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Abstract 

Objectives: Our laboratory began prospective genomic surveillance for healthcare-associated 

organisms in 2022 using Oxford Nanopore Technologies (ONT) sequencing as a standalone 

platform. This has permitted the early detection of outbreaks but has been insufficient for 

single-nucleotide variant (SNV)-level analysis due to lower read accuracy than Illumina 30 

sequencing. This study aimed to determine whether Haplotype-aware ERRor cOrrection 

(HERRO) of ONT data could permit high-resolution comparison of outbreak isolates. 

Methods: We used ONT simplex reads from isolates involved in a recent outbreak of 

methicillin-resistant Staphylococcus aureus (MRSA) in our neonatal unit. The raw sequence 

data were re-basecalled and adapter-trimmed using Dorado v0.7.0. The simplex reads then 35 

underwent HERRO correction. The resulting genome assemblies and phylogenies were 

compared with previous analyses (using Dorado v0.3.4, no HERRO correction and data 

generated by Illumina sequencing).  

Results: Five of nine outbreak isolates were included in the analysis. The remaining four 

isolates had insufficient read lengths (N50 values <10,000 bp) and did not provide complete 40 

chromosome coverage after HERRO correction. The average chromosome sequencing depth 

for nanopore data was 147× (range: 44–220×) with an average read N50 of 12,215 bp 

(interquartile range (IQR): 11,439–12,711 bp). The median pairwise SNV distance between 

outbreak isolates from the original investigation was 51 SNVs (range: 40–68), which 

decreased to 3 SNVs (range: 1–15) with HERRO correction. Illumina sequencing generated a 45 

median SNV distance of 2 (range: 0–13). The resulting standalone ONT HERRO-corrected 

phylogeny was almost indistinguishable from the standalone Illumina-generated phylogeny.  

Conclusions: The addition of HERRO correction meant isolates from this MRSA outbreak 

could be resolved to a level on par with Illumina sequencing. ONT data following HERRO 

correction represents a viable standalone option for high-resolution genomic analysis of 50 

hospital outbreaks, provided sufficient read lengths can be generated. 
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Introduction 

Next Generation Sequencing (NGS) offers huge promise for advancing surveillance of 

hospital pathogens, but it is still predominantly performed in larger reference or research 

laboratories [1]. However, this is a rapidly changing field and Oxford Nanopore Technologies 55 

(ONT) sequencing offers practical advantages as an accessible sequencing option for front-

line diagnostic microbiology laboratories, including minimal footprint, low up-front capital 

expenses, and rapid sequence data generation [2]. Since 2022, our small-to-medium-sized 

laboratory lacking NGS bioinformatics expertise, has performed real-time genomic 

surveillance of hospital organisms using ONT sequencing to support local Infection 60 

Prevention and Control (IPC). This has been integrated into our laboratory workflow at 

relatively low cost and person-time expense [2] and has employed a decentralised analysis 

model, whereby sequencing and basic bioinformatic analysis are performed in-house and if 

more granular analysis is required, data are transferred to the reference laboratory for analysis 

by specialist bioinformaticians. This surveillance program has permitted the early detection 65 

of outbreaks, thus limiting the impact on patients and hospital services [3, 4]. Utilising 

publicly available sequence data, standalone ONT sequencing has been sufficient to 

demonstrate the clustering of outbreak isolates and permit effective IPC interventions [3, 4]. 

However, to date, short-read data have been required for single-nucleotide variant (SNV)-

level analysis. In a prior analysis, ONT-only data resolved isolates from an outbreak of 70 

methicillin-resistant Staphylococcus aureus (MRSA) on our Neonatal Intensive Care Unit 

(NICU) to a median pairwise SNV distance of 65 SNVs, whereas Illumina sequencing 

produced a median distance of two SNVs due to its higher read accuracy [4]. ONT accuracy 

continues to improve, with updates to chemistry, basecallers and basecalling models, and 

more recently the introduction of Haplotype-aware ERRor cOrrection (HERRO) [5-7]. 75 

HERRO correction integrates read overlapping with artificial intelligence-based error 
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correction of long reads which can be incorporated into ONT basecalling. Using original raw 

sequence data from our prior outbreak investigation, this study aimed to assess whether the 

addition of HERRO correction to our real-time ONT genomic surveillance system would 

enable SNV-level resolution of isolates. 80 

 

Methods 

For this analysis, we used the originally basecalled data from White et al. [4], which utilised 

Pod5 files basecalled with Dorado v0.3.4 (https://github.com/nanoporetech/dorado, accessed 

05 June 2024). Additionally, we rebasecalled Pod5s using Dorado v0.7.0. The basecalling 85 

process utilised the ‘super accuracy’ model (dna_r10.4.1_e8.2_400bps_sup@v5.0.0), with 

other parameters set at default. Pod5s were also rebasecalled using Dorado v0.7.0 with 

single-read error correction using the HERRO algorithm (implemented by the ‘dorado 

correct’ function using model-v1) [5]. HERRO correction recommends read lengths of 

>10,000 bp. Illumina sequencing data from the original investigation were also included for 90 

comparison. 

 

NanoStat v1.6.0 and NanoQC v0.9.4 from NanoPack v1.6.0 [8] were used for initial quality 

assessment of the raw nanopore reads. NanoFilt v2.8.0, also from NanoPack, was used for 

read trimming. Initially, 50 nucleotides were trimmed from the start and end of each read to 95 

remove low-quality regions. NanoFilt was used again to filter out reads with a quality score 

below Q7. 

 

Trimmed and filtered reads were de novo assembled and polished using the original outbreak 

investigation protocol for both nanopore and Illumina data [4]. However, the HERRO-100 

corrected reads underwent de novo assembly using Flye v2.9.2 [9, 10] using a genome size 
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estimate of 2.8 Mb and three polishing iterations. The corresponding Illumina reads were 

compared against each chromosome using Snippy v4.6.0 

(https://github.com/tseemann/snippy, accessed 05 June 2024) to identify potentially 

erroneous variants. 105 

 

We included Illumina sequence data for 13 genomes with recent evolutionary ties to the S. 

aureus sequence type (ST)97 genomes from the mid-2023 NICU outbreak [4]. These 

included 12 genomes from New Zealand’s national staphylococcal surveillance and one 

publicly available genome (Supplementary Materials, Table S1). 110 

 

High-resolution analyses of genetic variants were performed using SPANDx v4.0 [11] as 

described previously [4]. SNV alignments were used to reconstruct phylogenies, and pairwise 

SNV distances were determined with snp-dist v0.6.3 (https://github.com/tseemann/snp-dists, 

accessed 03 July 2024). Maximum parsimony trees were reconstructed using the PAUP v4.0a 115 

heuristic search feature [12]. The resulting phylogenetic trees were visualised using FigTree 

v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/, accessed 03 July 2024).  

 

Results 

Nanopore sequence data quality metrics for the nine ST97 genomes from the original 120 

outbreak are presented in Table 1. Four genomes lacked complete chromosome coverage 

(lower bound of median chromosome depth range includes zero) after HERRO correction 

due to lower read lengths and were excluded from further analysis. Figure 1 shows maximum 

parsimony phylogenetic trees comprising the five outbreak genomes and the 13 comparator 

ST97 genomes. Median pairwise SNV distances were: 2 (range: 0–13) for Illumina, 51 125 

(range: 40–68) for ONT-only with Dorado v0.3.4, 14 (range: 9–21) for Dorado v0.7.0 without 
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HERRO correction, and 3 (range: 1–15) for Dorado v0.7.0 with HERRO correction. 

HERRO-corrected and Illumina alignments were almost identical, except for two additional 

SNVs in the HERRO-corrected alignment and one in the Illumina alignment. Mapping 

Illumina reads to each chromosome revealed minimal SNV differences, mainly in insertion 130 

sequences/repeat regions and the Staphyloferrin A transporter (sfaA) (Supplementary 

Materials, Table S2). 

 

Discussion 

This analysis shows that HERRO-corrected long-read nanopore data can resolve a NICU-135 

based outbreak of MRSA to the SNV level. The assemblies and phylogenies were almost 

indistinguishable from those generated by Illumina sequencing. The synonymous mutation 

c.1045A>G in the Staphyloferrin A transporter gene (sfaA) in 23MR1431, 23MR1432, and 

23MR1433 might be biased due to the higher chemical similarity within purines (A and G) 

[13, 14]. HERRO correction yielded shorter phylogenetic tree branches compared to our 140 

previous analysis [4]. Here, the median pairwise SNV distance between outbreak isolates was 

three, well within the proposed cutoff for relatedness of MRSA isolates of 15 SNVs [15]. 

 

These results were obtained by reanalysing the same sequence data from our original 

outbreak analysis, generated by our laboratory’s routine day-to-day sequencing activities. 145 

This demonstrates the viability of using ONT sequencing for real-time, high-resolution 

outbreak detection in hospitals, making it suitable for front-line clinical microbiology 

laboratories. ONT sequencing offers low up-front capital costs, a minimal physical footprint, 

and long reads that enable complete de novo genome assembly, as well as the detection of 

mobile genetic elements and plasmids, crucial for IPC and antimicrobial resistance gene 150 

detection.  

.CC-BY 4.0 International licenseavailable under a 
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 12, 2024. ; https://doi.org/10.1101/2024.07.11.603154doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.11.603154
http://creativecommons.org/licenses/by/4.0/


Page 7 of 12 

 

A limitation of this analysis was that only a small number of isolates from a single species 

were included. To confirm these results, analysis of larger datasets and investigations of the 

effects of differing depths of genome coverage on HERRO-corrected assemblies are required. 155 

Of note, our lowest depth isolate had a median chromosome depth of 35×, with the lowest 

region being 12× (Table 1). Despite this, an Illumina-equivalent assembly was generated. 

However, the small number of available isolates was further reduced by excluding four 

genomes due to insufficient read lengths. This highlights a potential limitation of the 

implementation of the HERRO correction approach by ONT for their solo long reads, 160 

particularly for organisms that typically produce shorter reads, which has been our experience 

with pathogens such as Clostridioides difficile [2, 3]. 

 

Recent publications highlight advances in ONT sequencing accuracy through updated 

chemistry, duplex reads, and ‘methylation-aware’ basecallers, which have significantly 165 

improved ONT-only phylogenomic analyses and reduces the need for hybrid genome 

assembly with short read data [6, 7]. Our analysis further supports ONT sequencing as a 

viable standalone option for high-resolution surveillance of hospital pathogens, with HERRO 

correction resulting in highly accurate assemblies. 

 170 
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Figure legends 

 

Figure 1. Maximum parsimony phylogeny of Staphylococcus aureus sequence type 265 

(ST)97. Single-nucleotide variants (SNVs) were derived from a core-genome alignment of 

~2,718,000 bp and were called against the chromosome of sample 23MR1425. SNV density 

filtering in SPANDx (excluded regions with ≥3 SNVs in a 10 bp window). All phylogenetic 

trees were rooted according to the 21MR0293 and SRR8199312 outgroup. Bootstrap values 

>80% (1,000 replicates) are shown. (a) Illumina only data for the neonatal intensive care unit 270 

(NICU) isolates. The phylogeny was inferred from 406 core-genome SNVs from 18 

genomes. The consistency index for the tree was 1.0. (b) Nanopore only data (Dorado v0.3.4) 

for the NICU isolates (purple taxa). The phylogeny was inferred from 502 core-genome 

SNVs from 18 genomes. The consistency index for the tree is 0.95. (c) Nanopore only data 

(Dorado v0.7.0, no Haplotype-aware ERRor cOrrection (HERRO)) for the NICU isolates 275 

(purple taxa). The phylogeny was inferred from 424 core-genome SNVs from 18 genomes. 

The consistency index for the tree is 0.99. (d) Nanopore only data (Dorado v0.7.0 with 

HERRO correction) for the NICU isolates (purple taxa). The phylogeny was inferred from 

407 core-genome SNVs from 18 genomes. The consistency index for the tree is 1.0.
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Table 1. Nanopore quality control metrics for the nine Staphylococcus aureus genomes 

Dorado v0.7.0 HERRO-corrected 

Genome 
ID 

Number  
of reads Total bases 

Median 
Chromosome depth 

(range) 

Mean  
read 

length 

Read 
length  
N50 

Mean  
read 

quality   
Number  
of reads 

Median 
Chromosome 
depth (range) 

Included in analysis 
23MR1425 104,568 556,031,878 185× (59 to 258) 5,317 10,536 18.2 40,467 153× (75 to 205) 
23MR1429 100,616 603,621,103 198× (58 to 283) 5,999 11,439 18.4 43,544 173× (77 to 239) 
23MR1431 83,153 602,562,445 194× (61 to 306) 7,246 14,014 18.4 40,617 176× (87 to 264) 
23MR1432 21,700 129,463,338 40× (11 to 70) 5,966 12,374 17.7 8,841 35× (12 to 59) 
23MR1433 59,252 374,049,295 120× (31 to 184) 6,313 12,711 18.5   25,509 105× (46 to 159) 

          
Excluded from analysis 
23MR1426 204,179 292,225,105 90× (16 to 316) 1,431 2,104 16.8   6,291 11× (0 to 71) 
23MR1427 125,786 191,055,409 58× (5 to 230) 1,519 2,330 16.7   5,176 10× (0 to 53) 
23MR1428 200,733 370,361,286 116× (20 to 362) 1,845 2,884 17.1   14,839 33× (0 to 112) 
23MR1434 50,675 44,938,964 13× (0 to 77) 887 1,117 15.9   106 0× (0 to 6) 

Median chromosome depth (range) refers to the median depth at each nucleotide position of the chromosome. The lower bound of the range represents the position(s) with 280 
the lowest depth, while the upper bound represents the position(s) with the highest depth. .
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