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Abstract
vanA vancomycin-resistant Enterococcus faecium (VREfm) is a major healthcare-associated pathogen.
Following notification of vanA VRE in Victoria, Australia, statewide genomic surveillance enabled
longitudinal characterisation of the VREfm population. We analysed 1618 vanA VREfm isolates collected
over nearly six years. Overall, 85% of isolates belonged to a genomic cluster, several of which persisted
over multiple years and were detected across multiple health networks. ST1424 and ST1421
predominated, while ST817 and ST1478 emerged recently. Genetic resistance determinants associated
with last-line antimicrobials were identified in 18.5% of isolates, including expansion of a linezolid-
resistant ST817 clone across five health networks. Long-read sequencing identified pELF-like plasmids
carrying vanA, optrA and cfr(D) in isolates associated with a multi-hospital linezolid-resistant outbreak,
while short-read screening demonstrated increasing prevalence of these elements over time. These
findings demonstrate the value of statewide genomic surveillance for understanding pathogen
transmission, detecting emerging resistance threats and monitoring the dissemination of clinically
important mobile genetic elements.

Background
Vancomycin-resistant Enterococcus faecium (VREfm) is a leading cause of hospital associated
infections and is classified by the World Health Organization (WHO) as a high-priority pathogen [1].
Enterococci can acquire resistance to vancomycin through eight van operon clusters (vanA, vanB, vanD,
vanE, vanG, vanL, vanM, and vanN). Globally, VREfm have been predominantly mediated by the vanA and
vanB gene clusters[2]. In Australia, while vanB remains the dominant genotype in VREfm [3], the
prevalence of vanA VREfm bacteremia have increased dramatically from 2.6% in 2013 to 26% in 2018[4],
indicating its growing clinical and epidemiological importance.

In Victoria, previous genomic studies have provided important insights into the population structure of
vanA VREfm. A statewide genomic snapshot in 2018, identified ST203, ST80 and ST1421 as the
dominant sequence types (STs)[3], while subsequent studies mainly focused on outbreak investigations

within individual clinical units[5,6]. Furthermore, a multi-hospital genomics study of several multi-drug-
resistant organisms (MDROs) conducted in 2017–2018 revealed that vanA VREfm exhibited higher rates
of hospital transmission than other target MDROs[7]. These findings directly informed infection control
interventions and public health decision making, including changes to screening and cleaning practices,
and the declaration of vanA VREfm as a notifiable condition by the Victorian Department of Health in
2019[7]. However, longitudinal statewide analyses capturing genomic diversity and epidemiology across
multiple health networks remain limited since mandatory notification was instituted.

Despite these efforts, increasing resistance to last-line therapies presents a significant challenge. VanA
vancomycin-resistant Enterococcus (VRE) exhibits high resistance to vancomycin and teicoplanin,
limiting treatment options to daptomycin and linezolid[8]. Victorian isolates with reduced susceptibility or
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resistance to linezolid or daptomycin are increasingly being reported[9–11]. Genomics studies from
Victoria have demonstrated that vanA VREfm is strongly associated with daptomycin non-susceptibility
through mutations in the rpoB gene[9,10], while linezolid resistance arises through diverse genetic
mechanisms, including chromosomal mutations and acquired resistance genes such as optrA, cfr and
poxtA which are often associated with mobile genetic elements. The emergence of resistance to both of
these last line agents within hospital-adapted Enterococcus faecium lineages substantially narrows
therapeutic options and poses a significant clinical challenge. Therefore, linezolid-resistant VRE is
classified as a Critical Antimicrobial Resistance Alert (CARAlert) pathogen in Australia[12], which
indicates the importance of early detection and enhanced surveillance of these high-risk lineages.

Whole genome sequencing (WGS) has become an integral component of outbreak investigations,
offering high-resolution insights into pathogen genomics and antimicrobial resistance (AMR)[13]. Both
global and national studies have highlighted the feasibility of integrating WGS data into routine infection
and prevention control practices[7,14,15]. When WGS data is integrated into real-time surveillance
programs, it can enable earlier identification of transmission clusters, thus facilitating targeted infection
control responses and potentially improving patient safety and reducing overall costs[16].

Understanding the genomic epidemiology of vanA VREfm is crucial for identifying closely related
isolates, tracking the emergence of antimicrobial resistance and informing effective infection control
strategies within and between health care organisations. Here, we present a retrospective genomic
analysis of all Victorian vanA VREfm isolates processed by the Microbiological Diagnostic Unit-Public
Health Laboratory (MDU-PHL) between December 2019 and October 2025. To our knowledge, this
represents the first Victorian large-scale, longitudinal genomic surveillance analyses of vanA VREfm,
leveraging a centralized public health surveillance program that has systematically collected isolates
over a nearly six-year period. Using high-resolution genomic analyses, we aim to characterize Victorian
vanA VREfm isolates, define genomic clusters, critical resistance profiles and define the potential public
health value of centralized, statewide prospective genomic surveillance of vanA VREfm.

Methods

Setting, study design and data collection
Victoria is the second most populous state in Australia, with an estimated resident population of
approximately 7 million people in 2025[17]. The MDU-PHL is the primary bacterial reference laboratory for
the state of Victoria and a referral centre for CARAlert pathogens[11]. MDU-PHL provides reference
microbiology services for notifiable bacterial pathogens and other organisms of public health
significance, including antimicrobial resistance surveillance. The laboratory also supports public health
microbiology through expertise in pathogen genomics, bioinformatics and the integration of genomic
and epidemiological data for outbreak investigation and surveillance[18].
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As vanA VRE is a notifiable condition in Victoria, laboratories are required to submit identified vanA VRE
isolates to MDU-PHL, enabling comprehensive statewide surveillance. We included all Victorian vanA
VRE isolates that have been sequenced at MDU-PHL between December 2019 to October 2025. For
patients with multiple screening isolates of the same multilocus sequence type (MLST), only the first
isolate was included. Additionally, clinical isolates collected within 14 days of a previous clinical isolate
of the same species/MLST from the same patient were excluded.

The reason for sample collection was not provided for many isolates; therefore, it was inferred from
specimen type. Specimen types of “rectal swab” or “faeces” were reported as “screening”, and all others
were reported as “clinical”. Isolates collected from environmental screening were categorized as
“environmental” while isolates without specimen type specified were categorized as “unknown”.

Whole genome sequencing, assembly and quality control

Upon sample receipt at MDU-PHL, a single colony was selected for subculture on horse blood agar and
after overnight incubation, 1–2 colonies were selected and placed in lysis buffer for sequencing as
previously described[19]. Genomic DNA was extracted from bacterial isolates using the QIAsymphony
Virus/Pathogen DSP mini kit (Qiagen) or Chemagic360 virus DNA kit (PerkinElmer). Genomic DNA
libraries were then prepared using Nextera XT. Whole genome sequencing was performed on the
Illumina Nextseq500 / 550 instrument using 300 cycle kit for 150 bp paired-end reads. Raw reads were
trimmed with fastp v0.22.0[20] with the parameters cut_front 3, sliding window size 4, quality 20 and

minimum length of 26[21]. Only isolates with an estimated sequencing depth of greater than 40X were
retained for further analysis. De novo genome assemblies were generated using Shovill v1.4.2[22] with
default settings. Assembly summary statistics were generated with SeqKit v2.12.0[23] (seqkit stats) and
contigs less than 500bp in size were removed. Assemblies were retained if their total genome size was
within the expected range for Enterococcus faecium (2.7- 3.3Mbp) and their total contig count did not
exceed the 99th percentile (362) of the dataset. Kraken v2.17.1[24] with the GTDB representative
genomes database (k2_gtdb_genome_reps_20250609) was used for species identification and potential
contamination detection. Species identification was assigned according to the Enterococcus species
with the highest proportion of kraken2-classified reads, with taxonomic profiles also examined for
evidence of mixed-species contamination.

Determination of genomic clusters

Genomic relatedness of isolates was determined with SKA v1.0[25] on trimmed sequencing reads. The
kmer length was set to 19 and a minor allele frequency filter of 0.01 was applied as described
previously[21]. Pairwise single nucleotide polymorphisms (SNPs) distances were generated using SKA

distance subcommand, and clusters were defined by hclust function within the stats R package v4.4.1[26]

using average-linkage hierarchical clustering, and a cut-off of 15 SNPs, similar to previously applied
thresholds[16,27,28].
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To determine the relationships between major genomic clusters, pairwise SNP distances between
isolates were summarized at the cluster level. For each pair of genomic clusters, the between-cluster
distance was calculated as the mean pairwise SNP distance between all isolates within the two clusters.
These mean distances were used to construct a cluster-level distance matrix and average-linkage
hierarchical clustering was performed with hclust in R. The resulting dendrogram was used for
visualization of relative genetic similarity among clusters in Fig. 2.

In silico typing and detection of antimicrobial resistance determinants and associated plasmids.

STs were assigned using mlst v2.23.2[29]. AMR genes were identified with abritAMR v1.0.20[30], with the
species being set to Enterococcus faecium, to enable detection of species-specific AMR point mutations.
To estimate the presence and copy number of linezolid resistance associated mutations in the 23S rRNA
gene (e.g., G2576T or G2505A), LRE-finder v1.0 [31] was run on the raw sequencing reads. Mutations in

the rpoB gene resulting in the RpoB substitutions S491F, G482D and H486Y [10], which are associated
with daptomycin resistance, were identified by aligning the sequencing reads to the annotated E. faecium
Aus0085 reference genome (NCBI:CP006620)[32] using Snippy v4.4.5 with default settings[33]. Putative
plasmids were predicted from genome assemblies using MOB-suite v3.1.9[34]. Contigs carrying the vanA
gene were linked with abritAMR results to determine their putative location on chromosome or plasmid.

Antimicrobial susceptibility testing

Antimicrobial susceptibility testing (AST) was performed for a subset of isolates using broth
microdilution with the Thermo Scientific™ Sensititre™ Gram Positive (GPN3F) MIC Plate, which includes a
range of clinically relevant antimicrobials including vancomycin and linezolid. To test for teicoplanin
sensitivity, E-test teicoplanin strips (bioMérieux) was used according to the manufacturer’s instructions.
MIC values were interpreted according to European Committee on Antimicrobial Susceptibility Testing
(EUCAST) clinical breakpoints v16.1.[35]

Long-read sequencing, linear plasmids curation, annotation and clustering

Thirteen ST817 isolates carrying the vanA gene and representing different combinations of linezolid
resistance genetic determinants were selected for long-read sequencing with Oxford Nanopore
Technologies (ONT). Isolates were cultured overnight on horse blood agar and DNA was extracted by
first lysing bacteria with PowerBead Pro tubes (QIAGEN) in a Precellys followed by spin column DNA
purification with Monarch Spin gDNA Extraction Kit (NEB). Ligation libraries were prepared (ONT, SQK-
NBD114-96) and sequenced on MinION flow cells (ONT, R10.4.1). Basecalling was performed using
Dorado v7.11.2 with the Super-accurate model version dna_r10.4.1_e8.2_400bps_sup@v5.2.0

Reads were filtered with chopper v0.11.0[36] to retain reads with minimum quality score of 10 and
minimum length of 1000bp. Filtered reads were assembled with Autocycler v0.6.2[37] using the
autocycler_full.sh pipeline. Linear plasmids predicted with Autocycler were visualized and manually
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curated with Bandage v0.8.1[38] to resolve divergent paths following the protocol described in
Autocycler’s documentation[39]. To ensure maximum terminal sequence recovery, genomes were

reassembled with Unicycler v0.5.1[40] and the longest resolved linear plasmid was used for further
analysis as previously described[41]. All assemblies underwent short-read polishing using Polypolish
v0.6.1[42] and pypolca v0.4.0[43]. Quality of assemblies were checked with QUAST v5.3.0[44]. Two isolates
were excluded from further analysis because of unresolved assemblies. Complete plasmids were
annotated with Bakta v1.12.0[45].

Structural similarity between complete vanA-carrying plasmids was assessed using Pling v3.0.2[46]

which combines containment distance (shared sequence content) and Double Cut and Join Indel (DCJ-
indel) distance (structural evolutionary distance) to infer clusters of related plasmids. Plasmids were
grouped into communities according to the default containment distance threshold of 0.5 and a DCJ-
indel distance of 4 and a network visualization was generated.

Screening for pELF-like linear plasmids with short reads

To estimate the prevalence of pELF-like plasmids across the dataset, paired-end short-read data were
screened using pELF-Finder v0.1.0[47] Python-based software developed in this study to implement and

standardize a previously described screening approach[48]. Briefly, pELF-Finder aligns reads to the
characteristic pELF1 terminal ends including the hairpin end (position 1 to 799) and the inversion end
(position 142792 to 143316) regions, derived from pELF1 (GenBank accession LC495616.1) using
Bowtie2 v2.5.5.[49] Then, it uses SAMtools v1.23.1[50] to count the number of reads aligned the two end
regions. Isolates with more than 5 reads mapped to both reference hairpin end and inversion end regions
were classified as pELF positive.

Data visualization

Figures were generated in R v4.4.1[26] using the following packages: ggplot2 v4.0.1[51], ComplexUpset

v1.3.3[52] and patchwork v1.3.2[53]. Plasmid network visualisations were generated with pling and
visualized with Cytoscape v3.10.3[54]. Plasmid comparison figure was created with GenoFig v1.1[55].

Ethics approval

All data were collected in accordance with the Victorian Public Health and Wellbeing Act 2008. Ethical
approval was obtained from the Human Research Ethics Committee, University of Melbourne (Project ID
30320).

Results
Characterization and temporal distribution of Victorian vanA VRE isolates
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Between December 2019 and October 2025, a total of 1631 vanA VRE isolates were submitted to the
MDU-PHL for genomic surveillance. Isolates were received from 39 Victorian health networks, including
32 public health networks and seven private health networks. Participating networks included all major
metropolitan tertiary referral centres and multiple regional health services, providing broad statewide
coverage.

While most isolates were identified as E. faecium (99.2%,1618/1631), a small number belonged to other
Enterococcus species, including Enterococcus faecalis (n = 11), Enterococcus lactis (n = 1) and
Enterococcus raffinosus (n = 1) (Supplementary table S1). Subsequent genomic analysis exclusively
used E. faecium isolates only.

Monthly non-duplicate vanA VREfm isolate counts increased from 18 in Dec 2019 to 56 in September
2025 (Fig. 1, A). As implementation of notification requirement coincided with the onset of the COVID-19
pandemic, when capacity for compliance may have been reduced, MDU-PHL distributed a letter to all
Victorian diagnostic laboratories in May 2022 reinforcing isolate submission for genome sequencing.
The increase in submissions following that was observed across both screening and clinical isolates,
with clinical isolate numbers remaining elevated during the later years of the surveillance period (Fig. 1,
B).

Isolates were recovered from a range of specimen types including urine, blood, wounds and faecal
samples. Overall, 56.8% (920/1618) of isolates collected were clinically indicated, while 41.2%
(667/1618) were obtained through screening. The reason for sample collection varied across health
networks, with isolates from Health networks N, T, G and X predominantly collected through screening,
whereas isolates from health networks S and L were primarily clinically indicated (Fig. 1, B)
(Supplementary Table S2).

Among E. faecium isolates, 32 defined sequence types (ST) were identified. The dominant ST was
ST1424 (62.4%, n = 1009/1618), followed by ST1421 (11.5%, n = 186/1618), ST1478 (6.2%, n = 
100/1618), ST817 (5.2%, n = 84/1618) and ST80 (5.1%, n = 83/1618). Notably, ST817 and other emerging
STs including ST1478, were detected more frequently during later years of the surveillance period (Fig. 1,
A).

SKA-based genomic clustering of vanA VREfm isolates

Using a 15 SNP threshold, we found that 85.7% of isolates clustered with at least one other isolate. In
total, 94 genomic clusters were identified, with a median pairwise SNP distance of 8 SNPs between
clustered isolates. Clusters 1 and 118 were mostly comprised of isolates from health network N, while
cluster 95 was predominantly composed of isolates from health network L. In contrast, larger clusters
such as 3, 146, 174, 175 contained isolates originating from multiple different health networks (Fig. 2).

Cluster persistence varied over time. Isolates belonging to cluster 3 (ST1424) were continuously
detected throughout the surveillance period whereas clusters 161 (ST817), 171 (ST1424), 172 (ST1478),
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and 175 (ST1424) emerged more recently from mid-2023 onwards. Environmental samples collected
from Health network N were clustered with patient isolates in cluster 1 (ST1424), 34 (ST2681) and 57
(ST1424) while the ones collected from Health Network U were in cluster 161 (ST817) (Fig. 2).

Prevalence of AMR genetic determinants and mobile genetic elements (MGEs)

Phenotypic susceptibility data was available for a subset of the VREfm isolates, including all isolates
that reported to be linezolid resistant by the referring laboratory and a convenience sample of additional
isolates. Phenotypically tested isolates were temporally distributed over the study period
(Supplementary Fig. 1). Among the 93 isolates tested for vancomycin susceptibility, all but one isolate
were resistant, with MIC values ranging from > 4 mg/L to > 128 mg/L. All 10 isolates tested for
teicoplanin susceptibility were resistant, with MIC values between 12 mg/L and > 256 mg/L
(Supplementary Table S3).

Overall, 18.5% (n = 300/1618) of E. faecium isolates harboured at least one genetic determinant
associated with reduced susceptibility to daptomycin and/or linezolid. Linezolid resistance-associated
genetic determinants were identified in 7.2% (117/1618) of all VREfm isolates. Among the 92 isolates
with phenotypic testing of linezolid susceptibility, 46 (50%) were resistant (MICs > = 8 mg/L)
(Supplementary Table S3) and all resistant isolates carried at least one linezolid resistance associated
genetic determinant. However, 6 of the 46 phenotypically susceptible isolates also carried a linezolid
resistance associated genetic determinant (Fig. 3).

The most frequently identified resistance determinant was the daptomycin associated RpoB S491F
substitution, detected in 10.8% (n = 175/1618) of VREfm isolates. The most common resistance profile
involved the linezolid-associated genetic determinants G2576T 23S rRNA mutation, optrA and cfr(D)
genes together with the daptomycin-resistance associated RpoB S491F substitution (Fig. 3). These
isolates were predominantly found among the ST817 cluster 161.

All isolates were predicted to carry one or more plasmids by MOB-suite analysis. Contigs carrying the
vanA gene identified from abritAMR output were located on predicted putative plasmids in 97.3%
(1575/1618) of vanA VREfm isolates.

Genomic and phenotypic characterization of a linezolid-resistant ST817 vanA VREfm cluster 161

In January 2024, MDU-PHL detected an increase in the number of ST817 optrA-carrying vanA VREfm
isolates from a single health network U (Fig. 2). Following detection of this resistant phenotype,
classified as a CARAlert pathogen, MDU-PHL notified the affected hospital and the Victorian Department
of Health to initiate further investigation. Based on epidemiological investigations by the affected health
network, a linezolid-resistant vanA VREfm outbreak was subsequently declared.

The increase in linezolid-resistant ST817 isolates prompted further genomic and phenotypic
investigation. A total of 57 ST817 isolates were found to be carrying the optrA gene and/or cfr(D) or
G2576T 23S rRNA mutation, and 36 of which underwent linezolid susceptibility testing, and all were
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resistant. Notably, all those isolates also co-carried the daptomycin resistance associated RpoB S491F
substitution (Fig. 3). As a part of the outbreak investigation, three environmental samples were collected
from the rim of toilet (n = 2) and a bedside table (n = 1) of a single room at the affected hospital and were
submitted for sequencing. Our genomic analysis confirmed that environmental isolates clustered with
the outbreak-associated patient isolates and those isolates were a part of a broader genomic cluster
designated as cluster 161 in this study. This cluster subsequently expanded beyond the index health
network, with related isolates detected across five additional health networks by May 2024 and
continued to be detected until May 2025 (Fig. 2, inset plot).

Co-localization of linezolid resistance genes and vanA gene cluster on pELF-like linear plasmids

To investigate the genomic context of the vanA gene operon and linezolid resistance genes optrA and
cfr(D), 11 of the ST817 VREfm isolates representing different resistance profiles, genomic clusters, and
singleton isolates were selected for long-read sequencing (Supplementary Table S4). These included
isolates carrying linezolid resistance determinants as well as isolates carrying the vanA gene only. In all
11 isolates, the vanA gene cluster was plasmid-associated and located on either circular or linear
plasmids. Based on structural similarity analysis using pling, the vanA-carrying plasmids formed two
major communities with a containment distance between 0.00 and 0.1 and a high structural similarity
with DCJ-indel between 0 and 4. The three circular vanA plasmids were clustered within community 1
(Fig. 4, A), while 7 of the 9 linear vanA plasmids formed a distinct community 2 (Fig. 4, B); the remaining
two linear plasmids were singletons.

Among vanA plasmids from isolates belonging to cluster 161, the linezolid resistance genes cfr(D)
and/or optrA were co-located with the vanA gene on linear plasmids ranging from 111,005 bp to
145,515bp in size. Blast analysis demonstrated that these linear plasmids were highly similar to
previously described pELF-like linear plasmids reported from Canada (accession CP197454.1) (Fig. 4, C),
India (accession CP072588.1), and Italy (accession PP566944.1), sharing 84% query coverage and
99.9% nucleotide identity. One of the singleton linear plasmids, from isolate DMG2600921, was more
similar to plasmids from India (CP059807.1 and CP059785.1). This isolate carried only the vanA and
cfr(D) gene and lacked the optrA gene. In isolate DMG2600920, the vanA gene was located on a circular
plasmid (28,489 bp) while the cfr(D) was located on the linear plasmid (95029 bp). This linear plasmid
shared 84% query coverage with ~ 99.8% similarity with pELF-plasmids from the USA (CP086645.1 and
CP115972.1).

Prevalence of pELF-like plasmids among Victorian vanA VREfm isolates

We screened all available short-read sequencing data from Victorian vanA VREfm isolates collected
between 2020 and 2025 to identify putative pELF-like plasmids. The overall prevalence was 11%
(178/1618) among VREfm isolates. The proportion of isolates carrying a putative pELF-like plasmid
increased from 3.3% in 2020 to 18.4% in 2024, before declining to 10.4% in 2025 (Supplementary Fig. 2).
However, the 2025 estimate may underestimate the true annual prevalence, as the dataset only included
isolates collected up to October 2025. Putative pELF-like plasmids were identified predominantly among
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isolates carrying optrA and/or cfr(D) or cfr linezolid resistance genes. Among the 124 pELF-positive
isolates harbouring at least one daptomycin or linezolid resistance genetic determinant, 94 (75.8%)
carried one or more linezolid resistance gene. However, pELF-like plasmids were also detected in 30 of
124 (24.2%) pELF-positive isolates lacking known linezolid resistance genes (Fig. 3). Notably, pELF-
positive isolates were distributed across multiple genomic clusters and were not restricted to the
outbreak-associated ST817 cluster 161.

Discussion
Almost six years of statewide genomic surveillance revealed a substantial and sustained increase in
vanA VREfm across Victoria, accompanied by the expansion of multiple genomic clusters and the
emergence of resistance to last-line antimicrobials. Although improved ascertainment following
mandatory notification and reinforcement of isolate submission requirements likely contributed to this
increase, the continued rise in clinical isolate numbers together with the persistence and expansion of
multiple genomic clusters suggest ongoing transmission also played an important role. COVID-19
pandemic-related disruptions to antimicrobial stewardship and infection prevention and control
programs may have facilitated the acceleration of AMR, potentially further explaining the rise in isolate
counts from mid-2022[56].

The proportion of isolates derived from clinical specimens versus screening varied substantially
between health networks, reflecting differences in local sampling and surveillance practices. For
example, isolates collected from health networks S and L were mostly clinically indicated. This reliance
on clinical samples alone may lead to overlooking important reservoirs of VRE, thereby reducing the
effectiveness of infection control measures[27]. In contrast, incorporating rectal screening isolates into
genomic surveillance framework has been shown to improve detection of VRE transmission and better
inform targeted infection prevention interventions[27,57]. Therefore, standardisation and optimisation of
VRE screening practices across health networks, while recognising resource constraints of individual
health care facilities, may improve the interpretability and impact of genomic surveillance data.

In this study, most vanA VREfm isolates belonged to the pstS-null sequence types ST1424 and ST1421
consistent with the expansion of these vanA-associated STs in Australia since 2016[58]. Notably, the
largest genomic cluster identified in this study (cluster 175) emerged in mid-2023 and was
predominantly composed of ST1424 isolates. This cluster may represent an expansion of a descendent
sublineage arising from an existing ST1424 population already circulating within Victoria. In contrast,
ST1478 and ST817 represent more recently emerging sequence types within the Victorian VREfm
population. The emergence of ST1478, which is also a pstS-null, mirrors observations from Canada
where this ST has also increased in prevalence[59,60]. In parallel, ST817 emerged during recent years of
the surveillance and was associated with a multi-healthcare-network linezolid-resistant outbreak.
Collectively, this highlights the evolving population structure of the Victorian VREfm and demonstrates
the capacity of new lineages to establish and expand within healthcare networks.

Page 11/29



MLST is commonly used to describe population structure,[61] however, frequent recombination events
affecting the MLST loci, and the high genome plasticity of E. faecium, limits the sensitivity and accuracy
of this method [62]. Core genome MLST (cgMLST) provides greater discriminatory power and can be
used to group genetically related isolates, but may not always provide sufficient resolution to robustly
identify putative transmission[63]. Higher resolution analysis is commonly performed using pairwise SNP
distances derived from reference-based core genome alignments[63]. However, reference-based SNP
distances can be influenced by reference selection and the genetic diversity of the dataset[64]. To
overcome these limitations, we applied a reference-free split kmer-based approach (SKA) to estimate
pairwise SNP distances between isolates. SKA is rapid, computationally efficient, and easy to implement,
making it well suited for routine genomic surveillance[21].

We observed that 85% of vanA VRE isolates belonged to genomic clusters. Several clusters persisted for
multiple years and were detected across multiple health networks, suggesting sustained circulation of
successful VREfm lineages within the healthcare system. This persistence may be facilitated by
prolonged asymptomatic gastrointestinal carriage and the ability of VRE to survive in healthcare
environments[65,66], while inter-institution patient movement has been identified as a key driver of multi-
institution dissemination of VRE[67]. Detecting these patterns of persistence and dissemination,
therefore requires coordination of genomic surveillance at the State level.

The predominance of the RpoB S491F substitution in our collection mirrors recent global observations
identifying it as the most common daptomycin resistance-associated RpoB substitution across diverse
VREfm sequence types and geographic locations10. More broadly, the detection of resistance-associated
mutations across multiple genomic clusters along with the substantially higher proportion of isolates
with linezolid resistance-associated genetic determinants (7.2%) compared with previous Victorian
estimates (0.26%)10, suggests an increasing accumulation of resistance to last-line antimicrobials within
the Victorian VREfm population. This trend is particularly concerning given the already limited
therapeutic options for VRE.

The most common resistance combination, comprising the optrA and cfr(D) genes, the G2576T 23S
rRNA mutation and the RpoB S491F substitution, was predominantly associated with a single cluster
(cluster 161). This high-risk clone exhibited sustained clonal expansion over a nearly 2-year period and
was detected across five health networks. At the health network where this cluster was initially
identified, environmental isolates were found to be closely related to patient isolates indicating a role of
hospital environment in VRE spread, consistent with observations from local and international VRE
transmission studies in hospital settings[68–70]. Enhanced environmental cleaning including bleach-
based and hydrogen peroxide vapour-based decontamination has been associated with reduced VRE
acquisition and resolving VRE outbreaks[71,72]. These findings reinforce the importance of environmental
cleaning as a part a multifaceted strategy for controlling VRE transmission in healthcare settings.
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Both the vanA and optrA genes are frequently plasmid-borne in enterococcal species[11,73–75]. Consistent
with this, the vanA gene was predicted to be located on a putative plasmid in 97.3% of VREfm isolates.
Long-read sequencing of a small subset of ST817 isolates confirmed that the vanA gene was carried on
either a small circular plasmid or a linear one. We identified pELF-like plasmids co-carrying the vanA,
cfr(D) and oprtA genes in isolates associated with a multi-hospital linezolid-resistant vanA VREfm
outbreak. Since the first report of pELF-plasmids in Japan in 2019[74], similar plasmids have been

reported in the USA[76], India[77], Italy[78] and Canada[48]. The pELF-like plasmids identified in this study
shared > 99% nucleotide identity with a linear plasmid identified in a Canadian ST817 isolate collected
prior to the initial detection of the Victorian outbreak-related isolates and showed high similarity (> 99%)
with other pELF-like plasmids reported internationally, highlighting the potential role of linear plasmids in
disseminating linezolid resistance genes globally.

Putative pELF-like plasmids were identified in 11% of Victorian vanA VREfm isolates based on short-read
screening, with prevalence increasing from 3.3% in 2020 to 18.4% in 2024. Although this prevalence is
lower than that reported in Canada which reached 72% in 2024, the upward trend of these elements
suggests that they are becoming more established within the local Victorian VREfm population. Their
detection across multiple genomic clusters, together with evidence that pELF-like plasmids exhibit
elevated horizontal self-transmissibility, have a limited fitness cost,[79] and confer a nutrient utilisation
advantage to the host strain[80], raises concern about their ongoing spread. The high similarity of the
Victorian pELF-like plasmids to those reported globally further supports the role of these elements in the
dissemination of clinically important AMR genes. These findings, therefore, are relevant beyond the
Victorian setting, highlighting the importance of monitoring of pELF-like plasmids as a part of the
ongoing surveillance programs both locally and globally. To facilitate standardized surveillance of these
emerging mobile genetic elements, we developed pELF-Finder, an open-source tool that implements the
short-read screening approach used in this study, enabling rapid and reproducible detection of pELF-like
plasmids from Illumina sequencing data and enabling their surveillance across different settings and
jurisdictions.

In the current vanA VRE genomic surveillance framework, genomic data routinely communicated to the
Victorian Department of Health are limited to basic descriptors such as sequence types, with detailed
cluster analyses performed only upon request. For example, when the expansion of a high-risk
resistance phenotype is suspected, as observed for the linezolid-non-susceptible cluster described in
this study. From a public health perspective, our findings inform ongoing efforts to integrate statewide
genomic surveillance into routine infection prevention and control practice for vanA VRE. Given the
centralized nature of this surveillance program, systematic and prospective reporting of genomic
clusters could facilitate earlier detection of multi-institutional vanA VRE spread and enable timely and
coordinated responses across affected health networks, informing the prioritization of infection
prevention and control efforts in settings experiencing ongoing transmission.
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There is an increasing interest and need to transition vanA VRE genomic surveillance toward routine and
prospective reporting. Australia already has an established national infrastructure for genomic data
sharing through AusTrakka[81], which provides a scalable platform for communicating genomic cluster
information to public health authorities and healthcare institutions in real time. It has been successfully
used during the COVID-19 pandemic to identify inter-jurisdictional transmission and consequently
informing critical public health decisions such as border closures.[82]

Similar genomics-informed statewide surveillance approaches have also been successfully applied to
other high-priority healthcare-associated pathogens, including carbapenemase-producing organisms
(CPOs) and Candida auris (C. auris). For example, the centralised and prospective genomic and
epidemiological surveillance program for CPOs in Victoria has been effectively implemented to identify
transmission networks, support outbreak investigations and inform infection prevention and control
interventions[83]. In parallel, national initiatives have also been established to support coordinated
genomic surveillance of emerging pathogens such as C. auris[84]. These experiences demonstrate the
feasibility of incorporating genomic data into public health surveillance frameworks.

Detailed epidemiological investigations of CPOs or C. auris are currently undertaken for every individual
case. This “search and contain” approach is resource intensive but feasible because these pathogens
remain low prevalence and are often associated with serious clinical and public health consequences[83].
On the other hand, the higher incidence of vanA VRE in Victoria makes case-level investigation
impractical and unsustainable. However, linkage to administrative datasets, such as the Victorian
Admitted Episodes dataset (VAED)[85] may enable the identification of time and location of likely
transmission events, allowing initiation of targeted epidemiological investigations and infection control
measures. Feasibility of linkage to VAED data has previously been demonstrated for CPO surveillance in
Victoria where it improved efficiency of epidemiological data collection (Epidemiologist Mathilda Wilmot,
personal communication, July 2026).

Leveraging existing surveillance infrastructure such as that developed through AusTrakka, while
developing VRE-specific frameworks for genomic data reporting and infection control, may support
earlier hospital level investigations to identify transmission clusters and high-risk settings. In this
context, the findings of this study provide an evidence base to inform the development of the Victorian
vanA VRE guidelines, including standardization of screening practices and interpretation of genomic
data. Standardised guidance across hospitals may improve the quality of surveillance, enhance
comparability of genomic findings and strengthen institutional infection prevention and control
responses.

This study has some limitations. First, for isolates where the reason for sample collection was missing, it
was inferred from the specimen source, which may have resulted in misclassification between clinical
and screening samples. Second, phenotypic antimicrobial susceptibility data were available for only a
subset of isolates, limiting direct correlation between genotypic and phenotypic resistance profiles and
the representativeness of the phenotypic data. Third, detailed epidemiological metadata, including
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patient location at time of sample collection, bed movements, inter-facility transfer information and
travel history were not available, precluding patient-to-patient transmission analysis or detailed
investigation of outbreaks. Finally, the use of short read sequencing data for most isolates restricted our
ability to resolve the genetic context of resistance genetic determinants and to assess the role of mobile
genetic elements in the dissemination of vanA VRE across the statewide dataset. Long-read sequencing
was performed only for a small subset of outbreak-associated ST817 isolates, which is not
representative of the broader Victorian VREfm population.

In summary, this study illustrates how genomic data generated through centralized surveillance can be
leveraged to better understand the epidemiology of vanA VRE at the state level. Although retrospective,
the identification of persistent multi-institution clusters and emergence of resistance to last-line agents
on plasmids, highlights opportunities where timely and prospective reporting of genomic information
could support early investigation and coordinated responses across health networks.
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Figure 1

Temporal distribution of Victorian vanA E. faecium isolates collected between Dec 2019 and Oct 2025. A)
Monthly number of isolates stratified by ST. Arrows indicated major surveillance and public health
events, including the Victorian notification decision and MDU-PHL communication reinforcing vanA VRE
isolate submission. B) Monthly distribution of isolates by reason for collection. Bars are coloured
according to reason for collection (clinical, screening, environmental or unknown). The upper plot
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represents all healthcare networks combined, while subsequent plots represent healthcare networks
with more than 45 isolates submitted during the surveillance period.

Figure 2

Timeline of SKA genomic clusters among Victorian vanA gene-carrying E. faeciumisolates identified
between Dec 2019 and Oct 2025. Left, a hierarchical clustering dendrogram provided to illustrate the
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relative genetic similarity among major genomic clusters. The dendrogram is intended as a visual
representation of the relative similarity between clusters rather than a phylogenetic reconstruction. Right,
genomic clusters were defined using ≤15 SNP threshold. Each data point represents the number of
isolates per week of collection, coloured by health network and shaped by reason for collection: clinical
isolates are shown as circles, screening isolates as triangles, environmental isolates are shown as
squares and unknown collection reason as diamonds. Only major clusters containing 10 or more
isolates are shown. Singletons were excluded from this figure. The dominant ST for each cluster is
highlighted. The inset plot shows the epidemic curve of SKA cluster 161, with bars representing the
weekly number of isolates coloured by health network. Dashed orange lines indicate the dates on which
health network U conducted environmental screening.

Figure 3
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Distribution of AMR genotypes associated with daptomycin and linezolid resistance among vanA VREfm
isolates. Vertical bars represent the number of isolates associated with each AMR genotype
combination while horizontal bars show the total frequency of each AMR genotype. From bottom to top,
stacked annotation bars indicate the distribution of SKA genomic clusters, linezolid susceptibility
phenotypes, and the presence of putative pELF-like plasmids for each AMR genotype combination.
 Linezolid susceptibility phenotypes are coloured according to resistance status, with isolates not tested
shown in grey.

Figure 4

Pling clusters of vanA-carrying plasmids with containment /DCJ-indel distances shown at edges, A)
showing pling (community 1) with nodes representing circular plasmids while B) is showing clusters of
linear plasmids communities where nodes sharing the same colour (pink) belong to the same
(community 2) while nodes coloured blue and yellow represents singletons. C) Comparison of pELF-
plasmids within pling community 2 with the pELF_N21-03014 (Accession no. CP197457 from Canada).
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Coding DNA sequences (CDS) are indicated by arrows. Shared regions with a length of 500bp and >99%
similarity are shown with the vertical gray synteny blocks.
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