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Abstract

Oxford Nanopore sequencing technology (ONT) is currently widely used due to its affordability, simplicity, and reliabil-
ity. Despite the advantage ONT has over next-generation sequencing in detecting resistance genes in mobile genetic
elements, its relatively high error rate (10-15%) is still a deterrent. Several bioinformatic tools are freely available

for raw data processing and obtaining complete and more accurate genome assemblies. In this study, we evaluated
the impact of using mix-and-matched read assembly (Flye, Canu, Wtdbg2, and NECAT) and read correction (Medaka,
NextPolish, and Racon) tools in generating complete and accurate genome assemblies, and downstream genomic
analysis of nine clinical Escherichia coli isolates. Flye and Canu assemblers were the most robust in genome assembly,
and Medaka and Racon correction tools significantly improved assembly parameters. Flye functioned well in pan-
genome analysis, while Medaka increased the number of core genes detected. Flye, Canu, and NECAT assembler
functioned well in detecting antimicrobial resistance genes (AMR), while Wtdbg?2 required correction tools for better
detection. Flye was the best assembler for detecting and locating both virulence and AMR genes (i.e., chromosomal
vs. plasmid). This study provides insight into the performance of several read assembly and read correction tools

for analyzing ONT sequencing reads for clinical isolates.
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Introduction
The rapid development of whole-genome sequenc-
ing tools expanded their usage to sequence the whole
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genes [4, 5]. The production of millions of short reads
(mostly <150 bp in length) during NGS and a low error
rate (<2%) makes this technology highly accurate and
reliable in identifying single nucleotide polymorphisms
(SNPs) and understanding population structures [6].
Despite the advantages of using short reads, especially
with sequencing accuracy, the major shortcomings of
using short reads are the failure to assemble complete
genomic structures and poor gene organization even
with special library preparations that intend to increase
the depth of sequencing coverage, and the inability to
resolve all genomic repeats [7, 8]. The location of resist-
ance genes is critical epidemiologically -especially for
public health laboratories- and unresolved/incomplete
assembled genomes cannot indicate whether the resist-
ant gene is located on the chromosome or the mobile
genetic elements (MGEs) [9, 10]. Another drawback of
NGS is the possible introduction of a biased nucleotide
variance during the PCR amplification step of library
preparation [11].

To conquer the hindrance of unresolved assemblies and
inaccurate repetitive region sequencing, Oxford Nanop-
ore Sequencing Technology (ONT), a third-generation
sequencing technology, generates long reads that exceed
the length of repeated regions resulting in complete
genome assemblies with more accurate gene locations
(i.e., chromosomal vs. MGEs) [9, 12]. ONT generates
reads ranging from 500 bp to 2.3 Mb, with 10-30 kb
genomic libraries being the most prevalent [13]. The
main limitation of ONT is the relatively higher error
rate (~10-15%) compared to NGS, though the technol-
ogy is constantly improving [14]. Computational efforts
were made to develop assembly and correction tools to
transform raw ONT signals into completely assembled
genomes, taking into consideration both the high error
rates and the length of reads. The assembly algorithms
and correction tools aim to reduce the high error rates.

Several long-read assemblers are freely available online.
These assemblers use different algorithms to generate the
best consensus sequences in combination with a second-
ary correction tool. Flye is a long-read de novo assembler
based on a generalized Bruijn Graph. Flye combines mul-
tiple disjoint genomic segments, connects all error-prone
disjointigs into a single string, and outputs an accurate
assembly graph [15]. Flye package can be called a ‘com-
plete pipeline’ as this tool converts raw ONT reads into
corrected consensus sequences [16]. Canu is an assem-
bler based on the over-layout-consensus algorithm
(OLC) designed for reconstructing noisy long reads [17].
Canu operates in three phases: correction, trimming, and
assembly. Canu improves base calling error in the correc-
tion phase by trimming low-quality bases and adapters in
the trimming phase, and finally arranges the reads into
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contigs to generate both consensus sequences and graphs
of alternate paths in the assembly phase [17, 18]. Wtdbg2
is another assembler that is based on the OLC algorithm.
Wtdbg2 cleaves long reads into 1024 segments, merges
similar segments into a vertex, and connects vertices
based on segment adjacency on reads producing a fuzzy
de Bruijn graph [19]. A major advantage of using Wtdbg2
is its speed of assembly, which can be 10-17 times faster
than other assemblers such as Canu to produce compa-
rable consensus sequences. However, Wtdbg2 assembles
raw reads without an error correction step [19]. NECAT
is a novel two-stage assembler for noisy long-reads
designed to overcome complex errors in Nanopore reads.
NECAT corrects and assembles raw reads into high-
quality consensus sequences relatively faster than Canu
[20]. To generate genome assemblies with a reduced
error rate, read correction tools -or polishing tools- are
often required. Though the correction step takes longer
than genome assembly, the ‘corrected/polished’ assembly
is more complete and is much improved [21]. For exam-
ple, NextPolish contains two core modules and uses a
stepwise mode to fix base errors (SN'V/Indel) [22], while
Racon is intended as a standalone consensus module to
correct contigs generated by assembly methods [23].

The evaluation and benchmarking of various long-read
assembly tools using reference laboratory strains have
been widely explored in the literature [11, 18, 24]. How-
ever, benchmarking the usage of assembly and read cor-
rection tools in clinical isolates has not been sufficiently
investigated. In this study, we assessed and compared
the capability of mix-and-matched assembly and read
correction tools in generating complete and accurate
genome assemblies, and downstream genomic analysis
regarding strain and serotype identification, annotation,
detection of antimicrobial resistance genes, plasmid find-
ing, and virulence potential of nine clinical Escherichia
coli isolates.

Materials and methods

The sequencing reads were submitted to EMBLs Euro-
pean Bioinformatics Institute and are available online
with accession numbers ERR10468513- ERR10468521
(Suppl. S1 Table S1) available at: https://www.ebi.ac.uk/
ena/browser/view/PRJEB57325.

Bacterial isolates, library preparation, MinlON sequencing,
and reads preparation

E. coli isolates (n=9) were obtained from rectal swabs
of pregnant women admitted to the Gynecology ward
in Farwaniya Hospital, Kuwait. All methods and ethi-
cal approvals were obtained and performed in accord-
ance with the Ethical Committees of the Health Sciences
Centre, Kuwait University, and the Ministry of Health,
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Kuwait. The patients/participants (or their legal guard-
ians) provided their written informed consent to par-
ticipate in this study. These bacterial isolates were grown
overnight at 37 °C on selective agar, and single colonies
were suspended in phosphate-buffered saline (PBS).
Bacterial genomic DNA was purified using Monarch
genomic DNA purification kit (New England BioLabs) as
follows. Bacterial cell pellets from PBS were generated by
centrifugation at 10,000 g for 5 min. The pellet was resus-
pended with 1 ul of proteinase K and 3 ul of RNAse, and
then 100 ul of cell lysis buffer was added. The samples
were vortexed and incubated for 5 min at 56 °C with agi-
tation. Genomic DNA was extracted from the lysed sam-
ples following Part 2 of the kit protocol for cultured cells
from the binding step onwards. The extracted DNA was
checked for quality and quantity using a spectrophotom-
eter (Nanodrop, ThermoFisher Scientific), and a fluorom-
eter (Qubit, ThermoFisher Scientific), respectively.

Oxford Nanopore Ligation Sequencing kit (SQK-
LSK109) with Native Barcoding Expansion 1-12 (EXP-
NBD104) was used for library preparation. Following
the kits protocols, 1 pg of the isolated genomic DNA
was treated with end-repair/dA tailing module, and then
DNA was eluted after AMPure XP bead clean up. The
genomic DNA was barcoded following the Native Bar-
coding Expansion 1-12 (EXP-NBD104) protocol and
then cleaned with AMPure XP beads. The eluted bar-
coded genomic DNA was pooled to 65 pl and used for
adapter ligation. The final library contained 29.8 ng DNA
and 50 fmol of the library was loaded onto an R9.4 flow
cell. The sequencing was performed using the MiniON
Mk1C device with a flow cell (FLO-MI106D) — contain-
ing 875 available pores) following the user manual (Suppl.
S1 Table S2). The run proceeded for the full 48 h.

The built-in  Guppy v4.0.11 (https://community.
nanoporetech.com) base-called and demultiplexed the
fast5 reads and output fastq files. Barcodes and adapter
sequences were then trimmed from reads using Porechop
(v0.2.1, https://github.com/rrwick/Porechop). The result-
ing 9 demultiplexed, barcode-free read sets were deposited
under accession numbers ERR10468513- ERR10468521
(Suppl. S1 Table S1). NanoPlot and Nanofilt were used to
assess the reads quality and filter reads quality to gather
reads with q score > 8 (Suppl. S1 Table S3) [25].

De novo assembly, read correction, and assembly
assessment

Four de novo genome assemblers: Flye (version 2.8.3-
b1695), Canu (version 1.9), Wtdbg2 (version 3.0), and
NECAT (version 0.0.1), and three read correction tools:
Medaka (version 0.11.0), NextPolish (version 1.4.1), and
Racon (version 1.4.10) were selected for assembling and
correcting long reads generated by ONT [15, 17, 19, 20,
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22, 23, 26]. The reads for each isolate were assembled
using each of above mentioned de novo assemblers with
default settings. After each assembly, the consensus files
generated followed one round of read correction using
Medaka, NextPolish or Racon with default settings. The
running time and CPU usage are available in Suppl. S1
Table S4. This resulted in generating 12 corrected assem-
blies per read set. The consensus sequences generated
from each corrected assembly underwent a similarity
sequence against the nucleotide database NCBI Basic
Local Alignment Search Tool using BLAST 4+ Com-
mand Line Application tool v.2.12.0 for large contigs
(>1,000,000 bp) [27]. The E. coli serotype determination
was performed using ECTyper (version 1.0.0) [28]. The
quality of each corrected assembly was assessed using
QUAST (version 5.0.2) [29] —using the LG parameter-
comparing them with appropriate reference genome for
each isolate (based on BLAST +results). The total length
(bp), number of contigs, GC% and total aligned sequence
(bp) were evaluated in each corrected assembly.

Table 1 Strain identification using ONT long reads with different
assembly and read correction tools as predicted by BLAST + tool

Sample Strain

Barcode 01 Escherichia coli O157:H7 str. EDL933
Barcode 02 Escherichia coli str. K-12 substr. W3110
Barcode 03 Escherichia coli O157:H7 str. EDL933
Barcode 04 Escherichia coli CFT073

Barcode 06 Escherichia coli O157:H7 str. EDL933
Barcode 08 Escherichia coli str. K-12 substr. W3110
Barcode 09 Escherichia coli O157:H7 str. EDL933
Barcode 11 Escherichia coli O157:H7 str. EDL933
Barcode 12 Escherichia coli O157:H7 str. EDL933

Table 2 Serotype identification of clinical £ coli isolates using
ONT long reads with different assembly and read correction tools
as predicted by ECTyper tool

Sample Serotype
Barcode 01 0102:H6
Barcode 02 -H4
Barcode 03 0138:H48
Barcode 04 081:H27
Barcode 06 0169:H9
Barcode 08 -H4
Barcode 09 015:H18
Barcode 11 08:H12
Barcode 12 077/017/
044/
0106:H18
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Identification of genes annotation, antimicrobial resistance
genes, plasmids, and virulence genes

The E. coli genomes were annotated using Prokka (ver-
sion 1.14.5) [30] and the generated GFF files were used
as input for pangenome inference using Roary (version
3.13.0) [31] to generate the core- (genes present in all
analyzed isolates), shell- (genes present in the majority
of genomes), and cloud- (genes present in the minority
of the genomes) genes. Antimicrobial resistance genes
were detected using staramr (version 0.7.2) [32] against
known gene sequences in the ResFinder database [33]
with 98% minimum identity and 60% minimum cover-
age and using Resistance Gene Identifier (RGI) strict
criteria [34]. Plasmids were identified using staramr
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against known plasmid sequences in the PlasmidFinder
database [35] with 98% minimum identity and 60%
minimum coverage. Virulence genes were identified
using ABRicate (version 2.0) integrated with Virulence
Factors Database (VFDB) with 98% minimum identity
and 60% minimum coverage [36, 37], and Venn dia-
grams were constructed using online tool https://bioin
formatics.psb.ugent.be/webtools/Venn/.

Statistical analysis

Wilcoxon signed-rank test was performed using Graph-
Pad Prism (California, USA) (version 9.4.1) to determine
whether significant differences (p <0.05) existed between
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Fig. 1 Heatmap statistical analysis for QUAST results. M=Medaka, NP =NextPolish, R=Racon. Quast-based assembly statistics for assembled
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assembled genomes with and without using read correc-

tion tools in total length (bp), GC%, total aligned (bp),
and indels.

Results and discussion

Oxford Nanopore Sequencing technology generates long-
reads that overcome NGS limitations, especially when
sequencing repeated tandems. However, the performance
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and optimization of read assembly and read correction
tools of ONT long reads still warrant further investiga-
tion. In this study, we aimed to evaluate four read assem-
bly (Flye, Canu, Wtdbg2 and NECAT) and three read
correction (Medaka, NextPolish and Racon) tools in
assembling nine clinical E. coli isolates. Since a reference
strain was not available for this study, we evaluated assem-
bly accuracy by aligning assemblies to a reference genome

[l Core genes

el < el < el < el T C c
(9] (2] (9] n [0 (%] O X 7] o
o 'S © 'S S S S 5 5 &
e8ge 8oL
x x x x
8 o) 8 D) 8 o) 8 )
- =z - z - pd o =z
[e) [e) [e) [e)
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| | ] I |
Flye Canu Wtdbg2 NECAT

b

100000-
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Number of genes

—Not corrected
NextPolish
— Not corrected
NextPolish

[l Total genes
I Shell genes
[ Cloud genes

— Not corrected
NextPolish

Not corrected
NextPolish

Flye Canu

Wtdbg2 NECAT

Fig. 2 Pan-genomes of nine clinical E. coliisolates using Flye, Canu, Wtdbg2 and NECAT as read assemblers with and without Medaka, NextPolish
and Racon read correction tools. a The total number of core genes present in all isolates, b The total number of accessory (shell and cloud) genes.
Both of the core and the accessory genes were perfomed using the annotation tool (Prokka) and pan-genome tool (Roary)
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obtained from the NCBI database (NC_002655.2, NZ_
CP017979.1, NZ _CP051263.1, and NC_007779.1), and
therefore, the primary purpose was to assess read assem-
bly and correction tools in gene structure and complete-
ness. To evaluate the effect of different de novo assembly
and correction tools on the strain and serotype identifica-
tion, we used both BLAST +and ECTyper tools. The data
presented in Tables 1 and 2 indicate that all assembled
genomes belongs to the same strains and serotypes (MLST
prediction is presented in Suppl. S1 Table S5). The identi-
fied strains from BLAST +were then used as references
in QUAST for evaluating assembly and correction tools
(Table 3). The four de novo assembly tools could gener-
ate consensus files for all nine isolates except for NECAT,
which failed to assemble the genomes of two samples
(barcodes 02 and 08) due to the high number of short
reads and/or the high number of contigs. The assembled
genomes’ total length (bp) was higher when using Flye
and Canu (Table 3). The larger genome assemblies pro-
duced by read assembly tools show the ONT advantage
of sequencing organisms with moderate GC content. In
general, all corrected assemblies improved total genome
length and were significantly (p<0.05) improved when
using Medaka and Racon as read correction tools but not
NextPolish (Fig. 1). Similarly, Wang et al. have reported
significant improvement in genome sizes after using read
correction tools [21]. In their study, the reads were cor-
rected by up to 57%. In this study, Wtdbg2 generated
the shortest assembled genomes, followed by NECAT
(Table 3). The performance of Wtdbg2 and NECAT for
assembling ONT reads has been controversial. While
several studies have suggested that Wtdbg2 and NECAT
perform well in assembling good- and low-quality ONT
reads, especially after correcting with Medaka [12, 18, 24],
the same was not noticed in this study. The reason could
be the methods of DNA extraction used, library prepara-
tion and/or the bacteria being sequenced. The number of
contigs was not significantly affected by read correction
tools and were all the same before and after read correc-
tions (except for barcode 12). Most read correction tools
performed well in terms of GC content compared to non-
corrected assemblies. Only in barcode 12, the number of
GC% was significantly (p<0.05) lower in non-corrected
reads. However, Medaka had significantly (p <0.05) lower
GC%. The number of indels was significantly (»<0.05)
lower when using Flye (with and without using correc-
tion tools) and significantly (p<0.05) higher when using

(See figure on next page.)
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Wtdbg2 (Table 3, Fig. 1). The use of Medaka and Racon
read correction tools significantly (p<0.05) lowered the
number of indels when using Wtdbg2. The usage of read
correction tools to lower indels number was also detected
by others [38]. The relatively high number of indels is con-
tinuously noticed with ONT sequencing, which could
introduce errors (such as a stop codon) that affects gene
annotation [7, 39].

A total of 15 assembled genomes (12 corrected and
three non-corrected) per sample were included in the
pan-genome analysis, which displayed core and acces-
sory (shell and cloud) genes. Flye was the most effec-
tive assembler for the pan-genome analysis, followed by
NECAT and Canu (Fig. 2a and b). Non-corrected Flye
assemblies consisted of total genes of 33,257, 1,560 (4.6%)
of which were core genes and 31,697 (95%) were acces-
sory genes. The total number of indels was the lowest in
genomes assembled by Flye. Since the total number of
indels detected by read assembly and correction tools
affects gene annotation in which the high read errors
produce more misannotated genes and the number of
accessory genes, this could explain the good performance
of Flye in detecting the highest core genes [38]. Interest-
ingly, genomes assembled by Canu, Wtdbg2, and NECAT
had more core genes when corrected by Medaka com-
pared to non-corrected assemblies (Fig. 2a). Although
Wtdbg2 showed the highest number of total genes 48,132,
it showed the least number of core genes (16 — 0.03%).
This could be due to the inaccurate genome size pro-
duced by Wtdbg2 and a high number of indels detected.
Genomes assembled by NECAT (with and without cor-
rection) had the lowest number of total and accessory
genes (Fig. 2b). The use of Racon as a read correction tool
for genomes assembled by Flye and Canu increased the
number of total and accessory genes (Fig. 2b). However,
this was not noticed in genomes assembled by Wtdbg2
and NECAT.

A major advantage of ONT sequencing is the rapid
identification of antimicrobial resistance genes, plas-
mids, and virulence genes in bacterial genomes [40, 41].
Besides, the long-reads generated allow the detection
of the presence/absence of antimicrobial and virulence
genes and their architectures i.e., chromosomal vs. plas-
mid [42]. In this study, we investigated nine clinical E. coli
isolates. Antimicrobial resistance genes were detected
using two independent tools: staramr (ResFinder) and
RGI, the plasmid detection by PlasmidFinder, and

Fig. 3 Heatmap presenting antimicrobial resistance identification by staramr (ResFinder) of nine clinical E. coli isolates using Flye, Canu, Wtdbg?2
and NECAT as read assemblers with Medaka, NextPolish and Racon read correction tools. AMP =ampicillin, AMC/C'=amoxicillin/clavulanic acid,
Cfx =cefoxitin, CRO =ceftriaxone, CIP = ciprofloxacin, ERY = erythromycin, AZM = azithromycin, KAN =kanamycin, L =lincomycin, STR=streptomycin,
TET =tetracyclin, TMP =trimethoprim. Staramr classified the presence of the resistance genes to 100% identity, > 99% identity, and no hits based

to the corresponding colors
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virulence genes by Abricate. The results obtained from  genes (barcodes 02, 04, 08, 09, and 12). Interestingly, only
these tools did not follow a particular pattern, however, =~ Wtdbg2/Racon was able to detect resistance in chloram-
some read and correction tools performed better than  phenicol in barcode 09, and ampicillin (AMP), erythro-
others. Flye, Canu and NECAT read assembly tools per-  mycin (ERY), lincomycin (L) and streptomycin (STR) in
formed well in detecting antimicrobial resistance genes barcode 11. The RGI analysis followed staramr results
when using staramr with Flye being the best assembler to  to a certain degree. For example, Wtdbg2 did not detect
identify resistant genes in genomes regardless of the cor-  the presence of baeR, baeS, and CMY-136 genes -antibi-
rection tool used followed by Canu (Fig. 3). Both Flye and  otic efflux genes that confer resistance to multiple drug
Canu were able to identify resistance genes by 98-99% or  classes- in barcode 01, and most resistance genes in bar-
100% identity while Wtdbg2 and NECAT missed these code 02 (Fig. 4). However, this was improved when using
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Medaka and Racon read correct tools (Fig. 4). Although
hybrid assembly between short- and long-reads is rec-
ommended for more accurate antimicrobial resistance
profiling [43], we have noticed that usage of Medaka and
Racon read correction tools enhanced Wtdgb2 prediction
in which 133 genes conferring resistance to different anti-
biotic classes were detected across all samples (Fig. 4).
The plasmid detection results using PlasmidFinder
were also inconsistent. Generally, Canu performed the
best predicting most of the plasmids in all samples, how-
ever, it failed to predict the presence of IncX4 plasmid
in barcode 09 and IncHI2 plasmid in barcode 11, which
was only detected by Flye and Wtdgb2 after correction
with Medaka and Racon but not NextPolish. Surprisingly,
Wtdbg2 (with and without correction) could not detect
the presence of all Col plasmids (ColBS512, ColMP18,
and Col156) as well as IncFI1 and IncFII, while Flye
failed to detect ColBS156, IncFI1, and IncHI1. In this
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study, we detected antimicrobial resistance genes detec-
tion on plasmids in four isolates (Table 4). For exam-
ple, In barcode 01 several resistance genes blaCMY-7,
aph(6), blaTEM-34, dfrA14, mph(A), strA, and sul2 were
detected on two plasmids, IncIl And IncQ1. Not all read
assembly and correction tools were able to detect the
presence of these genes on plasmids. Reads assembled
by Flye and corrected by NextPolish could not detect
blaTEM, dfreA, and mph. In barcode 03, reads assembled
by Wtdbg2 could not detect the su/2 gene when using
staramr (ResFinder), however, the gene was detected
when using RGI (Figs. 4 and 5). Contradictory, the same
gene was detected in barcode 09 by reads assembled
by Canu and corrected by NextPolish when using sta-
ramr (ResFinder) but not RGI. Although long reads have
shown better detection of plasmids than short reads [44],
the inconsistency of plasmid detection when using mul-
tiple read and correction tools was also noted in other

Table 4 Antimicrobial resistance gene on plasmids predicted by ResFinder and PlasmidFinder after de novo assembly of clinical
E. coli strains with ONT reads using Flye, Canu, Wtdbg2, and NECAT assemblers with and without read correcting with Medaka,
NextPolish, and Racon. F = Flye, C = Canu, W = Wtdbg2, NE = NECAT, M = Medaka, NP = NextPolish, R = Racon

Sample Plasmid Gene Predicted phenotype Detected by
Barcode 01 Incl blaCMY-7 Ampicillin, Amoxicillin/clavulanic acid, Cefoxitin, F+M, F+R, C+M, C+NP, C+R,
ceftriaxone W+M, W+NPW+R
IncQ1 aph(6)-Id Kanamycin All

blaTEM-34 Ampicillin, Amoxicillin/clavulanic acid All except F+NP
dfrA14 Trimethoprim All except F+NP
mph(A) Erythromycin, azithromycin All except F+NP
StrA Streptomycin All
sul2 Sulfisoxazole All

Barcode 03 IncB/O/K/Z aadA5 Streptomycin All except NE+NP
aph(6)-Id Kanamycin All
blacTX-M-15 Ampicillin, ceftriaxone All
dfrA17 Trimethoprim All
mph(A) Erythromycin, azithromycin All
gnrSi Ciprofloxacin I/R All
StrA Streptomycin All
sull Sulfisoxazole All
sul2 Sulfisoxazole All except W+M, W+NP, W+R
tet(A) Tetracycline All

Barcode 08 IncFll blaTEM-S7 Ampicillin C+M, C+NP
mph(A) Erythromycin, azithromycin C+M,C+NP C+R
blaTEM-79 Ampicillin C+R

Barcode 09 InCQ1 aph(3’)-1b Streptomycin All
aph(6)-Id Kanamycin All
blaTEM-1B Ampicillin All except F+M, F+NP, F+R
dfrA7 Trimethoprim All except F+M, F+NP, F+R
sull Sulfisoxazole All except F+M, F+NP, F+R
sul2 Sulfisoxazole All except W+ NP
tet(A) Tetracycline NE+ M, NE+ NP, NE+R
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studies [11, 38]. George et al. reported that regardless of
the read assembly tool used for long reads, some small-
sized plasmids were missed and only retained when using
hybrid assembly [7]. This means that library prepara-
tions, bioinformatic tools, and/or sequencing technology
for long-reads still need to be improved for accurate plas-
mid detection.

Identifying virulence factors is critical in understanding
E. coli pathogenicity that may impact human health [40].
In this study, we did not notice a significant difference in
virulence factors detected after using different read cor-
rection tools when using ABRicate (Suppl. S2). Among
the nine clinical E. coli isolates differences in virulence
detection were noticed in four samples (barcodes 02, 04,
08, and 09) which followed a particular pattern (Fig. 6).
Flye performed as the best read assembly tool, followed
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by Canu, Wtdbg2, and then NECAT. Flye was also able
to detect virulence genes on the plasmids. In barcode 08
the gene encoding for enterotoxin senB was detected on
Col156 plasmid. Besides, Flye, Canu, and NECAT were
able to detect the iroB, iroC, iroD, iroE, iroN, genes on
the IncFIA plasmid in barcode 09. Although a reference
strain was included in this analysis, the clinical strains
may not necessarily match the total number of virulence
factors detected in the reference strain. A shortcoming
of this study is the unavailability of another sequencing
method as a reference. Therefore, we could not be defini-
tive regarding the number of virulence factors nor if any
gene was lost during library preparation. The usage of
long reads is arguably better for the rapid detection of
virulence factors. Obtaining a circular/closed genome
with fewer read errors is much more robust in outbreak

Widbg?2

45

%,

%

Fig. 6 Venn-diagram of virulence factors gene identification by ABRicate of nine clinical £. coli isolates using Flye, Canu, Wtdbg2 and NECAT

as read assemblers. The reference genome for each isolate was used based on BLAST + results shown in Table 1. The diagram shows the number
of the virulence factors overlaped between the reference strain and the three genome assembly tools. a barcode 01, b barcode 02, ¢ barcode 03,
d barcode 04, e barcode 06, f barcode 08, g barcode 09, h barcode 11, and i barcode 12
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surveillance and investigations [40, 45, 46]. Unfortu-
nately, although improved, different virulence factors
were detected when applying multiple bioinformatic
tools [47].

Third-generation sequencing tools, such as ONT, are
acceptable options for whole-genome sequencing espe-
cially in low to mid income countries due to their afford-
ability and simplicity. The relatively higher per-read
error rate of ONT, which necessitates different assem-
bly and correction approaches to transform raw signals
into completely assembled genomes can be reduced by
using freely available read assembly and read correction
tools. There is necessity of benchmarking real data sets
from clinical isolates. In this study, we found that the use
of mix-and-matched read assembly and read correction
tools can lead to significant differences in total bacterial
length, AMR detection, and plasmid and virulence factor
identification.
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