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Abstract

Methicillin-resistant Staphylococcus aureus (MRSA) represents a significant public health challenge. In New Zealand, the community-
associated MRSA sequence type (ST)5, carrying the staphylococcal cassette chromosome mec (SCCmec) type IV genetic element (which 
confers methicillin resistance), has been predominant since its detection in 2005. Known informally as the AK3 strain, it also exhibits 
resistance to fusidic acid. Here, we investigated the genomic evolution of the AK3 strain by analysing 397 genomes, comprising 361 
MRSA and 36 closely related methicillin-susceptible S. aureus (MSSA) genomes, including 285 recently sequenced isolates from New 
Zealand spanning 2020 (n=30), 2021 (n=77), 2022 (n=88), 2023 (n=73) and 2024 (n=17). Phylogenetic analysis revealed that the AK3 
strain evolved through stepwise acquisition of mobile genetic elements, with an MSSA ancestor likely introduced to New Zealand in 
the late 1970s. The lineage first acquired a SaPITokyo12571-like pathogenicity island, which contains the staphylococcal enterotoxin C 
bovine variant (sec-bov) and an enterotoxin-like protein (sel), between 1984 and 1991. This was followed by the integration of SCCmec 
type IV and adjacent fusidic acid resistance operon between 1997 and 2000. This timing coincides with increased community fusidic 
acid use in New Zealand. The AK3 strain then diversified into three major clades, spreading throughout New Zealand and Australia, with 
sporadic detection in European countries and Samoa. Our findings demonstrate how the sequential acquisition of mobile genetic ele-
ments, combined with antibiotic selection pressure, likely contributed to the successful emergence of AK3 and its spread in the South 
Pacific region.
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DATA SUMMARY
The study sequences are available in the National Center for Biotechnology Information (NCBI) under BioProject accession 
numbers PRJNA1029301, PRJNA1046639, PRJNA1090129 and PRJNA1144171. The raw sequence read data generated in this 
study have been deposited to the NCBI sequence read archive (SRA) (https://www.ncbi.nlm.nih.gov/sra), and accession numbers 
are listed in Tables S1 and S2, available in the online version of this article. The complete assembly for strain sa230905_barcode06 
has been deposited to GenBank under the accession number CP168012. The software used to analyse raw sequence reads for 
polymorphism discovery and whole-genome sequencing-based phylogenetic reconstruction are available as described in Methods. 
The authors confirm that all supporting data protocols have been provided in the article or supplementary data files.

INTRODUCTION
Methicillin-resistant Staphylococcus aureus (MRSA) presents a serious public health challenge due to the associated antibi-
otic resistance, making infections substantially harder to treat than those caused by methicillin-susceptible S. aureus (MSSA) 
strains [1]. In 2005, a fusidic acid-resistant MRSA sequence type (ST)5 strain carrying staphylococcal cassette chromosome mec 
(SCCmec)-IV, informally known as the AK3 strain [2], was first identified in New Zealand (known as Aotearoa in the Māori 
language) [3]. AK3 represents a significant shift in the epidemiology of community-associated MRSA (CA-MRSA). AK3 became 
the predominant CA-MRSA strain by 2009, accounting for 25.8% of all MRSA isolations, surpassing the previously dominant 
Western Samoan phage pattern (WSPP) strain [4, 5].

Before the emergence of AK3, the ST30 WSPP clone was a predominant cause of MRSA infections across New Zealand from the 
1980s to the early 2000s [6]. ST30 WSPP harbours SCCmec-IV and the Panton–Valentine leukocidin (PVL) toxin [7] (encoded 
by two co-transcribed genes, lukS-PV and lukF-PV [8]), which are associated with severe skin infections. However, surveillance 
data from 2006 revealed AK3 as an emerging cause of CA-MRSA infections in New Zealand [9]. AK3 prevalence significantly 
increased from 3.8% (579 cases) in 2006 to 25.8 % (693 cases) in 2009, becoming the predominant CA-MRSA strain in New 
Zealand [5, 10]. Nonetheless, the rise of AK3 presents an epidemiological puzzle.

Unlike many successful MRSA strains, AK3 was reported to be negative for the genes encoding the PVL toxin based on PCR 
results [2]. The role of the PVL toxin in S. aureus infections remains controversial. While PVL-positive strains have been linked to 
distinct clinical characteristics, like younger patient age and community acquisition [11], the direct impact on infection severity 
is not fully understood. Studies have shown that PVL-negative strains can be as virulent as PVL-positive strains in certain models 
[12–14]. Therefore, the success of AK3 may reflect alternative virulence mechanisms or its ability to disseminate effectively within 
specific ecological niches.

AK3 likely evolved from a local New Zealand MSSA ST5 strain following the acquisition of SCCmec-IV [15]. This element 
carries the mecA gene (encoding the penicillin‐binding protein PBP2a) and the adjacent fusC gene, which confers resistance to 
fusidic acid – an antibiotic that has been widely used in topical formulations [16, 17]. This genomic arrangement is particularly 
significant given the dramatic increase in fusidic acid use in New Zealand: community dispensing rates of topical fusidic acid 
rose from <0.5 per 1,000 population per month before 1999 to >2 per 1,000 by January 2001 [18]. Community dispensing rates 
for topical fusidic acid are highest in New Zealand’s Northern region and among Māori and Pacific peoples [19]. This antibiotic 
pressure likely drove the emergence of AK3 and subsequent dissemination [2, 17, 19], particularly affecting vulnerable popula-
tions. Children under 5 years old show the highest period-prevalence rates of MRSA infections, while Māori, Pacific Island and 
other minority communities are disproportionately affected [20, 21]. Beyond human infections, ST5 strains circulate in livestock 
[22–24], poultry [25] and companion animals [26], exhibiting host-specific adaptations and antimicrobial resistance (AMR). 
Notably, a human-to-poultry host jump has been estimated to have occurred between the 1940s and 1980s [25]. The presence of 
ST5 in diverse reservoirs suggests a complex ecological network facilitating persistence and spread.

Impact Statement

This research represents a substantial advancement in understanding the evolutionary history of the fusidic acid-resistant 
ST5-MRSA-SCCmec-IV (informally known as the AK3 strain). The AK3 strain is a major contributor to methicillin-resistant 
Staphylococcus aureus (MRSA) infections in New Zealand. By analysing 397 genomes, including 285 recently sequenced under 
national surveillance efforts, we identified key genetic factors and evolutionary events driving the success of AK3-related 
strains. We extended the temporal and spatial scope of AK3 research, quantified its national and cross-hospital spread and 
highlighted mobile genetic elements shaping its persistence and resistance. By incorporating sampling from bovine sources, 
we also uncovered potential non-clinical reservoirs, emphasizing a critical One Health context. These findings address key gaps 
in prior studies, providing actionable insights for genomic surveillance, infection control and the development of equitable, 
culturally responsive public health strategies to combat MRSA.

https://www.ncbi.nlm.nih.gov/sra
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This study examines the recent evolutionary history of the AK3 (ST5-MRSA-SCCmec-IV) strain in New Zealand, identifying 
the genomic factors that contributed to its rapid expansion and dominance. By addressing gaps in previous research, including 
the transmission dynamics, genomic drivers and potential non-human reservoirs of AK3-related strains, this work provides 
a foundation for more targeted public health strategies to mitigate CA-MRSA transmission and its associated health impacts.

METHODS
Sample collection/study design
In New Zealand, the incidence of invasive and non-invasive S. aureus infections is higher than in many other high-income 
countries, with the highest rates observed in Māori and Pacific peoples [20, 21]. The 2021–2023 S. aureus bacteraemia (SAB) 
surveillance programme [led by the Institute of Environmental Science and Research (ESR)] was conducted on behalf of the 
Ministry of Health New Zealand (Māori: Manatū Hauora) to document rates of AMR, to better characterize the molecular 
epidemiology of isolates causing SAB, to examine variations in mortality rates and to examine variations in SAB rates according 
to place of onset, patient age, ethnicity, socioeconomic deprivation, risk factors and comorbidities.

All New Zealand diagnostic laboratories were requested to refer (to ESR) S. aureus isolates from blood culture samples from 1 
January 2021 to 31 December 2023 for further characterization. Duplicate isolates from the same patient, which were cultured 
within 14 days of the initial sample, were not included, unless an isolate of a different staphylococcal protein A gene (spa) type 
was identified. Isolates were characterized using a real-time PCR that detected the methicillin resistance genes mecA and mecC 
and lukS-PV for the detection of PVL [27]. Isolates were also characterized using spa typing [28] and, if needed, PFGE [29]. All 
MRSA isolates, as defined by the presence of functional mecA or mecC genes, underwent whole-genome sequencing (WGS) using 
Illumina-based sequencing technology (described below). Non-blood culture isolates were acquired by referral from diagnostic 
laboratories as part of routine hospital outbreak investigation work, performed at ESR by the national Antimicrobial Resistance 
Laboratory.

Illumina library construction and next-generation sequencing
As part of the ESR national staphylococcal surveillance surveys, Staphylococcus cultures are plated on blood agar and incubated 
at 35 °C with 5% carbon dioxide (CO2) for 18 h. Following incubation, the cultures are visually examined for viability and purity. 
A subculture of a single colony pick is then transferred to another blood agar plate and incubated at the same conditions for 
18 h. The heat-killed cell suspensions from an overnight culture of a single colony pick were extracted using the chemagic™ 360 
instrument (PerkinElmer Inc., Waltham, MA, USA). The DNA library was created using the PlexWell Library Preparation kit 
(seqWell™, Boston, MA, USA) and sequenced as 2×151 bp paired-end reads on the NextSeq 550 platform using V2.5 chemistry 
(Illumina Inc., San Diego, CA, USA) at ESR (Kenepuru, Porirua, New Zealand).

Quality control and de novo assembly of the Illumina sequence read data
Raw reads were checked for quality using FastQC v0.11.9 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/, accessed 
on 12 December 2024). To perform taxonomic profiling and detect S. aureus in the raw Illumina sequence data, we used Kraken 
v2.1.3 [30] with default parameters (in paired-end read mode) and an NCBI Reference Sequence (RefSeq) database [31], Standard 
(https://benlangmead.github.io/aws-indexes/k2, accessed on 12 December 2024). This database contained references for archaea, 
bacteria, human, viruses, plasmids and the ‘UniVec core’ subset of the UniVec database (a database of vector, adaptor, linker and 
primer sequences). Raw Illumina sequence reads were de novo assembled using Shovill v1.1.0 (https://github.com/tseemann/​
shovill, accessed on 12 December 2024), which utilizes the following: Seqtk v1.3-r106 (https://github.com/lh3/seqtk, accessed 
on 12 December 2024), Trimmomatic v0.36 [32], Lighter v1.1.2 [33], FLASH v1.2.11 [34], SKESA v2.4.0 [35, 36], Samclip v0.4.0 
(https://github.com/tseemann/samclip, 12 December 2024), SAMtools v1.16.1 [37], the Burrows-Wheeler Aligner (BWA) v0.7.17 
[38] and Pilon v1.24 [39]. Shovill was used with parameters set to (i) estimate the genome size to 2.8 Mb. (ii) remove contiguous 
sequences (contigs) with a sequence coverage below 20-fold and (iii) enable single-cell mode. Assembly metrics were assessed 
using QUAST v5.0.2 [40].

Sampling and extraction of DNA for nanopore sequencing
Isolates for nanopore sequencing were collected from Wellington Regional Hospital and comprise two sets of S. aureus samples 
[41, 42]. These isolates were sequenced using Oxford Nanopore Technologies (ONT) as part of a local, prospective decentralized 
WGS programme. ONT was used instead of Illumina to support rapid, real-time genomic surveillance and timely infection 
prevention and control responses during suspected transmission events [41–45]. The first set consists of four S. aureus cases 
collected in February (n=2), March (n=1) and April (n=1) 2022. The second set consists of six S. aureus cases collected between 
July and the end of December 2023. In both sets of samples, the samples were promptly processed upon arrival at Awanui Labs 
(Wellington, New Zealand). Two samples are from blood culture isolates, which were obtained from positive patient samples 
(BacT/ALERT® system, bioMerieux, Marcy-l’Etoile, France). Positive bottles were subcultured onto 5% sheep blood agar at 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://benlangmead.github.io/aws-indexes/k2
https://github.com/tseemann/shovill
https://github.com/tseemann/shovill
https://github.com/lh3/seqtk
https://github.com/tseemann/samclip
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37 °C for 24 h, with further subcultures taken for the purposes of sequencing. The remaining eight of these ten clonal complex 
(CC)5 samples were obtained from eye or screening swabs using the standard bacterial swab technique in Amies transport 
medium. For MRSA screening, swabs were collected from various sites, including the nose, axilla, umbilicus, groin and any 
open wounds. These swabs underwent culture for 18–24 h on the CHROMagar™ MRSA (St-Denis, France) and enrichment 
in 7% salt broth for 18 h, with subculture onto CHROMagar™ MRSA for a further 18–24 h. CHROMagar MRSA is a selective 
and differential agar, which inhibits the growth of MSSA and most other bacteria. Suspicious MRSA isolates (Mauve colonies) 
were tested phenotypically for confirmation against cefoxitin and oxacillin and susceptibility to multiple agents using the Vitek 
II instrument (bioMerieux) and the AST-P656 card, according to the European Committee on Antimicrobial Susceptibility 
Testing (EUCAST) methods [46].

Gram-positive DNA extraction involves suspending a 10 µl loop of bacteria in 300 µl of PBS and freezing at −20 °C for at least 24 h. 
The thawed solution is vortexed for 1 min with a small quantity of 0.1 mm zirconia/silica beads (dnature, Gisborne, New Zealand; 
SKU 11079101Z) and then centrifuged at ~12,000 g for 30 s at room temperature, with the supernatant used for sequencing without 
further clean-up. For isolates sequenced between February and April 2022, libraries were constructed using 50 ng of genomic DNA 
with the ONT rapid barcoding kit 96 (SQK-RBK110-96, Oxford, UK) as per the manufacturer’s instructions. Subsequently, the 
entire library was loaded onto an R9.4 flow cell (FLO-MIN106) and run on a MinION™ device for ~20–40 h (using MinKNOW 
v22.10.10). After March 2023, libraries were created using 50 to 100 ng of genomic DNA, prepared using the rapid barcoding kit 
96 (SQK-RBK114-96, Oxford) and sequenced on an R10.4.1 flow cell (FLO-MIN114) with MinKNOW v23.04.5. Further details 
of nanopore basecalling and nanopore read quality control are available in the Supplementary Materials.

Dataset curation
In addition to the 449 S. aureus CC5 genomes sequenced in this study (Table S1), an additional 67 publicly available CC5 genomes 
from New Zealand studies [22–24, 26, 47] were added to this dataset (Table S2). Further details of de novo assembly are available 
in the Supplementary Materials. Another 6,551 publicly available S. aureus CC5 genome assemblies were downloaded using the 
PathogenWatch platform (https://pathogen.watch/, accessed on 08 October 2024). Finally, four complete CC5 genome assemblies 
were downloaded from the NCBI Assembly database: Mu50 (human, pus, Japan, 1997, GenBank: BA000017), N315 (human, 
pharyngeal smear, Japan, 1982; GenBank: BA000018), JH1 (human, blood, USA, 2000, GenBank: CP000736) and NZAK3 (human, 
skin, New Zealand, 2005, GenBank: LT009690).

In silico genotyping of the S. aureus genome sequence data
In silico multi-locus sequence typing (MLST) was done using MLST v2.23.0 (https://github.com/tseemann/mlst, accessed on 12 
December 2024) with default settings to query the assemblies against the S. aureus typing database [48] hosted on PubMLST 
hosted on BIGSdb v1.47.0 [49] (local database updated 19 March 2024). The spa types were identified using spaTyper v1.0.0 [50], 
a tool that utilized the spa typing website (http://www.​spaserver.​ridom.​de/, accessed on 16 December 2024) developed by Ridom 
GmbH and maintained by ​SeqNet.​org (http://www.SeqNet.org/, accessed on 16 December 2024). Virulence genes, acquired 
antibiotic resistance genes and mutations conferring resistance to antibiotics were identified using AMRfinderplus v3.12.8 with 
database v2024-01-31.1 [51].

Assembly-based variant detection and ST5 phylogenetic analyses
A total of 7,071 S. aureus CC5 genome assemblies were aligned to create a core-genome alignment using Parsnp v1.7.4 [52], with 
the reference being the earliest collected isolate (chromosome of MRSA ST5 strain Mu50), to identify single-nucleotide variants 
(SNVs). Resulting SNV alignments were used to reconstruct phylogenies. RaxML v8.2.12 [53] built phylogenetic trees using the 
maximum-likelihood method with general time-reversible (GTR)-GAMMA correction (optimizing 20 distinct, randomized 
maximum-parsimony trees before adding 1,000 bootstrap replicates). The phylogenetic trees were visualized using FigTree v1.4.4 
(http://tree.bio.ed.ac.uk/software/figtree/, accessed 05 November 2024) and EvolView v2 [54, 55].

Genome annotation for sa230905_barcode06
Due to the unavailability of a complete genome representative of a closely related outgroup to the MRSA AK3 lineage, we selected 
sa230905_barcode06 as the reference genome. sa230905_barcode06 is a clinical isolate collected from a neonatal eye swab at 
the Wellington Regional Hospital neonatal intensive care unit in August 2023. The FASTQ files outputted from the basecalling 
were corrected with single-read error correction using the haplotype-aware error correction (HERRO) algorithm (using the 
‘dorado correct’ function using model-v1, Dorado v0.7.3) [56]. HERRO-corrected reads underwent de novo assembly using 
Flye v2.9.4 [57, 58] using a genome size estimate of 2.8 Mb and three polishing iterations [59]. The assembly representing strain 
sa230905_barcode06 was annotated using Prokka v1.14.6 [60]. Prophage regions were identified using PHASTEST v3.0 [61–63] 
and then annotated using Pharokka v1.5.1 [64]. Mobile genetic elements were identified using IslandViewer 4 [65] and ISsaga 
v2.0 [66] (ISfinder platform [67]), followed by manual curation using Artemis v18.2.0 [68].

https://pathogen.watch/
https://github.com/tseemann/mlst
http://www.spaserver.ridom.de/
http://www.SeqNet.org/
http://tree.bio.ed.ac.uk/software/figtree/
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High-resolution cluster phylogeny
Our dataset for the AK3 lineage consisted of 397 genomes. The SPANDx v4.0.4 pipeline [69] was utilized for identifying genetic 
variants through a read-mapping method, as described previously [42]. Briefly, Illumina short reads or simulated short reads 
from assembled (nanopore) genomes (see SPANDx manual) were mapped to the complete sa230905_barcode06 chromosome 
(GenBank: CP168012). SNVs within regions of high-density clusters (≥3 SNVs found within a 10 bp window) and predicted 
recombination sites (identified using Gubbins v3.3.5 [70]) were removed from the core-genome alignment. Sites were excluded if 
an SNV was called in regions with less than half or greater than threefold the average genome coverage on a genome-by-genome 
basis. For this analysis, the core genome was defined as the set of genomic regions (in 100 bp windows) that had ≥95% sequence 
coverage in all genomes, as calculated using the BEDTools v2.28.0 [71] coverageBed module within the SPANDx pipeline [69].

A maximum-parsimony tree was reconstructed from the orthologous biallelic core-genome SNV alignment using the heuristic 
search feature of PAUP v4.0a [72]. The core-genome SNV alignment was independently run through jModelTest v2.1.10 [73], to 
identify the best-fit evolutionary model using 12 candidate models from 3 substitution schemes with the base tree for likelihood 
calculations optimized for maximum likelihood. jModelTest included models with equal/unequal base frequencies (+F), with/
without a proportion of invariable sites (+I) and with/without rate variation among sites (+G) (four rate categories). Maximum-
likelihood phylogenetic trees were generated from the orthologous biallelic core-genome SNV alignments using RAxML (GTR 
correction) as described above. The resulting phylogenetic trees were visualized using FigTree and EvolView. Three clades 
(AK3 Clades 1, 2.1 and 2.2) were defined based on the topology of the maximum-parsimony phylogeny constructed from 
non-recombinant core-genome SNVs. To further identify robust phylogenetic groupings within the AK3 lineage, we used the 
core-genome SNV alignment as input into rhierBAPS v1.0.1 [74], an R v4.3.2 [75] implementation of the hierarchical Bayesian 
analysis of population structure (BAPS) algorithm [76]. We specified one level of clustering and allowed up to ten initial clusters. 
The resulting BAPS groupings were congruent with the three visually defined clades (AK3 Clades 1, 2.1 and 2.2) from the 
maximum parsimony.

Divergence estimates of the S. aureus ST5 AK3 lineage
To calibrate the phylogeny, we used tip-dating methods using TempEst v1.5.3 [77] and Bayesian ancestral state reconstruction 
using BEAST2 v2.7.7 [78, 79]. In the Bayesian method, we initially assessed whether the strict or optimized relaxed uncorrelated 
clock model is more suitable for our dataset. The initial models were created using tip dates, a GTR substitution model and a 
coalescent prior with a constant population. Both models were tested with the nested sampling Bayesian computation algorithm 
v1.1.0 within the BEAST2 package with a particle count of 32, sub-chain length of 5,000 and epsilon of 1.0×10−12. This analysis 
provides evidence in favour of the uncorrelated relaxed clock model. The Bayesian skyline, coalescent constant and exponential 
growth population size change models were evaluated for the optimized relaxed uncorrelated clock model. The Gamma Site 
Model Category Count was set to four, and the GTR substitution model rates determined from jModelTest were included (i.e. 
rate AC=0.99, AG=3.84, AT=0.74, CG=0.21, CT=3.84 and GT=1.00). The initial clock rate was set to 2.42×10−4 substitutions per 
site per year (estimated from the root-to-tip regression analysis in TempEst) with a uniform distribution and an upper bound 
of 0.1. All other priors were left as default. After identifying the most suitable tree model, three separate Markov chain Monte 
Carlo runs were performed for 100 million generations for each analysis. Trees were collected every 1,000 generations, yielding 
3 sets of 100,000 trees for each model test. To evaluate the metrics, all BEAST2 executions were loaded into Tracer v1.7.2 (http://​
github.com/beast-dev/tracer/, accessed on 14 November 2024). LogCombiner v2.7.7 (part of the BEAST2 package) subsequently 
combined the replicated analyses for each model with a 10% burn-in to evaluate convergence. TreeAnnotator v2.7.7 (part of the 
BEAST2 package) produced maximum clade credibility trees from each run (derived from 270,000 trees), annotating median 
values with a posterior probability limit set at 0.5. The phylogenetic trees produced were visualized in FigTree and EvolView.

RESULTS
Overall S. aureus CC5 population expands the representation of New Zealand AK3 sub-lineage
For this analysis, we analysed 7,071 genomes in total (Table S3). These 7,071 S. aureus CC5 genomes include 449 sequenced in 
this study (Table S1), 67 publicly available from New Zealand studies (Table S2), 6,551 publicly available assemblies hosted on 
the PathogenWatch platform and 4 complete assemblies from the NCBI Assembly database. The chromosome of Mu50 was 
used as a reference to call SNVs. The core-genome alignment captured ~15.3% of the reference chromosome (439,853 bp of the 
2,878,529 bp Mu50 chromosome), yielding 32,653 SNVs for phylogenetic inference.

The phylogenetic analysis revealed a distinct population structure within CC5, with several major STs forming monophyletic 
clades (Fig. 1). Within CC5, we identified multiple distinct clades, with the most prominent (other than ST5) being ST228, 
ST225 and ST105, each containing more than 100 genomes. The sub-lineage (commonly referred to as MRSA ST5 AK3) of 
epidemiological interest to New Zealand contains 328 human-derived S. aureus CC5 isolates from New Zealand. There is minimal 
representation of bovine-derived isolates (n=3) in the AK3 sub-lineage of interest. Notably, the reference genome Mu50 is located 
within the broader CC5 population structure and is distinct from the AK3 sub-lineage of interest.

http://github.com/beast-dev/tracer/
http://github.com/beast-dev/tracer/
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A high-quality methicillin-susceptible reference genome for S. aureus ST5 AK3 lineage
WGS of the sa230905_barcode06 genome, used as the reference genome in this study, generated 79,071 single-ended reads. 
After filtering out reads shorter than 10,000 bp and those with a mean Q-score below 10 (indicating 90% accuracy per base, 
or a 1 in 10 chance of an error in the base call), and applying HERRO correction implemented in Dorado, 7,748 high-quality 
reads remained. These reads totalled 117,422,744 bases, with a median length of 13,490 bp and a read N50 length of 15,358 bp 

Fig. 1. Maximum-likelihood phylogeny of S. aureus CC5. The phylogeny was inferred from 32,653 core-genome SNVs from 7,071 assembled genomes. 
SNVs were derived from a core-genome alignment of 439,853 bp and are called against the 2,878,529 bp chromosome of Mu50 (GenBank: BA000017). 
An ST comprised of >100 genomes is labelled. The maximum-likelihood phylogeny was outgroup-rooted using the S. aureus ST6 lineage.



7

White et al., Microbial Genomics 2025;11:001452

(Table 1). De novo assembly of sa230905_barcode06 revealed a circular chromosome of 2,807,155 bp with 32.86% GC content, 
with a median sequencing depth of 42×.

No SCCmec, which can carry the mecA gene, was detected in the sa230905_barcode06 chromosome. No plasmid was detected in 
either the initial or HERRO-corrected sequence data. The sa230905_barcode06 chromosome includes notable features such as the 
spa gene (typed as t1062) encoding immunoglobulin G binding protein A, an Ess/type VII secretion system, two major patho-
genicity islands, a SaPITokyo12571-like element (GenBank: AB860417) and three prophages (Table S4). The sa230905_barcode06 
chromosome harbours four AMR genes (Table 1). The tet(38) gene encodes a tetracycline efflux pump that can confer resistance 
to tetracycline. The blaI and blaZ genes encode regulatory and beta-lactamase proteins, respectively, which may confer resistance 
to beta-lactam antibiotics. The fosB gene encodes a fosfomycin resistance protein (FosB1/FosB3 family fosfomycin resistance 
bacillithiol transferase) that can inactivate the antibiotic fosfomycin. Additionally, sa230905_barcode06 contains an extensive 
repertoire of virulence genes, including those associated with immune evasion (adsA, spa, scn, chp and sak), capsular polysac-
charide biosynthesis (capA-capN), iron acquisition (isdA-isdG), toxin production (hla, hlb, hld, sea, hysA and lukF-PV), adhesion 
(sdrC-sdrE, clfA, clfB, fnbA and fnbB) and biofilm formation (icaA-icaD). Genes encoding components of the type VII secretion 
system (esxA-esxD and esaA-esaG) and other virulence factors (ebp, geh, aur and lip) were also identified (Table 1).

Stepwise evolution of mobile genetic elements preceded the rapid expansion of the AK3 lineage
Using the assembly-based CC5 phylogeny (Fig. 1), we refined our analysis to focus on the genomic data of strains within (n=361), 
as well as immediately outside (n=36), the AK3 lineage (Fig. 2). Of the 449 human-derived S. aureus genomes sequenced in this 
study, 285 (63.5%) belong to this lineage. These 285 genomes were compared with 112 publicly available S. aureus genomes that 
also fall in this lineage (Table S5). The 2,807,155 bp chromosome of sa230905_barcode06 (GenBank: CP168012) was used as a 
reference to call SNVs. The core-genome alignment captured~85.3% of the reference chromosome (~2,393,900 bp), yielding 10,062 
non-recombinant orthologous biallelic core-genome SNVs for phylogenetic inference (see regions of recombination relative to 
the chromosome of sa230905_barcode06 in Table S6).

The evolutionary history of the AK3 lineage demonstrates the stepwise acquisition of significant mobile genetic elements. The 
SaPITokyo12571-like element (Fig. 2) was acquired before the integration of the fusC operon and SCCmec type IV (2B) in a 
subsequent event. This sequential integration of mobile genetic elements (Figs 3, 4) appears to have preceded the expansion of 
what we now recognize as the contemporary AK3 lineage. Beyond the major integration events of the SaPITokyo12571-like 
element, and the fusC operon alongside the SCCmec type IV (2B), this analysis reveals clade-specific SNVs, in non-recombinant 
core-genome regions, which distinguish clades within the lineage (Tables 2 and 3). These variants include synonymous and 
non-synonymous mutations, impacting genes with roles in essential cellular processes, such as replication, protein synthesis, 
transport and virulence.

To explore the possible origin and distribution of this SaPITokyo12571-like element, we performed a blastn search and a 
subsequent fast minimum evolution distance tree (built into the NCBI blastn platform) of the complete island sequence from 
sa230905_barcode06 (GenBank: CP168012) against the NCBI database. Forty-four genomes were identified with >99.9% nucleo-
tide identity and ≥95% query coverage. These genomes were predominantly from human sources across diverse geographical 
regions, including New Zealand, Australia, Germany, the USA, Japan and Sweden (Fig. S1). One genome originated from a 
bovine milk sample (Sweden, 2016, GenBank: MN450305) and another from an environmental sample (USA, 2010, GenBank: 
CP017685). These findings revealed no clear clustering by host or geography and suggest that the SaPITokyo12571-like element is 
widespread in human S. aureus isolates globally, with no strong evidence supporting a livestock- or environment-derived origin 
based on currently available GenBank metadata.

The AK3 sub-lineage includes 361 of the 397 genomes in this maximum-parsimony phylogeny, most of which were isolated from 
human samples (n=360). The remaining genome represents a strain isolated from bovine milk from a sub-clinical mastitis case 
in 2015 (SRA: SRR31769156). Most AK3 genomes are from New Zealand (n=304), with smaller numbers from Australia (n=49), 
the Netherlands (n=4), the UK (n=2), Denmark (n=1) and Samoa (n=1). The high consistency index (0.99) indicates minimal 
homoplasy in the phylogeny, suggesting reliable reconstruction of evolutionary relationships. The genetic determinants shown 
in the outer rings demonstrate a consistent and conserved genotypic resistance to methicillin (encoded by mecA) and fusidic 
acid (encoded by fusC) within the AK3 sub-lineage. The in silico spa typing results reveal t002 as the predominant spa type 
(n=231), though other types (present in more than five genomes) including t045 (n=6), t062 (n=5) and t088 (n=5) are also present 
 (Table S5). Within the AK3 lineage, the maximum-parsimony phylogeny reveals three distinct clades (labelled AK3 Clade 1, Clade 
2.1 and Clade 2.2). Clade 2.2 contains the highest number of genomes (n=186), representing human-derived isolates from New 
Zealand (n=156), Australia (n=28), Denmark (n=1) and Samoa (n=1). Clade 2.1 also includes a substantial number of genomes 
(n=159), with isolates from New Zealand (n=136), Australia (n=17), the Netherlands (n=4) and the UK (n=2). Clade 1 is less 
common, comprising genomes from New Zealand (n=12) and Australia (n=4). We summarized the distribution of spa types and 
countries of isolation across each clade (Table S7).
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Table 1. Genomic characteristics of S. aureus strain sa230905_barcode06

Attribute Value

Metadata

Collection 
date

August 2023

Source Human

Sample type Eye swab

Raw data

Median read 
length (base 
pairs)

2,424

Median read 
quality

24.2

Number of 
reads

79,071

Read length 
N50

7,584

Total number 
of bases

326,004,082

Post HERRO 
error 
correction

Median read 
length (base 
pairs)

13,490

Number of 
reads

7,748

Read length 
N50

15,358

Total number 
of bases

117,422,744

De novo 
assembly

Average 
sequencing 
depth

42×

No. contigs 1

Total length 
(base pairs)

2,807,155

GC (%) 32.86

Typing

MLST ST5

spa type t1062

Predicted 
SCCmec 
element

None

No. of 
prophage 
elements

3

Continued
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Temporal analysis of ST5 AK3 identifies major divergence dates
This study investigated the evolutionary timeline of the S. aureus AK3 lineage from New Zealand. Before using the more compu-
tationally intensive BEAST2, we evaluated the temporal signal in the dataset by creating a maximum-likelihood phylogeny with 
TempEst. The sequence data for a publicly available genome (SRA: SRR15602515) and sample 22MR0788 (SRA: SRR31718605) 
were identified as outliers (possibly indicating an error in the sequence data or sample metadata) and so were excluded from 
the root-to-tip regression (Fig. S2a). The AK3 lineage demonstrated a linear relationship (correlation coefficient=0.57) between 
divergence time and evolutionary distance (Fig. S2b). Based on the maximum-likelihood phylogeny, the estimated mutation rate 
was 2.42×10−4 substitutions per site per year (R2=0.33); however, this rate does not represent a genome-wide mutation rate due to 
the use of a core-genome SNV alignment that excludes invariable sites. This exploratory analysis suggests clock-like behaviour in 
the dataset, with the most recent common ancestor (MRCA) to the AK3 lineage estimated to have emerged around 1974 (95 % 
confidence interval: 1966 to 1980).

Once we confirmed the presence of a temporal signal, we employed the nested sampling Bayesian computation algorithm to 
determine the best-fitting tree model and generate a time-calibrated phylogeny. The results of the nested sampling algorithm 
favoured the relaxed clock model. The Bayesian skyline population size change model was selected, with a marginal likelihood 
estimate of −89,807.20 (sd: ±20.38) (Table S8). Using BEAST2 (median node heights), the estimated time to the MRCA of the 
AK3 lineage was ~1976, with a 95% highest posterior density (HPD) interval from 1968 to 1983 (Fig. 5). The median evolutionary 
rate calculated by BEAST2 is 2.59×10−4 substitutions per site per year (95% HPD: 2.41×10−4 to 2.77×10−4), consistent with the rate 
observed in root-to-tip divergence analysis (Fig. S2b). To adjust for ascertainment bias, the dataset describes one SNV for every 
245.6 bases across the ~2,406,900 bp core genome, resulting in a genome-wide mutation rate of 1.06×10−6 (95% HPD: 0.98×10−6 
to 1.13×10−6) mutations per site per year, aligning with previous studies [42, 80–82]. This corresponds to 2.5 (95 % HPD: 2.4 
to 2.7) fixated SNVs per year per genome, meaning isolates sharing an MRCA 1 year prior would typically differ by four to six 
SNVs. To validate this estimate, we performed a confirmatory analysis by explicitly incorporating the number of invariant sites 
into the BEAST2 XML file (i.e. A=939,412; C=455,550; G=461,101; T=941,291). This approach yielded a slightly lower median 
genome-wide mutation rate of 8.85×10⁻⁷ (95% HPD: 8.25×10⁻⁷ to 9.46×10⁻⁷), demonstrating that while the estimate is sensitive 
to the assumed number of invariant sites, the values remain within a similar range (Fig. S3), supporting the robustness of our 
calculation.

The evolutionary timeline revealed that the S. aureus AK3 lineage likely originated in Europe, as evidenced by genomes repre-
senting MSSA isolates from France (n=3) and the UK (n=2) positioned at the basal portion of the tree (Fig. 5). The MSSA ancestor 
of the current MRSA AK3 lineage was likely introduced to New Zealand in the late 1970s or 1980s, prior to the acquisition of the 
SaPITokyo12571-like genomic element (Figs 3 and S4), which carries SEC bovine variant (sec-bov) and an enterotoxin-like protein 
(sel). A crucial evolutionary event occurred around 1998 (95% HPD: 1997 to 2000) when the MSSA lineage acquired the SCCmec 
type IV (2B) element and adjacent fusC operon (Fig. 4). This acquisition led to the emergence of three distinct clades: AK3 Clades 
1, 2.1 and 2.2. The presence of isolates from New Zealand and Australia throughout all major clades indicates extensive regional 

Attribute Value

Antimicrobial 
resistance 
genes on the 
chromosome

tet(38); blaI; blaZ; fosB

Virulence 
genes on the 
chromosome

adsA; spa; capA; cap8B; cap8C; cap8D; cap8E; cap8F; cap8G; cap8L; cap8M; capN; cap8O; cap8P; isdI; esxA; esaA; essA; esaB; essB; essC; esxC; 
esxB; esaE; esxD; esaD; esaG; esaG; esaG; esaG; esaG; esaG; geh; set16; set17; set18; set19; set20; set22; set23; set24; set25; set26; sdrC; sdrD; sdrE; 
sec; sell; clfA; sspC; sspB; sspA; isdB; isdA; isdC; isdD; isdE; isdF; srtB; isdG; hly/hla; ebp; harA; lukF-PV; eap/map; scn; chp; sak; sea; hlb; hld; hysA; 
sbi; hlgA; hlgC; hlgB; fnbB; fnbA; clfB; aur; icaR; icaA; icaD; icaB; icaC; lip

Data 
deposition

BioProject ID PRJNA1144171

BioSample ID SAMN43040015

SRA accession 
number

SRR30149079

GenBank 
accession 
number

CP168012

Table 1.  Continued
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transmission between these countries. The identification of isolates from the Netherlands, Denmark and Samoa demonstrates 
the subsequent international dissemination of these lineages.

Genomic analysis of a bovine-derived isolate highlights gaps in sampling
Most (n=360) of the 397 genomes represent S. aureus genomes isolated from human samples. A single genome representing 
strain 09Dec2015-G-165 (SRA: SRR31769156) was isolated from bovine milk in 2015. To investigate the relationship of this 
bovine-derived genome within Clade 2.2 of the AK3 lineage, we focused on a subset (n=28) of genomes from this clade (Fig. 6). 
The phylogenetic tree, constructed using core-genome SNVs, is well-supported, with most nodes having bootstrap values of ≥90%, 
reflecting high confidence in the inferred relationships. While this single bovine-derived isolate clusters with human-derived 

Fig. 2. Maximum-parsimony phylogeny of the S. aureus AK3 lineage. The phylogeny was inferred from 10,062 non-recombinant orthologous biallelic 
core-genome SNVs from 397 genomes. SNVs were derived from a core-genome alignment of ~2,393,900 bp and were called against the chromosome 
of sa230905_barcode06 (GenBank: CP168012). The consistency index for the tree was 0.99. SNV density filtering in SPANDx (excluded regions with 
three or more SNVs in a 10 bp window). The phylogenetic tree was rooted according to the MSSA ST5 SRR13968194 outgroup (collected in the UK). 
Branch colours represent clades within the MRSA AK3 lineage: Clade 1 (purple), Clade 2.1 (green) and Clade 2.2 (red). For mecA, mecR1 and fusC, the 
grey plots indicated gene presence. Strain NZAK3 (GenBank: LT009690) was isolated in Auckland, New Zealand, in 2005 (from a patient with a skin and 
soft tissue infection) and represents the earliest known isolation of this fusidic acid-resistant AK3 ST5 MRSA clone globally.
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isolates in the AK3 lineage (Clade 2.2), strain 09Dec2015-G-165 is genomically distinct (Fig. 6). The genome of 09Dec2015-G-
165 is separated by 60 pairwise SNVs from genome 21MR1546 (SRA: SRR31718884), a human-derived blood isolate collected 
in December 2021. This degree of divergence might suggest a potential zoonotic link; however, it more likely reflects substantial 
gaps in sampling data, underscoring the need for enhanced surveillance to clarify the evolutionary and transmission dynamics 
of contemporary circulating lineages.

Fig. 3. Major structural features and nucleotide pairwise comparisons of the S. aureus pathogenicity island SaPITokyo12571-like. Nucleotide 
comparisons between the MSSA ST5 t045 genome ST20102295 (SRA: ERR7162676), MSSA ST5 t1062 genome sa230905_barcode06 (GenBank: 
CP168012), S. aureus ST45 pathogenicity island SaPITokyo12571 (GenBank: AB860417) and MSSA ST151 t529 genome RF122 (GenBank: AJ938182). 
Blue shading indicates nucleotide identity between sequences according to blastn (70–100%). The direction of the arrows indicates the direction 
of transcription for ORFs. Key genomic regions are indicated: integrase (int) and excisionase (xis) in yellow, transcription regulators in dark blue, 
replication genes including the primase gene (pri), replication initiator gene (rep) in purple, encapsidation genes in green, terminase small subunit 
gene (terS) in light green, superantigen and other accessory genes in red, pif (related to phage interference) in light blue, genes encoding hypothetical 
proteins in grey and flanking coding sequences in black. Image created using Easyfig v2.2.5 [94].

Fig. 4. Major structural features and nucleotide pairwise comparisons of the staphylococcal cassette chromosome elements in S. aureus ST5 and ST97. 
Nucleotide comparisons between the MSSA ST5 t1062 genome sa230905_barcode06 (GenBank: CP168012), MRSA ST5 t002 genome NZAK3 (GenBank: 
LT009690) and MRSA ST97 t359 genome 23MR1425 (GenBank: CP143800). Blue shading indicates nucleotide identity between sequences according to 
blastn (70–100%). The direction of the arrows indicates the direction of transcription for ORFs. Key genomic regions are indicated: insertion sequences 
in yellow, genes conferring antibiotic resistance in red, genes present within SCCmec regions in blue, genes present within the fusidic acid operon in 
light red, genes encoding hypothetical proteins in grey and flanking coding sequences in black. Image created using Easyfig v2.2.5 [94].
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DISCUSSION
This research expands the genomic foundations and evolutionary history of the ST5-MRSA-SCCmec-IV (or AK3 strain), which is a 
prolific contributor to MRSA infections in New Zealand [20]. By conducting a phylogenetic analysis of 397 S. aureus AK3-
associated genomes, including 285 recently sequenced genomes, we identified key genomic factors and evolutionary events 
that have likely driven the expansion of the AK3 lineage. The predominance of spa type t002 among AK3 genomes is a valuable 
epidemiological marker for tracking AK3-related infections [5]. Although AK3 appears to represent a primarily localized expan-
sion (Figs 2 and 5), its detection in Australia and Europe raises concerns about potential broader dissemination, warranting 
continued monitoring [2, 15, 18].

Compared with earlier efforts on the AK3 strain in New Zealand [2, 3, 15, 18], which laid the groundwork by character-
izing its introduction, spread and genomic features, this study extends understanding by analysing a broader temporal 
range (spanning an additional 20 years) and incorporating national sampling from multiple hospitals and regions, thereby 
improving representation of the AK3 lineage across New Zealand. Additionally, we identified mobile genetic elements and 
accessory genes potentially contributing to the persistence and resistance of AK3-related strains, addressing gaps in the 
previous understanding of its genetic drivers. Although only a single bovine isolate was identified within the AK3 clade, its 
presence raises the possibility that non-clinical reservoirs could contribute to the lineage’s ecology, an aspect not explored 
in prior research [2, 15]. However, in a recent survey of 218 farm ruminant isolates, only one methicillin-susceptible CC5 

Table 2. Clade-specific variants to the SaPITokyo12571-like element branch in the ancestor to the AK3 lineage

Position in sa230905_
barcode06

ERR7162676 
(outgroup)*

sa230905_barcode06 
(branch)*

Change† Impact Codon Gene Product

408 G A Syn Low 136 dnaA Chromosomal replication 
initiator protein DnaA

148,318 A C I=>L Moderate 1456 ausA Non-reducing polyketide 
synthase AusA

470,837 C A T=>K Moderate 147 ldcC Constitutive lysine 
decarboxylase

738,146 A G

849,992 T C Syn Low 148 ACDZ07_04110 MetQ/NlpA family ABC 
transporter substrate-

binding protein

1,051,023 G GATTCAT Insertion Moderate 36 ACDZ07_05200 GNAT family N-
acetyltransferase

1,248,573 T C T=>A Moderate 269 yfhO Lipoteichoic acid-specific 
glycosyltransferase YfhO

1,413,986 A G Syn Low 56 pstC Phosphate ABC transporter 
permease subunit PstC

1,542,411 C T C=>Y Moderate 263 ACDZ07_07415 Helix-turn-helix domain-
containing protein

1,557,108 C A W=>L Moderate 117 xerD Site-specific tyrosine 
recombinase XerD

1,682,364 C T Syn Low 184 aspS Aspartyl-tRNA synthetase

2,201,553 A G

2,556,045 T G Y=>D Moderate 531 manB Phosphomannomutase

2,577,011 C T V=>I Moderate 91 gntK Putative gluconokinase

2,722,031 G A L=>F Moderate 92 isaB Immunodominant antigen 
B

*Emboldened and italicized nucleotides are specific to the outgroup of methicillin-susceptible AK3 genomes and genomes within the methicillin-
susceptible and methicillin-resistant AK3 lineage, respectively.
†Consequence of SNV relative to ERR7162676 (outgroup). Synonymous change (Syn); non-synonymous changes to protein-coding genes are 
shown by single-letter amino acid abbreviation (ERR7162676 sequence on the left and SNV impact on the right); blank lines indicate variant in 
the intergenic region.
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Fig. 5. Evolutionary reconstruction of the S. aureus AK3 lineage. A time-calibrated maximum clade credibility tree was inferred from 9,801 non-
recombinant orthologous biallelic core-genome SNVs from 395 genomes. SNVs were derived from a core-genome alignment of ~2,406,900 bp and 
were called against the chromosome of sa230905_barcode06 (GenBank: CP168012). SNV density filtering in SPANDx (excluded regions with three or 
more SNVs in a 10 bp window). The x-axis represents the emergence time estimates. The green triangles represent nodes with posterior probabilities 
greater than 0.95.

Fig. 6. Maximum-parsimony phylogeny of a subset of the S. aureus AK3 Clade 2.2 lineage. The phylogeny was inferred from 819 non-recombinant 
orthologous biallelic core-genome SNVs from 28 genomes. SNVs were derived from a core-genome alignment of ~2,699,000 bp and were called 
against the chromosome of NZAK3 (GenBank: LT009690). The consistency index for the tree was 1.0. SNV density filtering in SPANDx (excluded 
regions with three or more SNVs in a 10 bp window). The phylogenetic tree was rooted according to the MSSA ST5 SRR19441781 outgroup (collected 
in Australia), which has been omitted for visualization.
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isolate was identified, and it carried ruminant virulome [83]. This finding, alongside existing evidence of MRSA in animal 
hosts, supports the need for further investigation into the role of non-clinical reservoirs in AK3’s persistence and spread. 
While we identified key genetic factors associated with AK3 dominance, functional studies are needed to elucidate their 
precise roles in fitness, virulence and transmissibility.

Genomic adaptations driving AK3 success
Our findings suggest that the success of AK3 stems from a combination of genomic adaptations that may have enhanced 
resistance to antibiotics and transmissibility. The stepwise acquisition of mobile genetic elements, first the SaPITokyo12571-
like element [84], followed by SCCmec type IV (2B) encoding the fusC operon, has been pivotal in shaping the evolutionary 
success of AK3 (Fig. 5). The acquisition of SCCmec type IV (2B) and the fusC operon, which confer resistance to methicillin 
(via mecA) and fusidic acid (via fusC), respectively, aligns with the observed increase in fusidic acid usage in New Zealand 
[2, 15, 18]. The stable retention of these elements within AK3 (Fig. 2) underscores their selective advantage under antibiotic 
pressure.

The SaPITokyo12571-like element identified in AK3 and the basal MSSA lineage carries the SEC bovine variant (sec-bov) 
and an enterotoxin-like protein (sel) (Fig. 3), both of which are associated with pathogenicity (by modulating the bovine 
immune response) in S. aureus [85]. The SEC bovine variant, a form of enterotoxin C found in bovine strains, may have 
distinct antigenic properties compared with human-associated SEC, possibly contributing to differences in virulence 
[85–88]. The enterotoxin-like protein (sel) may contribute to virulence by triggering immune responses or disrupting 
normal cellular functions [89]. These findings emphasize the need for a more thorough sampling of bovine sources to 
fully capture the diversity of S. aureus strains and gain a better understanding of their potential for transmission and 
pathogenicity. This gap in sampling limits our understanding of the interplay between host-specific adaptations and how 
S. aureus evolves and adapts in different environments, such as cattle farms, where these strains could significantly impact 
both animal and public health [24].

Sampling limitations and implications
A key strength of this study is the integration of newly sequenced genomes with publicly available data, enabling a 
comprehensive and robust analysis of the AK3 lineage. However, our reliance on publicly available genomes introduces 
potential biases due to the underrepresentation of certain geographic regions. Similarly, there is likely a geographic bias 
in the isolates sequenced for this study, as most genomes analysed are from urban centres (hospitals), with possible 
limited representation from rural or remote areas of New Zealand. Despite the comprehensive genomic dataset, our study 
highlights a critical gap in the sampling strategy. Of the 397 genomes analysed, only two MSSA genomes (both outside of 
the AK3 lineage) were derived from bulk milk tanks (strain AB93, SRA: SRR29758833; strain AB94, SRA: SRR29758603). 
Only one MRSA AK3-related genome (strain: 09Dec2015-G-165) was cultured from bovine milk in 2015 [22]. Despite 
the large sample size from human sources, this limited representation of bovine sources underscores a significant under-
sampling of bovine reservoirs of S. aureus. The substantial genomic diversity observed across the AK3 lineage (Fig. 2), 
coupled with limited sampling from potential reservoirs (e.g. community, environment or animal sources), suggests that 
additional strain variants may remain undiscovered in New Zealand. Fusidic acid, a key resistance determinant within 
the AK3 lineage, is commonly prescribed in veterinary medicine [90], particularly for dogs and cats, where it is primarily 
used topically to treat skin and eye infections caused by Gram-positive bacteria, including Staphylococcus spp. Broader 
sampling of bovine, other animal and environmental sources is essential to fully capture the diversity and evolutionary 
dynamics of S. aureus in New Zealand. Such efforts could also inform strategies to mitigate transmission risks between 
human and animal populations [24].

Public health implications
The predominance of AK3 among New Zealand MRSA isolates [20] and the associated resistance to fusidic acid (an antibiotic 
that has been widely used in topical formulation) poses significant challenges for infection control. The clade-specific SNVs 
identified in the branch associated with SaPITokyo12571-like element acquisition (MSSA ancestor) (Table 2) and subsequent 
MRSA AK3 emergence (Table 3) may influence fitness, virulence and/or transmission potential, although further experi-
mental and phenotypic validation is required. The geographic clustering of AK3, particularly its high representation in New 
Zealand, underscores the critical role of regional genomic surveillance in tracking the emergence and spread of CA-MRSA 
lineages. Furthermore, the disproportionate burden of MRSA infections among vulnerable populations, including Māori 
and Pacific peoples, emphasizes the need for culturally responsive and equitable public health interventions [20]. These 
findings underscore the importance of integrating genomic surveillance with community-level health strategies to address 
disparities in infection control outcomes.
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Broader One Health context
One Health emphasizes the interconnectedness of human, animal and environmental health, particularly in the context of AMR 
[91–93]. While significant progress has been made, under-sampled populations such as the Māori and Pacific peoples, environ-
mental reservoirs and bovine herds remain critical gaps in AMR research. Limited environmental sampling, especially in potential 
unknown sinks, further constrains our understanding of how resistance genes disseminate and persist in different ecological 
niches. Expanding research efforts to include these populations and potential reservoirs will provide a more comprehensive view 
of the AMR network, informing targeted mitigation strategies.

Concluding remarks
In conclusion, this research advances our understanding of the evolutionary and epidemiological dynamics of the MRSA 
AK3 lineage. By linking genomic adaptations to environmental and clinical pressures, our findings demonstrate mechanisms 
underlying the success of AK3 and may inform strategies for its control. However, addressing current gaps in sampling and 
performing functional studies to validate key genetic factors will be essential to fully understand the fitness, virulence and 
transmissibility of the AK3 strain. Continued genomic surveillance, particularly in underrepresented reservoirs, remains 
critical for mitigating the public health impact of AK3 and enhancing global efforts to combat CA-MRSA.

Author affiliations: 1Institute of Environmental Science and Research, Health Security, Porirua 5022, New Zealand; 2Department of Microbiology 
and Molecular Pathology, Awanui Labs Wellington, Wellington 6021, New Zealand; 3Infection Services, Capital, Coast & Hutt Valley, Te Whatu Ora/
Health New Zealand, Wellington 6021, New Zealand; 4Department of Microbiology and Molecular Pathology, Awanui Labs Dunedin, Dunedin 9016, New 
Zealand; 5Tāwharau Ora | School of Veterinary Science, Massey University, Palmerston North 4474, New Zealand; 6Wildlife Futures Program, School of 
Veterinary Medicine, New Bolton Center, University of Pennsylvania, Kennett Square 19348, USA; 7Research and Development, Livestock Improvement 
Corporation, Newstead 3286, New Zealand; 8Cognosco, Anexa Veterinary Services, Morrinsville 3300, New Zealand; 9Department of Molecular Medicine 
and Pathology, University of Auckland, Auckland 1142, New Zealand; 10Centre for Microbiology and Environmental System Science, University of 
Vienna, Vienna, Austria; 11Centre for Microbiology and Environmental System Science, University of Otago, Dunedin 9016, New Zealand.

Funding information
Surveillance work performed at the Institute of Environmental Science and Research (ESR) was funded by the Ministry of Health New Zealand. This 
study was supported by internal departmental funds at Awanui Laboratories Wellington, ESR and Genomics Aotearoa through funding from the 
Ministry of Business Innovation and Employment (MBIE). The collection of bovine and human-associated isolates by the Livestock Improvement Corpo-
ration (LIC) was made possible through the support from the New Zealand Ministry of Primary Industries, specifically the SFF Futures Programme 
under the project titled ‘Resilient Dairy – Innovative Breeding for a sustainable dairy future’ (Grant No. PGP06-17006).

Acknowledgements
We acknowledge the facilities and the scientific and technical assistance of staff at Awanui Labs Wellington, formerly known as Southern Community 
Laboratories (Wellington, New Zealand). We are grateful to the diagnostic microbiology laboratories across New Zealand for contributing isolates and 
associated data to the surveillance programmes at the Institute of Environmental Science and Research (ESR). We also acknowledge the facilities 
and the scientific and technical assistance of staff at the Livestock Improvement Corporation (Newstead, New Zealand). Additionally, the Livestock 
Improvement Corporation (LIC) would like to thank the microbiology expertise of John Williamson, the sequencing expertise of Liam Williams and 
Jack Rolfe and, in addition, Murray Robinson, Michael Addidle and Claudio Turilli from Pathlab for the human-derived S. aureus isolates. We thank 
the Next-Generation Sequencing Team and the Antimicrobial Resistance Laboratories at ESR (Porirua, New Zealand), for their valuable scientific and 
technical assistance. We acknowledge and thank Zuyu Yang and Philip Carter at the ESR Kenepuru Science Centre for their valuable feedback. This 
research was made possible by the Computational Science Team and the High-Performance Compute (HPC) platform at ESR, with specific thanks 
to Russell Smithies and Shane Sturrock for HPC. Also, thanks go to Anne Midwinter and Patrick Biggs at Massey University, David Oborn at ESR and 
Jordan Douglas at the University of Auckland for helpful discussions. We gratefully acknowledge the Microbiology Society for awarding the External 
Event Grant Round 3 (GA004479) to Rhys White, supporting his attendance at Queenstown Research Week 2024 and the Pathogen Genomics Satellite.

Author contributions
Conceptualization: R.T.W. investigation: R.T.W. Funding acquisition: C.H., M.Bl. and K.D. Formal analysis: R.T.W. Wet-lab experiments: S.B., M.Bu., A.E., 
S.H., C.T., C.V. and E.M.V. Data analysis: R.T.W. Data curation: R.T.W., N.P.F., A.K., B.M., C.S., E.M.V., M.Bl. and K.D. Writing (original draft preparation): R.T.W. 
Writing (review and editing): R.T.W., S.B., M.Bl., M.Bu., J.E., A.E., N.P.F., J.G., S.S.G., A.G., C.H., S.H., A.K., J.M., B.M., H.M., C.S., C.T., W.T., J.U., C.V., E.M.V. and 
K.D. All authors have read and agreed to the published version of the manuscript.

Conflicts of interest
R.T.W. received travel expenses from Oxford Nanopore Technologies to attend their annual, London Calling, meeting in May 2024 (as do all speakers). 
R.T.W. received a travel bursary from Oxford Nanopore Technologies and a travel grant from the UK Microbiology Society to present at conferences. The 
authors declare no other conflicts of financial, general or institutional competing interests.

Ethical statement
The analysis and reporting of bacterial genomes from Wellington Regional Hospital constituted an ‘audit or related activity’ as per New Zealand Health 
and Disability Ethics Committees, so did not require review. Staphylococcus aureus isolates were submitted to the Institute of Environmental Science 
(ESR) as part of a national S. aureus bacteraemia surveillance programme funded by the New Zealand Ministry of Health, where clinical diagnostic 
laboratories (human health) were requested to send all S. aureus isolated from blood cultures to the ESR for further characterization.

References
	1.	 Batabyal B, Kundu GK, Biswas S. Methicillin-resistant Staphylo-

coccus aureus: a brief review. Int Res J Biol Sci 2012;1:65–71.

	2.	 Williamson DA, Roberts SA, Ritchie SR, Coombs GW, Fraser JD, 
et al. Clinical and molecular epidemiology of methicillin-resistant 
Staphylococcus aureus in New Zealand: rapid emergence of 



17

White et al., Microbial Genomics 2025;11:001452

sequence type 5 (ST5)-SCCmec-IV as the dominant community-
associated MRSA clone. PLoS One 2013;8:e62020. 

	3.	 Heffernan H, Wheeler L. Annual survey of methicillin-resistant 
Staphylococcus aureus (MRSA), 2005. Porirua, New Zealand: Insti-
tute of Environmental Science and Research Ltd; 2006.

	4.	 Heffernan H, Bakker S, Williamson D. Annual survey of methicillin-
resistant Staphylococcus aureus (MRSA), 2013. Porirua, New 
Zealand: Institute of Environmental Science and Research Ltd; 
2014. https://www.esr.cri.nz/digital-library/2013-annual-survey-​
of-mrsa/ [accessed 15 March 2025].

	5.	 Richardson R, Pope C, Couper J, Desai U, Heffernan H. 
Annual survey of methicillin-resistant Staphylococcus aureus 
(MRSA), 2009. Porirua, New Zealand: Institute of Environ-
mental Science and Research Ltd; 2009. https://www.esr.cri.​
nz/digital-library/2009-annual-survey-of-mrsa/ [accessed 15 
March 2025].

	6.	 Adhikari RP, Cook GM, Lamont I, Lang S, Heffernan H, et al. Pheno-
typic and molecular characterization of community occurring, 
Western Samoan phage pattern methicillin-resistant Staphylo-
coccus aureus. J Antimicrob Chemother 2002;50:825–831. 

	7.	 Smith JMB, Cook GM. A decade of community MRSA in New 
Zealand. Epidemiol Infect 2005;133:899–904. 

	8.	 Prévost G, Cribier B, Couppié P, Petiau P, Supersac G, et al. Panton-
valentine leucocidin and gamma-hemolysin from Staphylococcus 
aureus ATCC 49775 are encoded by distinct genetic loci and have 
different biological activities. Infect Immun 1995;63:4121–4129. 

	9.	 Heffernan H, Bakker S. Annual survey of methicillin-resistant 
Staphylococcus aureus (MRSA), 2011. Porirua, New Zealand: Insti-
tute of Environmental Science and Research Ltd; 2011. https://
www.esr.cri.nz/digital-library/2011-annual-survey-of-mrsa/ 
[accessed 15 March 2025].

	10.	 Institute of Environmental Science and Research Ltd. Annual 
survey of methicillin-resistant Staphylococcus aureus (MRSA), 
2006. Porirua, New Zealand: Institute of Environmental Science 
and Research Ltd; 2007. https://www.esr.cri.nz/digital-library/​
2006-annual-survey-of-mrsa/ [accessed 15 March 2025].

	11.	 Boan P, Tan H-L, Pearson J, Coombs G, Heath CH, et al. Epidemio-
logical, clinical, outcome and antibiotic susceptibility differences 
between PVL positive and PVL negative Staphylococcus aureus 
infections in Western Australia: a case control study. BMC Infect Dis 
2015;15:10. 

	12.	 Voyich JM, Braughton KR, Sturdevant DE, Whitney AR, 
Saïd-Salim B, et  al. Insights into mechanisms used by Staphy-
lococcus aureus to avoid destruction by human neutrophils. J 
Immunol 2005;175:3907–3919. 

	13.	 Voyich JM, Otto M, Mathema B, Braughton KR, Whitney AR, et al. 
Is panton-valentine leukocidin the major virulence determinant 
in community-associated methicillin-resistant Staphylococcus 
aureus disease? J Infect Dis 2006;194:1761–1770. 

	14.	 Hamilton SM, Bryant AE, Carroll KC, Lockary V, Ma Y, et  al. In 
vitro production of panton-valentine leukocidin among strains of 
methicillin-resistant Staphylococcus aureus causing diverse infec-
tions. Clin Infect Dis 2007;45:1550–1558. 

	15.	 Baines SL, Howden BP, Heffernan H, Stinear TP, Carter GP, et al. 
Rapid emergence and evolution of Staphylococcus aureus clones 
harboring fusC -containing staphylococcal cassette chromosome 
elements . Antimicrob Agents Chemother 2016;60:2359–2365. 

	16.	 Wilkinson JD. Fusidic acid in dermatology. Br J Dermatol 1998;139 
Suppl 53:37–40. 

	17.	 Schöfer H, Simonsen L. Fusidic acid in dermatology: an updated 
review. Eur J Dermatol 2010;20:006–015. 

	18.	 Williamson DA, Monecke S, Heffernan H, Ritchie SR, Roberts SA, 
et al. High usage of topical fusidic acid and rapid clonal expansion 
of fusidic acid–resistant Staphylococcus aureus: a cautionary tale. 
Clin Infect Dis 2014;59:1451–1454. 

	19.	 Williamson DA, Ritchie SR, Best E, Upton A, Leversha A, et al. A bug 
in the ointment: topical antimicrobial usage and resistance in New 
Zealand. N Z Med J 2015;128:103–109.

	20.	 Heffernan H, Bakker S. 2017 survey of methicillin-resistant 
Staphylococcus aureus (MRSA). Porirua, New Zealand: Institute of 
Environmental Science and Research Ltd; 2018. https://www.esr.​
cri.nz/digital-library/2017-annual-survey-of-mrsa/ [accessed 15 
March 2025].

	21.	 Heffernan H, Bakker S. Annual survey of methicillin-resistant 
Staphylococcus aureus (MRSA), 2012. Porirua, New Zealand: Insti-
tute of Environmental Science and Research Ltd; 2013. https://
www.esr.cri.nz/digital-library/2012-annual-survey-of-mrsa/ 
[accessed 15 March 2025].

	22.	 Greening SS, Zhang J, Midwinter AC, Wilkinson DA, McDougall S, 
et al. The genetic relatedness and antimicrobial resistance patterns 
of mastitis-causing Staphylococcus aureus strains isolated from 
New Zealand dairy cattle. Vet Sci 2021;8:287. 

	23.	 Nesaraj J, Grinberg A, Laven R, Biggs P. Genomic epidemiology of 
bovine mastitis-causing Staphylococcus aureus in New Zealand. Vet 
Microbiol 2023;282:109750. 

	24.	 Straub C, Taylor W, French NP, Murdoch DR, Priest P, et  al. 
Zoonotic transmission of asymptomatic carriage Staphylococcus 
aureus on dairy farms in Canterbury, New Zealand. Microb Genom 
2024;10:001318. 

	25.	 Lowder BV, Guinane CM, Ben Zakour NL, Weinert LA, 
Conway-Morris A, et al. Recent human-to-poultry host jump, adap-
tation, and pandemic spread of Staphylococcus aureus. Proc Natl 
Acad Sci USA 2009;106:19545–19550. 

	26.	 Karkaba A, Benschop J, Hill KE, Grinberg A. Characterisation of 
methicillin-resistant Staphylococcus aureus clinical isolates from 
animals in New Zealand, 2012-2013, and subclinical colonisation 
in dogs and cats in Auckland. N Z Vet J 2017;65:78–83. 

	27.	 Pichon B, Hill R, Laurent F, Larsen AR, Skov RL, et  al. Devel-
opment of a real-time quadruplex PCR assay for simulta-
neous detection of nuc, Panton-Valentine leucocidin (PVL), 
mecA and homologue mecALGA251. J Antimicrob Chemother 
2012;67:2338–2341. 

	28.	 Strommenger B, Braulke C, Heuck D, Schmidt C, Pasemann B, 
et  al. spa Typing of Staphylococcus aureus as a frontline tool in 
epidemiological typing. J Clin Microbiol 2008;46:574–581. 

	29.	 Goering RV. Pulsed-Field Gel Electrophoresis. In: persing DH and 
Tenover FC (eds). Molecular Microbiology: Diagnostic Principles and 
Practice, 2nd ed. Washington, DC, United States: ASM Press; 2004. 
pp. 185–196.

	30.	 Wood DE, Salzberg SL. Kraken: ultrafast metagenomic sequence 
classification using exact alignments. Genome Biol 2014;15:R46. 

	31.	 Sayers EW, Barrett T, Benson DA, Bryant SH, Canese K, et al. Data-
base resources of the national center for biotechnology informa-
tion. Nucleic Acids Res 2009;37:D5–15. 

	32.	 Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for 
Illumina sequence data. Bioinformatics 2014;30:2114–2120. 

	33.	 Song L, Florea L, Langmead B. Lighter: fast and memory-efficient 
sequencing error correction without counting. Genome Biol 
2014;15:509. 

	34.	 Magoč T, Salzberg SL. FLASH: fast length adjustment of 
short reads to improve genome assemblies. Bioinformatics 
2011;27:2957–2963. 

	35.	 Souvorov A, Agarwala R. SAUTE: sequence assembly using target 
enrichment. BMC Bioinformatics 2021;22:375. 

	36.	 Souvorov A, Agarwala R, Lipman DJ. SKESA: strategic k-mer 
extension for scrupulous assemblies. Genome Biol 2018;19:153. 

	37.	 Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, et  al. The 
sequence alignment/map format and SAMtools. Bioinformatics 
2009;25:2078–2079. 

	38.	 Li H, Durbin R. Fast and accurate short read alignment with 
burrows–wheeler transform. Bioinformatics 2009;25:1754–1760. 

	39.	 Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, et al. Pilon: an 
integrated tool for comprehensive microbial variant detection and 
genome assembly improvement. PLoS One 2014;9:e112963. 

https://www.esr.cri.nz/digital-library/2013-annual-survey-of-mrsa/
https://www.esr.cri.nz/digital-library/2013-annual-survey-of-mrsa/
https://www.esr.cri.nz/digital-library/2009-annual-survey-of-mrsa/
https://www.esr.cri.nz/digital-library/2009-annual-survey-of-mrsa/
https://www.esr.cri.nz/digital-library/2011-annual-survey-of-mrsa/
https://www.esr.cri.nz/digital-library/2011-annual-survey-of-mrsa/
https://www.esr.cri.nz/digital-library/2006-annual-survey-of-mrsa/
https://www.esr.cri.nz/digital-library/2006-annual-survey-of-mrsa/
https://www.esr.cri.nz/digital-library/2017-annual-survey-of-mrsa/
https://www.esr.cri.nz/digital-library/2017-annual-survey-of-mrsa/
https://www.esr.cri.nz/digital-library/2012-annual-survey-of-mrsa/
https://www.esr.cri.nz/digital-library/2012-annual-survey-of-mrsa/


18

White et al., Microbial Genomics 2025;11:001452

	40.	 Gurevich A, Saveliev V, Vyahhi N, Tesler G. QUAST: quality 
assessment tool for genome assemblies. Bioinformatics 
2013;29:1072–1075. 

	41.	 Bloomfield M, Hutton S, Velasco C, Burton M, Benton M, et al. Oxford 
nanopore next generation sequencing in a front-line clinical micro-
biology laboratory without on-site bioinformaticians. Pathology 
2024;56:444–447. 

	42.	 White RT, Bakker S, Burton M, Castro ML, Couldrey C, et al. Rapid 
identification and subsequent contextualization of an outbreak 
of methicillin-resistant Staphylococcus aureus in a neonatal 
intensive care unit using nanopore sequencing. Microb Genom 
2024;10:001273. 

	43.	 Bloomfield M, Hutton S, Burton M, Tarring C, Velasco C, et al. Early 
identification of a ward-based outbreak of Clostridioides diffi-
cile using prospective multilocus sequence type-based Oxford 
Nanopore genomic surveillance. Infect Control Hosp Epidemiol 
2024;45:1–7. 

	44.	 White RT, Balm M, Burton M, Hutton S, Jeram J, et al. The rapid 
detection of a neonatal unit outbreak of a wild-type Klebsiella vari-
icola using decentralized oxford nanopore sequencing. Antimicrob 
Resist Infect Control 2025;14:6. 

	45.	 Manning S, Bloomfield M, Hutton S, Burton M, Velasco C, et  al. 
Implementing nanopore sequencing in a clinical laboratory: a 
social systems case. New Zealand J Med Lab Sci 2025;79:25–30.

	46.	 European Committee on Antimicrobial Susceptibility Testing. 
Breakpoint tables for interpretation of mics and zone diameters. 
Växjö, Sweden: The European Committee on Antimicrobial Suscep-
tibility Testing, 2023. https://www.eucast.org/clinical_breakpoints 
[accessed 16 June 2024].

	47.	 Grinberg A, Biggs PJ, Zhang J, Ritchie S, Oneroa Z, et al. Genomic 
epidemiology of methicillin-susceptible Staphylococcus aureus 
across colonisation and skin and soft tissue infection. J Infect 
2017;75:326–335. 

	48.	 Enright MC, Day NP, Davies CE, Peacock SJ, Spratt BG. Multilocus 
sequence typing for characterization of methicillin-resistant and 
methicillin-susceptible clones of Staphylococcus aureus. J Clin 
Microbiol 2000;38:1008–1015. 

	49.	 Jolley KA, Bray JE, Maiden MCJ. Open-access bacterial population 
genomics: BIGSdb software, the ​PubMLST.​org website and their 
applications. Wellcome Open Res 2018;3:124. 

	50.	 Harmsen D, Claus H, Witte W, Rothgänger J, Claus H, et  al. 
Typing of methicillin-resistant Staphylococcus aureus in a univer-
sity hospital setting by using novel software for spa repeat 
determination and database management. J Clin Microbiol 
2003;41:5442–5448. 

	51.	 Feldgarden M, Brover V, Gonzalez-Escalona N, Frye JG, 
Haendiges J, et al. AMRFinderPlus and the reference gene catalog 
facilitate examination of the genomic links among antimicrobial 
resistance, stress response, and virulence. Sci Rep 2021;11:12728. 

	52.	 Treangen TJ, Ondov BD, Koren S, Phillippy AM. The harvest suite 
for rapid core-genome alignment and visualization of thousands 
of intraspecific microbial genomes. Genome Biol 2014;15:524. 

	53.	 Stamatakis A. RAxML version 8: a tool for phylogenetic anal-
ysis and post-analysis of large phylogenies. Bioinformatics 
2014;30:1312–1313. 

	54.	 Zhang H, Gao S, Lercher MJ, Hu S, Chen WH. EvolView, an online 
tool for visualizing, annotating and managing phylogenetic trees. 
Nucleic Acids Res 2012;40:W569–W572. 

	55.	 He Z, Zhang H, Gao S, Lercher MJ, Chen WH, et  al. Evolview v2: 
an online visualization and management tool for customized and 
annotated phylogenetic trees. Nucleic Acids Res 2016;44:W236–41. 

	56.	 Stanojevic D, Lin D, Nurk S, Florez De Sessions P, Sikic M. 
Telomere-to-telomere phased genome assembly using HERRO-
corrected simplex nanopore reads. Bioinformatics;bioRxiv. DOI: 
10.1101/2024.05.18.594796. 

	57.	 Lin Y, Yuan J, Kolmogorov M, Shen MW, Chaisson M, et al. Assembly 
of long error-prone reads using de Bruijn graphs. Proc Natl Acad Sci 
USA 2016;113. 

	58.	 Kolmogorov M, Yuan J, Lin Y, Pevzner PA. Assembly of long, error-
prone reads using repeat graphs. Nat Biotechnol 2019;37:540–546. 

	59.	 Bloomfield M, Bakker S, Burton M, Castro ML, Dyet K, et  al. 
Resolving a neonatal intensive care unit outbreak of methicillin-
resistant Staphylococcus aureus to the SNV level using Oxford 
Nanopore simplex reads and HERRO error correction. J Hosp Infect 
2025:S0195-6701(25)00177-X. 

	60.	 Seemann T. Prokka: rapid prokaryotic genome annotation. Bioin-
formatics 2014;30:2068–2069. 

	61.	 Zhou Y, Liang Y, Lynch KH, Dennis JJ, Wishart DS. PHAST: a fast 
phage search tool. Nucleic Acids Res 2011;39:W347–52. 

	62.	 Arndt D, Grant JR, Marcu A, Sajed T, Pon A, et al. PHASTER: a better, 
faster version of the PHAST phage search tool. Nucleic Acids Res 
2016;44:W16–W21. 

	63.	 Wishart DS, Han S, Saha S, Oler E, Peters H, et  al. PHASTEST: 
faster than PHASTER, better than PHAST. Nucleic Acids Res 
2023;51:W443–W450. 

	64.	 Bouras G, Nepal R, Houtak G, Psaltis AJ, Wormald PJ, et  al. 
Pharokka: a fast scalable bacteriophage annotation tool. Bioinfor-
matics 2023;39:btac776. 

	65.	 Bertelli C, Laird MR, Williams KP, Simon Fraser University 
Research Computing Group, Lau BY, et  al. IslandViewer 4: 
expanded prediction of genomic islands for larger-scale datasets. 
Nucleic Acids Res 2017;45:W30–W35. 

	66.	 Varani AM, Siguier P, Gourbeyre E, Charneau V, Chandler M. ISsaga 
is an ensemble of web-based methods for high throughput identi-
fication and semi-automatic annotation of insertion sequences in 
prokaryotic genomes. Genome Biol 2011;12:R30. 

	67.	 Siguier P, Perochon J, Lestrade L, Mahillon J, Chandler M. ISfinder: 
the reference centre for bacterial insertion sequences. Nucleic 
Acids Res 2006;34:D32–6. 

	68.	 Rutherford K, Parkhill J, Crook J, Horsnell T, Rice P, et  al. 
Artemis: sequence visualization and annotation. Bioinformatics 
2000;16:944–945. 

	69.	 Sarovich DS, Price EP. SPANDx: a genomics pipeline for compara-
tive analysis of large haploid whole genome re-sequencing data-
sets. BMC Res Notes 2014;7:618. 

	70.	 Croucher NJ, Page AJ, Connor TR, Delaney AJ, Keane JA, et  al. 
Rapid phylogenetic analysis of large samples of recombinant 
bacterial whole genome sequences using Gubbins. Nucleic Acids 
Res 2015;43:e15. 

	71.	 Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for 
comparing genomic features. Bioinformatics 2010;26:841–842. 

	72.	 Wilgenbusch JC, Swofford D. Inferring evolutionary trees with 
PAUP*. Curr Protoc Bioinformatics 2003;Chapter 6:Unit. 

	73.	 Darriba D, Taboada GL, Doallo R, Posada D. jModelTest 2: more 
models, new heuristics and parallel computing. Nat Methods 
2012;9:772. 

	74.	 Tonkin-Hill G, Lees JA, Bentley SD, Frost SDW, Corander J. Rhier-
BAPS: An R implementation of the population clustering algorithm 
hierBAPS. Wellcome Open Res 2018;3:93. 

	75.	 Team RC. A language and environment for statistical computing. 
Vienna, Austria: R Foundation for Statistical Computing, 2023. 
https://www.r-project.org/ [accessed 4 April 2024].

	76.	 Cheng L, Connor TR, Sirén J, Aanensen DM, Corander J. Hierar-
chical and spatially explicit clustering of DNA sequences with 
BAPS software. Mol Biol Evol 2013;30:1224–1228. 

	77.	 Rambaut A, Lam TT, Max Carvalho L, Pybus OG. Exploring the 
temporal structure of heterochronous sequences using TempEst 
(formerly Path-O-Gen). Virus Evol 2016;2:vew007. 

	78.	 Bouckaert R, Heled J, Kühnert D, Vaughan T, Wu C-H, et al. BEAST 
2: a software platform for Bayesian evolutionary analysis. PLoS 
Comput Biol 2014;10:e1003537. 

	79.	 Bouckaert R, Vaughan TG, Barido-Sottani J, 
Duchêne S, Fourment M, et al. BEAST 2.5: An advanced software 
platform for bayesian evolutionary analysis. PLoS Comput Biol 
2019;15:e1006650. 

https://www.eucast.org/clinical_breakpoints
https://www.r-project.org/


19

White et al., Microbial Genomics 2025;11:001452

	80.	 Nübel U, Dordel J, Kurt K, Strommenger B, Westh H, et al. A time-
scale for evolution, population expansion, and spatial spread of 
an emerging clone of methicillin-resistant Staphylococcus aureus. 
PLoS Pathog 2010;6:e1000855. 

	81.	 Young BC, Golubchik T, Batty EM, Fung R, Larner-Svensson H, 
et  al. Evolutionary dynamics of Staphylococcus aureus during 
progression from carriage to disease. Proc Natl Acad Sci USA 
2012;109:4550–4555. 

	82.	 Duchêne S, Holt KE, Weill F-X, Le Hello S, Hawkey J, et al. Genome-
scale rates of evolutionary change in bacteria. Microb Genom 
2016;2:e000094. 

	83.	 Nesaraj J, Grinberg A, Laven R, Chanyi R, Altermann E, et al. The 
host adaptation of Staphylococcus aureus to farmed ruminants in 
New Zealand, with special reference to Clonal Complex 1. Environ-
mental microbiology reports 2025;17:e70087. 

	84.	 Suzuki Y, Kubota H, Sato’o Y, Ono HK, Kato R, et al. Identification and 
characterization of novel Staphylococcus aureus pathogenicity islands 
encoding staphylococcal enterotoxins originating from staphylo-
coccal food poisoning isolates. J Appl Microbiol 2015;118:1507–1520. 

	85.	 Fitzgerald JR, Monday SR, Foster TJ, Bohach GA, Hartigan PJ, et al. 
Characterization of a putative pathogenicity island from bovine 
Staphylococcus aureus encoding multiple superantigens . J Bacte-
riol 2001;183:63–70. 

	86.	 Deringer JR, Ely RJ, Monday SR, Stauffacher CV, 
Bohach GA. Vbeta-dependent stimulation of bovine and human T 
cells by host-specific staphylococcal enterotoxins. Infect Immun 
1997;65:4048–4054. 

	87.	 Etter D, Schelin J, Schuppler M, Johler S. Staphylococcal 
enterotoxin c-an update on SEC variants, their structure and 
properties, and their role in foodborne intoxications. Toxins 
2020;12:584. 

	88.	 Chuang-Smith ON, Schlievert PM. Staphylococcal enterotoxin C 
subtypes are differentially associated with human infections and 
immunobiological activities. mSphere 2021;6:10–128. 

	89.	 Orwin PM, Fitzgerald JR, Leung DYM, Gutierrez JA, Bohach GA, 
et  al. Characterization of Staphylococcus aureus enterotoxin L. 
Infect Immun 2003;71:2916–2919. 

	90.	 Pleydell EJ, Souphavanh K, Hill KE, French NP, Prattley DJ. 
Descriptive epidemiological study of the use of antimicrobial drugs 
by companion animal veterinarians in New Zealand. N Z Vet J 
2012;60:115–122. 

	91.	 Cella E, Giovanetti M, Benedetti F, Scarpa F, Johnston C, et  al. 
Joining forces against antibiotic resistance: the one health solu-
tion. Pathogens 2023;12:1074. 

	92.	 Harrison S, Baker MG, Benschop J, Death RG, French NP, et al. One 
health aotearoa: a transdisciplinary initiative to improve human, 
animal and environmental health in New Zealand. One Health 
Outlook 2020;2:4. 

	93.	 Pattis I, Weaver L, Burgess S, Ussher JE, Dyet K. Antimicrobial 
resistance in New Zealand-a one health perspective. Antibiotics 
(Basel) 2022;11:12. 

	94.	 Sullivan MJ, Petty NK, Beatson SA. Easyfig: a genome comparison 
visualizer. Bioinformatics 2011;27:1009–1010. 

The Microbiology Society is a membership charity and not-for-profit publisher.

Your submissions to our titles support the community – ensuring that 
we continue to provide events, grants and professional development for 

microbiologists at all career stages.

Find out more and submit your article at microbiologyresearch.org


	20 years later: unravelling the genomic success of New Zealand’s home-­grown ﻿AK3 community-­associated methicillin-­resistant ﻿Staphylococcus aureus﻿﻿
	Abstract
	Data Summary
	Introduction
	Methods
	Sample collection/study design
	Illumina library construction and next-generation sequencing
	Quality control and ﻿de novo﻿ assembly of the Illumina sequence read data
	Sampling and extraction of DNA for nanopore sequencing
	Dataset curation
	﻿In silico﻿ genotyping of the ﻿S. aureus﻿ genome sequence data
	Assembly-based variant detection and ST5 phylogenetic analyses
	Genome annotation for sa230905_barcode06
	High-resolution cluster phylogeny
	Divergence estimates of the ﻿S. aureus﻿ ST5 AK3 lineage

	Results
	Overall ﻿S. aureus﻿ CC5 population expands the representation of New Zealand AK3 sub-lineage
	A high-quality methicillin-susceptible reference genome for ﻿S. aureus﻿ ST5 AK3 lineage
	Stepwise evolution of mobile genetic elements preceded the rapid expansion of the AK3 lineage
	Temporal analysis of ST5 AK3 identifies major divergence dates
	Genomic analysis of a bovine-derived isolate highlights gaps in sampling

	Discussion
	Genomic adaptations driving AK3 success
	Sampling limitations and implications
	Public health implications
	Broader One Health context
	Concluding remarks

	References


