception: most ONT assemblies of SB30 had a LIN code
that differed from the reference but that was identical among them. The difference was
detected in bin number nine (second to last), which corresponds to a maximum of two allelic
mismatches, and it was due to the presence in the ONT assemblies of an existing allele of a

locus that was missing in the lllumina reference (allele 32; locus KP1_4024_S).

Corynebacteria of the diphtheriae Species Complex
As in KpSC, all cgMLST profiles belonging to C. diphtheriae and C. ulcerans were part of the
central genotype with the lllumina reference on MSTrees generated with GrapeTree

(Supplemental Fig. S11).

Bordetella pertussis and other Bordetella species

For the genus Bordetella (using the cgMLST_genus scheme), the central GrapeTree genotype
included the lllumina reference and most ONT genomes for B. holmesii (Figure 2) and B.
bronchiseptica Il. For the remaining isolates, including B. pertussis, B. parapertussis and B.
bronchiseptica 1-4, most ONT assemblies constitute the central genotype, and they all show
one to three identical allelic mismatches compared to the gold standard lllumina (Figure 2).
Most of these systematic mismatches are artifacts: they are a result of two alleles of the same
locus being present in the ONT assemblies (e.g., alleles “10;21” of locus BORD004759 in
FR7093) and only one allele being called in the lllumina genome (e.g., allele 21 of locus
BORDO004759 in FR7093). For these double loci, one of the two alleles always corresponds
to the lllumina one (Supplemental Table S2).

With regards to B. pertussis, we also investigated the performance of ONT R10.4.1 on the
cgMLST scheme dedicated to this species. Similarly to KpSC and CdSC, all profiles from ONT

assemblies are grouped in the central genotype with the lllumina reference (Figure 2).
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Discussion

Public bacterial genome databases for bacterial strain taxonomy, such as PubMLST and
BIGSdb-Pasteur, have so far not accepted genomes generated with previously existing ONT
sequencing chemistries (e.g., R9.4.1) due to higher error rates compared to lllumina. This
study evaluates the use of ONT R10.4.1 chemistry with the Rapid Barcoding Kit V14 for fast,
high-resolution genomic typing of three respiratory pathogens (K. pneumoniae, C. diphtheriae,
and B. pertussis and related species) curated on the BIGSdb-Pasteur database. The Rapid
Barcoding kit was chosen for its cost-effectiveness, simplicity, and minimal laboratory
requirements, making it ideal for low-resource and emergency settings (e.g., mobile diagnostic
and sequencing laboratories). Despite earlier versions having higher error rates compared to
the Native Barcoding Kit, recent studies suggest that assemblies generated with the Rapid
Barcoding kit V14 are comparable to lllumina data (Sanderson et al., 2024).

In our study, most raw reads generated with Dorado SUP v0.9.0 showed a high accuracy
(Q20+ quality scores, Supplemental Fig. S1), which is consistent with previous work that also
assessed performance of the Rapid Barcoding Kit V14 (Hall et al., 2024). HAC-generated
reads had lower quality scores, which likely influenced the number of cgMLST mismatches
observed in HAC assemblies (Supplemental Fig. S1, Supplemental Fig. S7).

With regards to genome completeness, ONT long-reads reduced the overall number of contigs
across the three genera (Supplemental Fig. S2) and most often led to circularization of the
chromosome and extra-chromosomal elements of genome assemblies from uncorrected
reads. This is particularly remarkable for the genus Bordetella, in which high genome
fragmentation due to the carriage of multiple IS copies is often observed when assembling
short reads de novo (Ring et al., 2018). Regarding plasmids, it has been demonstrated how
reconstructing or predicting plasmid sequences from short-read data poses challenges,
especially for large plasmids with repeated sequences (Arredondo-Alonso et al., 2017), with
long-read sequencing offering a solution to this bioinformatic issue. The reconstruction of

extra-chromosomal elements is particularly beneficial for bacteria harboring AMR or virulence

10
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plasmids, such as KpSC species. Underrepresentation of small plasmids can be an issue
when assembling long-read data with certain long-read assemblers like Flye (Johnson et al.,
2023). In our dataset, we observed a high concordance in reconstruction with minimal plasmid
loss across our assembly sets, likely attributed to the choice of the Rapid Barcoding Kit over
the Ligation Kit, which is known to cause underrepresentation of small plasmids in genome
assemblies (Wick et al., 2021).

Our data show that ONT genome assemblies of the three pathogens tested can be used for
genomic strain typing if generated with the following workflow: library preparation and
sequencing with the Rapid Barcoding Kit V14 on R10.4.1 flow cells, Dorado basecalling
(v0.9.0 or above, and the latest SUP model available), Flye assembly (v2.9.5 or higher), and
a minimum coverage of 35x. Other basecalling models, such as HAC, have proven to be less
accurate in both our study and previous ones (Lerminiaux et al., 2024). If computational
resources are not available, genomes generated with HAC models could be polished using
Medaka, which can increase assembly accuracy (Arredondo-Alonso et al., 2017; Foster-
Nyarko et al., 2023; Sanderson et al., 2023); however, this process rarely results in
improvements sufficient to match the quality of SUP assemblies (Supplemental Fig. S9). Thus,
SUP models should be prioritized whenever possible. The higher accuracy observed in data
obtained with the dna_r10.4.1_e8.2_400bps_sup@v5.0.0 model is likely a result of the overall
higher quality of the raw reads basecalled with this algorithm (Supplemental Fig. S1). We
anticipate that new and improved versions of Dorado, together with the latest chemistry
transition that was silently released by Nanopore during the first quarter of 2024 (new motor
protein E8.2.1), should lead to yet less allelic mismatches.

In addition, although preliminary analyses from other authors suggested promising

performances of HERRO on microbial genomes (Ryan Wick’s blog, 2024a; Ryan Wick’s blog,

2024b), our results did not align with these findings, with HERRO correction having either a
neutral or detrimental impact on the total number of allelic cgMLST mismatches, as illustrated
in Figure 1. This could be because, while HERRO's model generalizes well to various

organisms, it was primarily trained on human genome data. Some bacterial species might

11
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have unique genomic features that the model hasn't been optimized for, hence resulting in
higher error rates (e.g., as observed in the CdSC). In addition, the increased number of
mismatches observed could also be explained by a higher genome fragmentation
(Supplemental Fig. S3, Supplemental Fig. S4, Supplemental Fig. S5) and by the negative
effect of HERRO correction on the average assembly coverage depth (Supplemental Fig.
S12). In fact, HERRO discards all raw reads shorter than 10 kbp, which represented most of
our data (Supplemental Fig. S1), resulting in an overall reduction of genome assembly
coverage.

Though we currently advise to use ONT-generated genomes only for tagging existing cgMLST
alleles and not for defining new ones due to possible spurious SNPs, here we show how this
method still offers sufficient resolution for outbreak investigations and classifications (e.g.,
single-linkage clustering, MSTrees, and LIN code classification). In previous work on the KpSC
(Hennart et al., 2022), we observed that profiles of isolates involved in reported outbreaks
generally differed by only one or no allelic mismatch, with a maximum of five, and their LIN
codes were either identical or only differed in the last three bins. Here, our data shows how
cgMLST profiles defined on ONT R10.4.1 genomes with >25x coverage can now be used for
outbreak investigation of KpSC, as they perform similarly to lllumina-generated profiles with
regards to allelic distances on MSTrees (GrapeTree) and to LIN codes. In CdSC, a threshold
of 25 allelic mismatches for single linkage groups was identified in previous work (Crestani et
al., 2024; Guglielmini et al., 2021) as the maximum observed for known clusters of infection,
and hence to define genetic clusters in both C. diphtheriae and C. ulcerans. Based on our
analyses, ONT cgMLST profiles defined by tagging existing alleles perform equally to lllumina
data when classifying isolates into genetic clusters. For the genus Bordetella, MSTrees
generated from the cgMLST_genus scheme in most cases generated a central ONT genotype,
which differed from the lllumina assembly by 1 to 3 allelic mismatches. This atypical
observation stems from the fact of two distinct copies/alleles of the same locus are resolved
in ONT assemblies, a direct consequence of ONT genomes being more complete than

lllumina assemblies, as described above. In contrast, lllumina reads often collapse these two
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gene copies into a single contig, producing a single consensus allele. Therefore, when
investigating outbreaks of Bordetella with the cgMLST_genus scheme, it is important to keep
in mind that allelic distances between isolates could be overestimated when including both
ONT and lllumina data (Figure 2). When investigating epidemics of B. pertussis, it is
recommended to use the cgMLST_pertussis scheme (current threshold of 3-4 allelic
mismatches).

The ability to perform precise genotyping with a low-cost, portable sequencing technology,
such as ONT, represents a significant advance. It is also highly timely, considering the current
epidemiological situation with i) rising cases of whooping cough in multiple world regions in

2024 (Fu et al., 2023; Pan American Health Organization, 2024; Rodrigues et al., 2024; ECDC

2024), ii) one of the largest diphtheria outbreaks of recent times in West Africa (Balakrishnan,

2024; Samarasekera, 2024; WHO, 2024) and diphtheria resurgence in Europe (Hoefer et al.,

2023) and iii) the rising importance of multidrug-resistant infections caused by K. pneumoniae

(Antimicrobial Resistance Collaborators, 2022; WHO, 2024). With ongoing technological

advancements, and pending efficient procurement solutions in LMICs, ONT could soon play
a crucial role in global pathogen surveillance and outbreak response, including in low-resource
settings. In line with this potential, BIGSdb-Pasteur now accepts ONT assemblies form R10
chemistry for tagging known alleles, thereby facilitating broader utilization of ONT-derived

data.

Methods

Bacterial isolates included in the study

Twenty-four isolates from 12 bacterial species were included in this study (Supplemental Table
S1). Isolates belonged to the genera Klebsiella (in particular, to the KpSC; genome sizes 4.7-
6.3 Mbp), Corynebacterium (in particular, to the CdSC; genome sizes 2.2-2.9 Mbp), and
Bordetella (B. pertussis, B. parapertussis, B. holmesii and B. bronchiseptica; genome sizes

3.3-5.6 Mbp). Isolates are either reference or type strains, or they were selected among the
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bacterial collections of our laboratory: i) the KpSC collection, ii) the French National Reference
Centre (NRC) for CdSC collection, and iii) the French NRC for Whooping cough and other

Bordetella infections collection.

Isolate growth and DNA extraction

KpSC and CdSC were plated on Tryptic Soy Agar (TSA) and grown at 37 °C for 24h, and at
35-37 °C for 24-48 hours, respectively. Bordetella spp. isolates were grown at 36°C for 24 to
72 hours on Bordet-Gengou agar (Becton Dickinson, Le Pont de Claix, France) supplemented
with 15% defibrinated horse blood (BioMérieux, Marcy I'Etoile, France) and subcultured in the
same medium for 24 hours in standardized conditions, as previously described (Bouchez et
al., 2018).

DNA extraction was performed on a Maxwell RSC Instrument (Promega, Madison, USA) with
the Maxwell RSC Blood DNA Kit (Promega, Madison, Wisconsin, USA) following the

manufacturer’s instructions.

Library preparation and whole genome sequencing

Libraries for short-read sequencing were prepared and sequenced at the Mutualized Platform
for Microbiology (P2M, Institut Pasteur) using the Nextera XT DNA library preparation kit
(Nlumina, San Diego, USA) on a NextSeq 500 or NextSeq 2000 apparatuses (lllumina, San
Diego, USA) with a 2x150 nt paired-end protocol.

Libraries for long-read sequencing were prepared with the Rapid Barcoding Kit V14 (SQK-
RBK114.24; Oxford Nanopore Technologies, Oxford, UK), and sequenced on three R10.4.1
flow cells (FLO-MIN114, one per pathogen) on a GridlON machine for 72 hours. The minimal
fragment length was set at 200 bp on the GridION software, v23.11.7. All libraries included a

negative control barcode prepared with nuclease-free water.

Long read basecalling and data processing
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We tested different combinations of basecalling models and coverage to establish the best
workflow possible (Figure 3). All combinations used to generate the final assemblies can be
found in Table 1, and all bioinformatic commands can be found in Supplemental Methods.

The latest version of Dorado (https://github.com/nanoporetech/dorado) available to date,

v0.9.0, was tested using two basecalling models: HAC and SUP (Table 1). Only raw reads
with a quality score of 10 or more were kept after basecalling. Dorado was also used for
demultiplexing and trimming of barcodes and adapters. Data was then converted from BAM
to FASTQ with SAMtools v1.21 (Danecek et al., 2021). Raw read quality was assessed with
NanoStat v1.6.0 (De Coster et al., 2018), and data was plotted with Python seaborn v0.13.2
(Waskom, 2021).

Long-reads were subsampled with Rasusa v0.8.0 (Hall, 2022) to simulate different depths of
coverage (from 30x to 90%, based on the maximum coverage possible per isolate). To
simulate an actual sequencing run, a cumulative subsampling strategy was used. Starting with
the original file containing all raw reads from an isolate, a random subset of reads was drawn
to simulate 30% coverage. These selected reads were removed from the original file using the
fgextract function of fqtools v1.2 (Droop, 2016). From the remaining reads, another random
subset was drawn to simulate 10x coverage. This 10x subset was then combined with the
initial 30x set to create a file simulating 40% coverage. This process was repeated iteratively:
after subtracting the previously used reads, new subsets were drawn and combined until the
maximum possible coverage for each isolate was reached. This approach ensured that there
was no duplication of reads: if independently drawn subsets for 10x coverage were repeatedly
added to the 30x% set, as in typical random sampling using Rasusa, it could result in some
reads appearing multiple times in files simulating higher coverages (e.g. 40% or more).

We also wanted to test the effect of HERRO v1 (Stanojevic et al., 2024), a deep-learning tool

designed for error correction of Nanopore R10.4.1 (https://github.com/Ibcb-sci/herro), on the

accuracy of the final assemblies, as this tool showed promising results in bacterial genomes

(Ryan Wick’s blog, 2024a; Ryan Wick’s blog, 2024b). To this end, each subsampled read set

was corrected with HERRO through its integrated version within Dorado.

15


https://github.com/nanoporetech/dorado
https://github.com/lbcb-sci/herro
https://rrwick.github.io/2024/07/26/herro_1.html#fnref:genome_choice
https://rrwick.github.io/2024/07/31/herro_2.html
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

Genotyping of respiratory pathogens via ONT R10

403

404 Table 1. Different combinations of data processing used in this work, which generated long-read genome

405 assemblies with different depths of coverage.

BASECALLER MODEL SUBSAMPLING HERRO ASSEMBLY MEDAKA

30x N r1041_e82_400bps_hac_v5.0.0

dna_r10.4.1_e8.2_400bps_hac@v5.0.0 40x
50x Y NA

DORADO
60x Flye v2.9.5
Vv0.9.0

70x N r1041_e82_400bps_sup_v5.0.0

dna_r10.4.1_e8.2_400bps_sup@v5.0.0 80
90x Y NA

406

407  De novo assembly
408  Short-read sequence data was assembled with fg2dna v21.06

409  (https://qitlab.pasteur.fr/GIPhy/fg2dna). Subsampled long-read data sets were assembled

410  with Flye v2.9.5 (Kolmogorov et al., 2019). We did not compare results from multiple assembly
411 algorithms, as Flye has already been shown to lead to more complete and accurate genome
412  assemblies compared to other tools (e.g., Unicycler, Raven; Lerminiaux et al., 2024). Low
413  variability in average genome coverage was observed in the final assemblies generated from
414  uncorrected reads (Supplemental Fig. S12). The coverage values generally fell within 5 of
415  the target coverage (e.g. when subsampling aimed for 30x coverage, most assemblies had a
416  coverage between 25x% and 35x). For this reason, the coverage is reported in a “greater than”
417  format (e.g., for data subsampled at 30x, results are given as >25x). In contrast, assemblies
418 generated from HERRO-corrected reads showed higher variability and much lower average
419 genome coverage (Supplemental Fig. S12). This increased variability is a consequence of
420  performing read correction on the subsampled data with HERRO (see Results section), which

421  reflects a real-world sequencing scenario.
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To test the performance of genome polishing with Medaka v2.0.1

(https://github.com/nanoporetech/medaka), assemblies generated from uncorrected reads

and basecalled with either the HAC or SUP models underwent one polishing round (Table 1).

Klebsiella spp., Corynebacterium spp. and Bordetella spp. genomic typing
Genome assemblies generated with both short and long-read sequencing were uploaded to

BIGSdb-Pasteur (https://bigsdb.pasteur.fr/) in their respective species databases. We defined

cgMLST alleles on reference Illumina assemblies with the BIGSdb software (Jolley & Maiden,
2010), and subsequently tagged long-read assemblies for these alleles. The cgMLST
schemes used for genotyping were: i) for KpSC isolates, the scgMLST629 S scheme
(including 629 loci; Hennart et al., 2022); ii) for C. diphtheriae and C. rouxii, the C. diphtheriae
cgMLST scheme (1,305 loci; Guglielmini et al., 2021), and for C. ulcerans the
cgMLST _ulcerans scheme (1,628 loci; Crestani et al., 2024); iii) for Bordetella species (B.
pertussis, B. parapertussis, B. bronchiseptica, and B. holmesii), the cgMLST_genus scheme
(1,415 loci; Bridel et al., 2022). Additionally, we used the cgMLST _pertussis scheme (2,038
loci; Bouchez et al., 2018) on B. pertussis genomes.

MSTrees based on cgMLST profiles of genome assemblies generated from SUP data were
constructed with GrapeTree (Zhou et al., 2018) for each genus.

In addition, LIN codes using a gene-by-gene approach (Hennart et al., 2022; Palma et al.,

2024) were assigned to KpSC assemblies.

Allelic mismatch analysis and data visualization

The number of allelic mismatches between cgMLST profiles of lllumina vs ONT assemblies
were computed with Python pandas v1.4.3 (The pandas development team, 2020). Missing
loci from short-read reference genomes were not considered for the analysis. The type of
mismatches obtained by this comparison method include: i) spurious SNPs matching by
chance alleles already existing in the database; ii) spurious SNPs generating new artificial

alleles (as no new alleles were defined on long-read assemblies, these would appear as

17


https://github.com/nanoporetech/medaka
https://bigsdb.pasteur.fr/
http://genome.cshlp.org/
http://www.cshlpress.com

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

Downloaded from genome.cshlp.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press
Genotyping of respiratory pathogens via ONT R10
missing data in the ONT profile). The script used to compare cgMLST profiles is available in

Supplemental Methods and at GitHub

(https://qithub.com/chcrestani/Comparison cgMLST profiles/).

All graphs were generated with Python seaborn v0.13.2 (Waskom, 2021).

Data access

The short-read data generated in this study have been submitted to the NCBI BioProject

database (https://www.ncbi.nIm.nih.gov/bioproject/) under accession number

PRJNA1166325. The raw Nanopore data in POD5 format have been submitted to European

Nucleotide Archive (ENA; https://www.ebi.ac.uk/ena/browser/home) under accession number

PRJEB89064. Genome assemblies (lllumina and ONT) can be downloaded from BIGSdb-
Pasteur under the “projects” section of the Isolates & genomes database

(https://bigsdb.pasteur.fr/klebsiella/, Project ID 175; https://bigsdb.pasteur.fr/diphtheria/,

Project ID 59; https://bigsdb.pasteur.fr/bordetella/, Project ID 82). The script for cgMLST allelic

mismatch calculations is available as Supplemental Code and at GitHub

(https://qithub.com/chcrestani/Comparison cgMLST profiles).
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Figure legends

Figure 1. Bar plots showing the percentages of cgMLST allelic mismatches between short-read assemblies
generated with lllumina and long-read assemblies generated with Nanopore R10.4.1 sequencing from data
basecalled with Dorado SUP v0.9.0. Mismatches are shown at different simulated depths of coverage, which were
obtained with a cumulative subsampling strategy. Data on the left represents SUP assemblies without raw read
correction (shown in green), whereas data on the right shows mismatches for assemblies generated from HERRO-
corrected reads (orange). Results for the C. rouxii isolate FRC0190" were excluded from this figure (see Results

section).

Figure 2. Minimum Spanning Trees of Bordetella pertussis and other Bordetella species investigated in this work
(computed with GrapeTree). Core genome multilocus sequence typing (cgMLST) profiles used for pairwise
comparisons in these trees were generated from i) lllumina genome assemblies (dark triangles); ii) Oxford
Nanopore Technology (ONT) genome assemblies (including all assemblies from different simulated coverage
depths), whose raw data was basecalled with Dorado SUP v0.9.0 (lighter colors). The tree on the left was generated
from cgMLST profiles of the cgMLST_genus scheme, whereas the tree on the right from cgMLST profiles of the
cgMLST_pertussis scheme (uniquely applied to B. pertussis genomes). Edges numbers indicate allelic distances

between entries (edge length: log-scale).

Figure 3. Graphical summary showing the experimental workflow followed in this study.
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