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Background and Objectives: Effective infection prevention and control (IPC) interventions in hospitals require 
timely information to determine the potential transmission of antimicrobial-resistant (AMR) organisms. We pro
posed and developed a successive core-genome SNP (cgSNP)-based phylogenetic analysis workflow, ‘Tracking 
Antimicrobial Resistant Organisms Timely’ (TAROT), using the Oxford Nanopore Technologies (ONT) sequencer 
for MRSA, and compared the results with those obtained using the Illumina sequencer.

Methods: We have developed a TAROT workflow for successive phylogenetic analysis using ONT data. We se
quenced 34 MRSA strains isolated from Toho University Omori Medical Center using MinION (ONT) and MiSeq 
(Illumina). Each strain’s ONT data were inputted into TAROT (TAROT–ONT), and successive cgSNP-based phylo
genetic analyses were conducted. Illumina data were processed with a batched cgSNP-based phylogenetic ana
lysis. Assembly-based analysis identified AMR genes, AMR mutations and virulence genes.

Results: MinION generated an average sequence depth of 262× for the ST8 reference genome within 3 h. 
TAROT–ONT successively generated 11 phylogenetic trees for 14 ST8 strains, 7 trees for 10 ST1 strains and 2 trees 
for 5 ST5 strains. Highly suspected transmission pairs (pairwise cgSNP< 5) were detected in trees #6 through #11 
for ST8, trees #3, #5 and #7 for ST1, and tree #2 for ST5. Differences in pairwise cgSNP value between TAROT–ONT 
and Illumina ranged from zero to two within pairs with fewer than 20 cgSNPs using Illumina. TAROT–ONT bio
informatic analysis for each strain required 5–42 min. The identification of AMR genes, mutations and virulence 
genes showed high concordance between ONT and Illumina.

Conclusions: TAROT–ONT can facilitate effective IPC intervention for MRSA nosocomial transmissions by provid
ing timely feedback through successive phylogenetic analyses based on cgSNPs.
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Introduction
The transmission of antimicrobial-resistant (AMR) organisms in 
hospitals is a critical issue that undermines patient safety and 
results in substantial economic losses.1–3 The rising number of 
AMR organisms identified in clinical microbiology laboratories 
may signal their spread within hospitals. Among these, MRSA 
is closely monitored in most hospitals, and a short-term 

increase in the MRSA isolation rate may indicate active trans
mission.4 MRSA clones can frequently spread within hospitals, 
even when patients carrying MRSA are quarantined, and con
tact precautions are implemented.5 Effective prevention of 
nosocomial transmission requires detailed information to ver
ify whether clonal transmission of MRSA strains is occurring, 
but this cannot be determined through routine microbiological 
testing.6–8
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WGS enables SNP analysis within the core-genome, which is 
considered the gold-standard method for quantitatively determin
ing genetic relationships among strains. This approach has re
placed traditional typing methods for MRSA, such as pulsed-field 
gel electrophoresis, multilocus variable-number tandem repeat 
analysis, and spa-typing.7,9–15 Core-genome SNP (cgSNP) analysis 
was first applied to the investigation of MRSA outbreaks.16 The 
method quantitatively evaluates the genetic relationships between 
strains based on the number of detected cgSNPs. The thresholds of 
cgSNPs that support short-term nosocomial transmission depend 
on the evolutionary rate and within-host variation of the species 
under consideration. Coll et al.17 proposed a conservative cgSNP 
threshold for MRSA, suggesting that transmission within 6 months 
can be ruled out if more than 15 cgSNPs are identified.

Using genome epidemiology of AMR organisms with WGS and 
cgSNP analysis in healthcare settings provides crucial insights to 
enhance and target infection prevention and control (IPC) 
interventions. The routine implementation of weekly WGS for 
MRSA not only improves the accuracy of outbreak detection but 
also enables the de-escalation of IPC activities by identifying 
pseudo-outbreaks.18 However, frequent WGS and timely reporting 
to the IPC team would have an even greater impact on IPC decision- 
making. To date, cgSNP analysis has been conducted using 
short-read data generated by high-throughput sequencers (HTS), 
specifically the Illumina system, to reduce costs through batch se
quencing.19–21 However, batch sequencing is time-consuming as it 
requires the collection of a large number of samples for a single 
analysis, making it challenging to provide cgSNP analysis results 
promptly and timely enough to influence IPC intervention.22,23

The latest MinION/Flongle technology [R10.4.1; Oxford Nanopore 
Technologies (ONT), Oxford, UK] offers a cost-effective and scalable 
solution for daily, single-strain WGS and recent improvements have 
addressed its previously lower basecalling accuracy compared with 
Illumina.24–27 Nevertheless, most automated bioinformatic tools 
and workflows for cgSNP analysis and genome epidemiology are 
optimized for short-read HTS data.28,29

To bridge the gap between ONT sequencing and automated 
bioinformatics workflows for efficient IPC interventions, we pro
pose ‘Tracking Antimicrobial Resistant Organisms Timely’ (TAROT) 
(Figure 1) along with a novel bioinformatics workflow that was 
newly developed in this study (Figures 2 and S2 (available as 
Supplementary data at JAC-AMR Online)). TAROT facilitates auto
mated, successive cgSNP-based phylogenetic analyses by using 
ONT data on the server side, eliminating the need for high- 
performance machines on the client side, such as in clinical micro
biology laboratories. TAROT includes databases that accumulate 
core-genome data, categorize it by strain lineage and conduct 
cgSNP-based phylogenetic analysis based on the input of each 
strain lineage. In this study, we validated the performance of 
cgSNP analysis using ONT data within TAROT (TAROT–ONT) by com
paring it with cgSNP analysis based on Illumina data, applied to 
MRSA strain, which serve as a model AMR pathogen.

Materials and methods
Strains
A total of 165 MRSA strains, isolated from both patients (clinical isolates) 
and ward environments (environmental isolates) at Toho University 

Omori Medical Center—a 916-bed academic medical centre in Tokyo, 
Japan—were collected for infection control investigations between May 
2011 and February 2022 (Table S1). Prior to this study, draft WGS using 
MiSeq (Illumina Inc., CA, USA) and cgSNP-based phylogenetic analysis 
had been conducted to inform IPC interventions (Figure S1). The 34 
MRSA strains used in this study—30 clinical isolates and 4 environmental 
isolates—were purposively selected as a representative set based on their 
suitability for validating TAROT, with reference to the previously con
ducted cgSNP-based phylogenetic analysis using MiSeq data. Some 
strains were selected from the three frequently collected STs (ST8, ST1 
and ST5) to assess whether TAROT could identify the number of cgSNPs 
needed to distinguish strains within the same ST for suspected transmis
sion. Other strains were selected from different STs to verify the function
ality of the automated database classification systems across different 
STs. In total, the strains included 14 belonged to ST8, 10 to ST1, 5 to 
ST5 and one each to ST97, ST1516, ST2725, ST2764 and ST4143 (Tables 
1 and S2).

Ethics
This study did not require ethics approval, as it was conducted as a meth
odological validation of a successive cgSNP analysis workflow using MRSA 
strains that had previously been analysed for IPC purposes at Toho 
University Omori Medical Center. No clinical information that could iden
tify individuals is included in this manuscript.

Sequencing by MiSeq and analysis
DNA was extracted from S. aureus using achromopeptidase and phenol/ 
chloroform/isoamyl alcohol (25:24:1) (FUJIFILM Wako Pure Chemical 
Corporation, Osaka, Japan) and purified using the spin column method 
with the FastGene Gel/PCR Extraction Kit (NIPPON Genetics Co., Ltd, Tokyo, 
Japan). DNA library preparation was performed using the Illumina DNA 
Prep (M) Tagmentation Library Preparation kit and IDT for Illumina DNA/ 
RNA UD Indexes (Illumina). Sequencing was planned with 300 bp 
paired-end reads using the 600-cycle MiSeq Reagent Kit v3 (Illumina). 
Reads were trimmed and filtered using Trimmomatic version 0.39,30 apply
ing a quality score of 20 and a minimum read length of 50 bp, and de novo 
assembly to generate contigs was performed using SPAdes version 3.15.1.31

Sequencing by MinION R10.4.1 and analysis
High molecular weight DNA was extracted from S. aureus strains by bead- 
beating with Ez-Beas (Promega K.K., Tokyo, Japan) and processed with 
the magLEAD system and the magDEA SV and PS protocol (Precision 
System Science Co., Ltd, Chiba, Japan). For ONT, DNA library preparation 
was performed using the Rapid Barcoding Kit 24 V14 SQK-RBK114.24 
(ONT). Sequencing was conducted on MinION with Flow Cell (R10.4.1) 
FLO-MIN114 (ONT) for up to 72 h. Basecalling and demultiplexing 
were performed using Dorado version 0.6.0 with the dna_r10.4.1_ 
e8.2_400bps_sup@v4.1.0 model. Reads were trimmed and filtered with 
NanoFilt version 2.8.0, applying a quality score of 10 and a minimum 
read length of 1000 bp.32 To limit downstream data volume, reads 
were down-sampled with Seqkit version 2.6.1, ensuring that the total nu
cleotide count did not exceed 100 times the genome size of S. aureus.33

Self-error correction was carried out using DeChat version 1.0.1, and de 
novo assembly was performed with Flye version 2.9.4.34,35

Species identification, basic typing and gene 
identification
Species identification was primarily conducted using KmerFinder, and sub
sequently confirmed by calculating the Average Nucleotide Identity (ANI) 
against the type strain genome using FastANI.36,37 A threshold of 95.0% 
ANI was applied as the cut-off for species identification.38 Identification 
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of acquired AMR genes and nucleotide point mutations in the quinolone 
resistance-determining regions (QRDRs) of DNA gyrase subunit A (GyrA) 
and DNA topoisomerase IV subunit A (GrlA), as well as the rifampicin- 
resistance determining regions (RRDRs) of RNA polymerases subunit B 
(RpoB), was conducted with ResFinder version 4.5.0.39 SCCmec typing 
was performed using SCCmecFinder version 1.0.0.40 MLST was conducted 
following the PubMLST scheme (https://pubmlst.org/organisms/ 
staphylococcus-aureus). Virulence gene identification was performed 
with VirulenceFinder version 2.0.5.41 These analyses were conducted on 
genomes generated from both Illumina and ONT sequencing. Default 
parameters were used for all tools in this section.

Successive cgSNP-based phylogenetic analysis in TAROT
TAROT was validated by randomly inputting MinION data one at a time 
into the workflow and comparing it to Illumina data inputs. The results 
obtained using ONT were compared with those obtained using 
Illumina. The TAROT bioinformatic workflow is illustrated in Figures 2
and S2. Successive cgSNP phylogenetic analysis, rather than analysing a 
single tree per ST, was chosen to enable timely feedback of results to 
IPC teams in hospitals (Figures 1 and S2). Representative STs of MRSA ref
erence genomes were selected based on a review article and prepared 
within the TAROT database (Table S3).42 For mapping analysis, a reference 
genome was selected based on either MLST analysis results using 
stringMLST43 or the best mapping outcome across multiple references 
using BBsplit (version was last modified 11 June 2018), a tool included 
in BBTools (https://github.com/kbaseapps/BBTools). Simulations of short 

reads for 300 bp of 1 000 000 paired-end reads were generated using 
Wgsim version 1.20.44 Mapping to the reference genome and generating 
BAM files was performed with BWA version 0.7.17 using the sw option, 
and SAMtools version 1.20.44,45 The BAM files were grouped and orga
nized based on MLST or BBsplit results. The core-genome was extracted 
from the grouped BAM files using SAMtools with the mpileup option 
and VarScan version 2.3.9 with the mpileup2cns option.46

Recombination regions in the core-genome were identified and excluded 
using ClonalFrameML version 1.12, followed by text editing in the Bash con
sole.47 Pairwise cgSNP calculations were performed using SNP-dists version 
0.8.2 (https://github.com/tseemann/snp-dists). Phylogenetic trees were 
generated using RAxML version 8.2.12 with the raxmlHPC-PTHREADS op
tion, model GAMMAMI, and 1000 bootstrap replications.48 The entire time 
for inputting FASTQ files into TAROT and outputting a phylogenetic tree 
was measured using the time command on Ubuntu 20.04.

Data availability
The WGS data have been deposited in GenBank under the BioProject ac
cession number PRJNA1090044, and SRA and nucleotide accession num
bers are shown in Table S2.

Code availability
The TAROT code is available on GitHub (https://github.com/KotaroAoki/ 
TAROT_MRSA) and can be run in a Docker container (https://hub.docker. 
com/repository/docker/kotaroaoki/tarot-mrsa-env/general).

Figure 1. Concept of TAROT. TAROT provides on-demand, successive analyses of cgSNP. On the client side, each isolate is sequenced using an ONT 
sequencer. The resulting sequence data are then transferred to and analysed on the server side, and the cgSNP analysis results are reported for 
each isolate. Timely feedback can help enhance IPC interventions in hospitals. This figure was created with BioRender.com.
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Results
Sequencing yield and assembly results of MinION and 
MiSeq
The average sequencing depth per MinION run for the ST8 refer
ence genome, obtained from sequencing 34 strains across four 
runs, was 73 × at 1 h, 262 × at 3 h, 451× at 6 h, 1901× at 24 h 
and 3080× at 48 h (Table S4). The average sequencing depths 
achieved by MinION and MiSeq for each assembled genome 
were 65× and 98×, respectively (Tables 1 and S2). Assembly using 
ONT reads provided closed genome replicons in 30 of the 34 
strains. Among these, two closed plasmids were detected in six 
strains and one closed plasmid in 18 strains (Table S2). The results 
of MLST and SCCmec typing showed strict concordance between 
MinION and MiSeq (Table S2).

Successive phylogenetic analysis using TAROT–ONT
A successive phylogenetic analysis using TAROT–ONT generated 
11 trees for 14 strains of ST8, 7 trees for 10 strains of ST1 and 2 
trees for 5 strains of ST5 (Figure 3a to c). TAROT–ONT assigned 
MRSA strains to the same ST as those identified by Illumina. 
Here, we set the threshold for highly suspected transmission as 
pairwise cgSNP < 5 and for suspected transmission as pairwise 
cgSNP < 15. Four pairs of highly suspected transmission events 
were detected in ST8 (Figure 3a and Table S5), four in ST1 
(Figure 3b and Table S5) and two in ST5 (Figure 3c and 
Table S5). In ST8, three suspected transmission events were iden
tified with TUM22721 added in tree #11 related to one of the 
highly suspected transmission pairs. Timely detection of highly 
suspected or suspected transmissions occurred in trees #6 

through #11 for ST8, trees #3, #5 and #7 for ST1 and tree #2 for 
ST5.

Apart from strains belonging to ST8, ST1 and ST5, TUM22730 
belonged to ST97 and was assigned to a reference genome of 
the same ST in the database (Table S6). The remaining four 
strains were not assigned to any reference genome in the data
base by MLST and were classified using BBsplit as a reference gen
ome classifier. TUM20915 belonged to ST2725, TUM22749 to 
ST2764 and TUM22741 to ST4143, which were all classified as 
ST1_bbsplit. ST1_bbsplit differed from ST1 and was obviously un
related to nosocomial transmissions; therefore, these strains 
were not included in the cgSNP-based phylogenic analysis of 
ST1 strains. TUM22723, belonging to ST1516, was assigned to 
ST228_bbsplit.

Comparison of cgSNP-based phylogenetic analysis 
accuracy between TAROT–ONT and Illumina
The proportion of core-genome size over the reference genome, 
calculated using the maximum number of strains in cgSNP-based 
phylogenetic analysis for TAROT–ONT and Illumina, were 93.1% 
and 94.3% for ST8, 97.2% and 98.6% for ST1, and 95.3% and 
97.6% for ST5, respectively (Table S6). The differences in cgSNPs 
identified between TAROT–ONT and Illumina ranged from zero 
to 17 for ST8, zero to 14 for ST1 and zero to 5 for ST5 (Figure 4). 
In pairs of cgSNPs with fewer than 100 identified in Illumina, 
the differences were significantly lower, ranging from zero to 
two for ST8, zero to eight for ST1 and zero to two for ST5. 
Additionally, in pairs of cgSNPs with fewer than 20 in Illumina, 
the differences ranged from zero to two for ST8 and were zero 
for ST1 and ST5.

Figure 2. Bioinformatics workflow of TAROT. Solid arrows represent the ONT data workflow, while dashed-arrows indicate the Illumina data workflow. 
The time taken for the workflow in the solid box processes was measured using the ‘time’ command in Linux. This figure was created with BioRender. 
com.
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Time taken for each bioinformatic analysis of each strain 
in TAROT–ONT
The time required for the bioinformatic analysis of each strain, from 
inputting FASTQ data from ONT to obtaining a phylogenetic tree via 
the TAROT workflow, ranged from 5 to 42 min (Table S6). Analysis 
times were significantly shorter when three or fewer strains were as
signed to the same reference genome, as phylogenetic analysis was 
not conducted in those cases. The time required increased with the 
number of strains assigned to the same reference genome.

Comparison of detection for genes of interest between 
ONT and Illumina
Using ResFinder with contigs obtained from ONT or Illumina, 10 
types of acquired AMR genes were identified in 34 strains 
(Figure S3). The only false-negative result for ONT, using Illumina 
as the reference, was blaZ in TUM22741. In TUM22741, blaZ was 

detected as part of a gene sequence comprising 681 bp out of 
the total gene length of 864 bp. The average ONT sequence depth 
for the contigs of TUM22741 was 19×, which was slightly low 
(Table S1). Conversely, the false-positive results detected by ONT 
included blaZ in TUM22701, TUM22702, TUM22457 and 
TUM22458, as well as ermA in TUM22701 and TUM22702, all of 
which were detected only as partial gene length by Illumina 
(Figure S3). ONT detected multiple copies of resistance genes 
such as aac(6′)-aph(2′′), ant(9)-Ia, blaZ, cat and ermA in several 
strains (Figure S3). There was no discrepancy between ONT and 
Illumina in identifying QRDR mutations in GyrA and GrlA, RRDR mu
tations in RpoB, and virulence genes (Figures S3 and S4).

Comparison of genome structure for single or multi-copy 
AMR gene-detected replicons
A part of multi-copy gene detection probably results in assembly 
errors. Two types of blaZ-carrying circular plasmids were 

Table 1. Strains used for validation of TAROT for MRSA

MLST (Clonal 
complex)

MLST (Sequence 
type)

Strain ID 
(TUM)

SCCmec typing 
(MiSeq)

Average sequencing depth 
(MiSeq) (x)

Average sequencing depth 
(MinION) (x)

CC8 (n = 15) ST8 (n = 14) 20 816 IV 211.7 28.7
20 817 IV 252.7 57.7
20 818 IV 211.3 39.1
20 823 IV 209.1 19.7
20 888 IV 182.4 45.6
20 914 IV 310.7 67.3
20 929 IV 117.7 52.6
20 963 IV 109.5 182.8
22 173 IV 77.2 102.8
22 182 IV 77.3 48.3
22 698 I 82.8 34.4
22 699 I 74.3 28.6
22 705 IV 85.8 68.5
22 721 IV 79.0 88.9

ST1516 22 723 IV 51.5 24.2
CC1 (n = 13) ST1 (n = 10) 20 819 IV 64.1 79.0

20 820 IV 52.5 62.6
20 825 IV 84.5 117.0
20 913 IV 77.1 88.2
20 926 IV 57.6 120.9
20 967 IV 66.9 121.7
22 178 IV 44.4 155.4
22 188 IV 51.4 94.2
22 744 IV 48.6 114.4
22 750 IV 51.0 177.2

ST2725 (n = 1) 20 915 IV 51.9 33.5
ST4143 (n = 1) 22 741 IV 68.0 41.2
ST2764 (n = 1) 22 749 IV 52.0 21.6

CC5 (n = 5) ST5 (n = 5) 22 457 II 64.9 32.8
22 458 II 52.9 11.1
22 701 II 84.9 18.6
22 702 II 84.4 15.1
22 707 II 74.3 14.7

CC97 (n = 1) ST97 (n = 1) 22 730 IV 74.7 16.7
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identified in ST1 strains (Figure S3). One type of plasmid, carrying a 
single blaZ (∼21 326 bp), was identified in five strains (TUM20926, 
TUM20820, TUM22178, TUM22744 and TUM22188) (Figure S5). 
The other type of plasmid, carrying two copies of blaZ 
(∼42 652 bp), was identified in five additional strains (TUM20913, 
TUM20819, TUM22750, TUM20967 and TUM20825) (Figure S5). 
The plasmid carrying two copies of the blaZ consisted of two single- 
copy blaZ-carrying plasmids connected in tandem. The smaller 
plasmids carrying a single blaZ appeared to be a structures unit 
(Figure S5). Mapping analyses to confirm whether assembly errors 
of ONT data generated the tandem unit sequences revealed no 
reads longer than the unit structure length (∼21 326 bp) in plasmid- 
harbouring strains with two copies of blaZ. In 10 ST8 strains, blaZ 
was located on the chromosome as a single copy (Figure S3).

A plasmid carrying two copies of aac(6′)-aph(2′′) in strain 
TUM20914 (pMTY20914-1) was composed of a tandemly con
nected plasmid carrying a single copy of aac(6’)-aph(2’’) in 
TUM20817 (pMTY20817-1) (Figures S3 and S6). Mapping analysis 

of ONT reads from TUM20914 to pMTY20914-1 found only shorter 
reads than the length of pMTY20817-1. Another plasmid type, 
carrying multiple copies of cat in TUM20817 (pMTY20817-2) 
and TUM20914 (pMTY20914-2), consisted of a single unit of 
∼4.2 kb, with three and four copies connected in tandem, re
spectively (Figures S3 and S7). Like blaZ-carrying plasmids, map
ping analysis of ONT reads from TUM20817 and TUM20914 to 
pMTY20817-2 and pMTY20914-2 found only shorter reads than 
the length of the single unit.

ermA and ant(9)-Ia were located adjacent to each other on 
the chromosomes of 27 strains. This gene pair was a single 
copy in one strain, two copies in 21 strains and three copies in 
five strains (Figure S3). These gene pairs were located within an 
∼6.3 kb unit containing integrase genes. In comparative chromo
some structure analysis of representative strains TUM22741 
(single-copy), TUM22182 (two-copy) and TUM22721 (three- 
copy), the insertion positions of the first and second units were 
identical among the strains (Figure S8).

(a)

(b) (c)

Figure 3. Phylogenetic trees obtained by successive cgSNP-based phylogenetic analysis by TAROT–ONT. (a) Phylogenetic trees for ST8; (b) Phylogenetic 
trees for ST1; (c) Phylogenetic trees for ST1. The box highlights transmission pairs: highly suspected transmissions involve fewer than five cgSNPs, while 
suspected transmissions range from five to fifteen cgSNPs. Each asterisk denotes a strain added to the analysis.
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Discussions
TAROT has been developed to provide timely feedback on noso
comial transmission of AMR organisms for IPC intervention, using 
ONT technology instead of batch WGS bacteria processing via 
Illumina in central laboratories. Recent updates in ONT technol
ogy (R10.4.1) have improved its performance to a level compar
able to that of Illumina, thereby making the TAROT concept 
feasible.25,26 ONT sequencers offer strong scalability and an 
optimal balance between consumable costs and throughput. 
For instance, MinION provides adequate throughput to analyse 
∼12 MRSA strains in a single run. If only one strain is analysed, 
the Flongle can be used instead to save consumable costs. 
Regarding data analysis, clinical microbiology laboratories in hos
pitals generally employ few bioinformaticians, so bioinformatics 
support is essential. Automating the data analysis workflow 
helps reduce the workload on clinical laboratory staff, enables 
timely feedback to IPC teams, and contributes to standardization 
and quality control of the entire process.

The advantage of the TAROT concept over batch WGS and 
cgSNP-based phylogenetic analysis is its ability to analyse each 
strain with ONT and cgSNP methods at a quality level comparable 

to Illumina, providing feedback within the same day.25 In a pre
vious study, batch WGS of MRSA and cgSNP-based analysis iden
tified an outbreak within 33 h starting from strain processing.49

However, batch processing in IPC intervention requires waiting 
to accumulate sufficient samples for a batch, delaying response 
time. Validated in this study, TAROT provides a faster turnaround 
time (TAT), enabling timely feedback that can efficiently inform 
IPC intervention at the bedside. The entire TAROT process, from 
DNA extraction of MRSA to the phylogenetic analysis report, can 
be completed within 6 h (Figure 5). The breakdown is as follows: 
1 h for DNA extraction, 1 h for ONT library preparation, 3 h for ONT 
sequencing, and 1 h for bioinformatic analysis. The average time 
to achieve a 50× sequence depth per MRSA genome was 44 min 
(Table S4), potentially allowing the TAROT’s TAT to be <6 h. If 
Flongle, with lower throughput, is used instead of MinION, ∼3 h 
should be allocated for sequencing.

A prospective genomic surveillance study of MRSA in Neonatal 
Intensive Care Unit patients using batch sample processing with 
Illumina HTS demonstrated its utility by identifying local trans
mission events.50 Genome analyses using ONT are valuable for out
break investigations not only for MRSA, as used in this study, but 
also for Gram-negative bacteria such as Shiga toxin-producing 

Figure 4. Comparison of cgSNP identification differences between TAROT–ONT and Illumina. The left and middle columns display matrices showing 
pairwise cgSNP values, while the right column illustrates the differences in cgSNP values between TAROT–ONT and Illumina. Darker colours in the heat
map indicate higher cgSNP values.
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Escherichia coli, described as a tool for ‘closing the gap’ from the 
short-read sequencing era.25 The updated ONT R10.4.1, which 
was also used in this study and offers higher nucleotide sequencing 
accuracy compared with R9.4.1, has proved valuable for bacterial 
genomic epidemiology.26,51,52 Our ONT results showed that AMR 
and virulence gene identification, as well as MLST and SCCmec typ
ing results, were highly concordant with Illumina results. However, 
contigs identified as plasmids carrying AMR genes in certain strains 
suggested possible assembly errors with the Flye assembler. 
Comparative plasmid structure analyses using ONT-only de novo 
assemblies may still require visual inspection of read mapping to 
the generated contigs. Notably, the assembly process branched 
from the TAROT workflow to minimize the time required for high- 
priority phylogenetic analysis (Figure 2).

An appropriate threshold of cgSNPs to rule out nosocomial 
transmission of clonal isolates could support effective IPC inter
ventions. Coll et al.17 proposed a conservative cgSNP threshold 
of 15 to exclude transmission within 6 months, considering 
within-host strain variation and evolutionary rate, based on 
WGS data from MRSA strains isolated from 455 patients using 
Illumina. According to this threshold, 95% of epidemiologically 

linked cases could be identified among 775 cases.17 TAROT– 
ONT showed high compatibility with Illumina when pairwise 
cgSNP values were <20, suggesting that this threshold could be 
applied to TAROT–ONT interpretations. Successive MRSA analyses 
using TAROT–ONT in high-risk wards for nosocomial transmission 
can timely identify MRSA strains that require specific transmission 
prevention interventions. TAROT could help reduce staff workload 
by enabling focused IPC interventions.

This study has four potential limitations. First, the number of 
strains and the selection method used to validate TAROT were 
limited. TAROT could be further enhanced to provide a more ro
bust workflow by analysing more strains, especially when applied 
for MRSA IPC interventions in hospitals. Second, TAROT’s phylo
genetic analysis results were not evaluated based on epidemio
logical links in a hospital setting. TAROT could prioritize cases by 
identifying MRSA strains with a higher transmission likelihood 
based on molecular epidemiology. Therefore, future studies 
should consider evaluating this functionality. Third, we simulated 
successive phylogenetic analyses using in silico methods that ac
counted for ONT sequencing consumable kits. Users can choose 
MinION or Flongle depending on the number of strains analysed 

Figure 5. Comparing processing time using Illumina and ONT sequencer. The emergence of two strains per day was assumed in this illustration. The 
ONT sequencer can save considerable time and provide timely feedback compared with the Illumina sequencer, particularly in the context of IPC in 
hospitals. *Batch processing requires more hands-on time and CPU time than on-demand processing. This figure was created with BioRender.com.
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daily. Fourth, while we have published a TAROT script and a 
Docker container image to build the necessary environment, we 
have not yet developed web services for TAROT. Such services 
would be essential for deploying TAROT in hospitals, and we 
plan to develop a network architecture for authorized members 
to have secure access.

In conclusion, TAROT–ONT provides accuracy compatible with 
cgSNP-based phylogenetic analysis using Illumina for MRSA, fa
cilitating effective IPC interventions in hospitals by offering timely 
feedback.
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