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Background: WGS is increasingly being applied to healthcare-associated vancomycin-resistant Enterococcus 
faecium (VREfm) outbreaks. Within-patient diversity could complicate transmission resolution if single colonies 
are sequenced from identified cases. 

Objectives: Determine the impact of within-patient diversity on transmission resolution of VREfm. 

Materials and methods: Fourteen colonies were collected from VREfm positive rectal screens, single colonies 
were collected from clinical samples and Illumina WGS was performed. Two isolates were selected for 
Oxford Nanopore sequencing and hybrid genome assembly to generate lineage-specific reference genomes. 
Mapping to closely related references was used to identify genetic variations and closely related genomes. 
A transmission network was inferred for the entire genome set using Phyloscanner. 

Results and discussion: In total, 229 isolates from 11 patients were sequenced. Carriage of two or three 
sequence types was detected in 27% of patients. Presence of antimicrobial resistance genes and plasmids 
was variable within genomes from the same patient and sequence type. We identified two dominant sequence 
types (ST80 and ST1424), with two putative transmission clusters of two patients within ST80, and a single clus-
ter of six patients within ST1424. We found transmission resolution was impaired using fewer than 14 colonies. 

Conclusions: Patients can carry multiple sequence types of VREfm, and even within related lineages the pres-
ence of mobile genetic elements and antimicrobial resistance genes can vary. VREfm within-patient diversity 
could be considered in future to aid accurate resolution of transmission networks.

© The Author(s) 2024. Published by Oxford University Press on behalf of British Society for Antimicrobial Chemotherapy. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https:// 
creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the 
original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Introduction
Enterococcus faecium is a leading nosocomial pathogen causing 
opportunistic infections mostly in immunocompromised hosts. 
Antimicrobial resistance is a key concern, particularly against 
front-line anti-Gram-positive agents amoxicillin and vancomy-
cin.1–41 Vancomycin-resistant E. faecium (VREfm) infections lead 
to increased length of stay, cost an estimated USD200 per case 
per day and confer mortality of 23%–47%.2–7 In 2020, vancomy-
cin resistance of 45.6% was reported among all E. faecium blood-
stream isolates in Scotland, among the highest rates in Europe.8

In healthcare institutions, asymptomatic intestinal carriage of 
VREfm can lead to shedding into the environment and transfer to 
other patients or staff, challenging efforts to limit the incidence of 
nosocomial infections.9 WGS is increasingly applied to investigate 
transmission networks and identify control measures.10,11 Many 
WGS-based analyses of bacterial outbreaks, however, rely on 
analysing single-colony picks from clinical samples assuming 
that this represents the entire infecting or colonizing population 
within individual patients.12 It is increasingly recognized that 
within-patient diversity of bacterial populations can be significant 
and can influence transmission network resolution.13–19 Several 
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studies have identified that individual patients can carry multiple 
strains of E. faecium concurrently, but few have applied this to 
transmission resolution.20–24

In this study, we aimed to identify within-patient diversity of 
VREfm from rectal screening swabs and determine how this af-
fects transmission inference in a 1-month snapshot on a haema-
tology unit. We designed a sampling strategy to reliably detect 
within-patient diversity and supplemented short-read and long- 
read sequencing to generate high-quality reference genomes to 
identify genomic variants in the isolate collection.

Materials and methods
Isolates
Rectal swabs were collected at admission and on all inpatients on the 
haematology unit developing febrile neutropenia (neutrophils <0.9 ×  
109/L or <1.0 × 109/L and falling after chemotherapy, plus body tempera-
ture ≥38°C). Swabs were plated to CHROMID® VRE agar (bioMérieux, 
Marcy-l’Étoile, France), species identification and vancomycin resistance 
were confirmed with MALDI–TOF (Microflex instrument, Bruker, Billerica, 
USA) and VITEK-2 (bioMérieux) with EUCAST breakpoints. All purple colonies 
from VREfm positive plates were stored at −80°C in a Microbank cryovial 
(Pro-Lab Diagnostics, Birkenhead, UK). Any VREfm isolated from clinical 
samples within 60 days of a rectal positive were also stored. Patient meta-
data were retrieved from electronic records and movements visualized with 
HAIviz v.0.3 (https://haiviz.beatsonlab.com/). This work was approved by the 
NHS Scotland BioRepository Network (ref. TR000126) and the University of 
St Andrews Research Ethics Committee (ref. MD12651).

Genome sequencing
Cryovials were re-plated on CHROMID® VRE agar, and 14 random purple 
colonies were incubated overnight in 5 mL of brain heart infusion broth 
(Oxoid). Cells were pelleted and DNA extracted using the DNA Mini kit 
on a QiaSymphony instrument (Qiagen).

Short-read libraries were prepared using the Nextera XT kit (Illumina, 
San Diego, USA) and sequenced with a MiSeq instrument (Illumina) using 
300 bp paired-end reads on a 600-cycle v3 reagent kit.

For long-read sequencing, isolates VRED06-02 (ST1424) and 
VRED06-10 (ST80) were selected at random from the first sample with 
multiple sequence types (STs) detected (sample VRED06 from patient 
P49). Long-read libraries were generated with the LSK109 Ligation 
Sequencing Kit (Oxford Nanopore Technologies, Oxford, UK) and se-
quenced for 8 h using an R9.4 flow cell on a GridION sequencer (Oxford 
Nanopore Technologies) with high accuracy basecalling in MinKNOW 
v.19.12.6 (Oxford Nanopore Technologies).

Sequence data from this study have been deposited in the NCBI under 
BioProject accession number PRJNA877253 (https://www.ncbi.nlm.nih. 
gov/bioproject/PRJNA877253).

Sequence assembly and mapping
Short reads were quality trimmed with Trimmomatic v.0.32.25 Multilocus 
STs (MLSTs) were determined with SRST2 v.0.2.026 and the E. faecium 
pubMLST database.27 A core alignment was generated by mapping short 
reads to the reference genome(s) with Snippy v.4.6.0 default settings 
(https://github.com/tseemann/snippy) and masking all putative transpo-
sases, prophage regions and recombination blocks. Recombination blocks 
were identified with Gubbins v.2.4.1 and included in the Snippy mask.28

Non-ACGT bases were converted to N with snippy-clean and a core SNP 
alignment generated using snp-sites v.2.5.1.29 The 130 ST80 genomes 
mapped to VRED06-10 generated an initial alignment of 2 814 943 bases, 
202 738 bases were masked and the final alignment contained 96 variant 

sites; the 97 ST1424 genomes mapped to VRED06-02 generated an initial 
alignment of 2 945 113 bases, 227 540 bases were masked and 13 variant 
sites remained. Maximum-likelihood phylogenies were constructed with 
IQTree v.2.0.3 with automatic model selection and 1000 ultrafast boot-
straps.30–32 Phylogenies were visualized with iTOL.33 Short-read assem-
blies were generated with Unicycler v.0.4.834 and searched for 
antimicrobial resistance genes using Abricate v.1.0.1 (https://github. 
com/tseemann/abricate) with default settings and the ResFinder (20 
April 2021) database.35

Long reads <1000 bp were removed with Nanofilt v.2.7.1,36 and adap-
ters were trimmed and chimaeras split with Porechop v.0.2.3 (https:// 
github.com/rrwick/Porechop). Hybrid assemblies were generated with 
Trycycler v.0.3.3,37 reads were split into 12 subsamples and three assem-
blies made with four different long-read assemblers (Flye v.2.8.1, Redbean 
v.2.5, Raven v.1.1.10 and Miniasm v.0.1.3),38–41 giving 12 assemblies in to-
tal. A consensus assembly was generated and first corrected with the 
long-read polisher Medaka v.0.11.5 (https://github.com/nanoporetech/ 
medaka), and then 2–3 cycles of the short-read polisher Pilon v.1.23.42

Assembly quality was assessed with assembly-stats v.1.0.1 (https:// 
github.com/sanger-pathogens/assembly-stats), Ideel (https://github. 
com/phiweger/ideel, committed 26 June 2018) and Busco v.4.1.4 in gen-
ome mode with the lactobacillales_odb10 database.43

Polished assemblies were annotated with Prokka v.1.14.644 using the 
Aus0004 reference genome (Accession CP003351) with the –proteins op-
tion. Abricate identified matches to ResFinder (20 April 2021) and 
PlasmidFinder (12 July 2021) databases45–47 and putative prophages 
were identified with PHASTER.48 Plasmid copy numbers were estimated 
using short reads and Snippy: average depth for each plasmid was divided 
by the average depth of the chromosome.

Plasmids in the polished assemblies were compared to each other 
with Mash v.2.2.2.49 To detect plasmids, those present in the two polished 
assemblies were used as references against all short-read sets in Snippy 
and considered present if ≥85% bases were called with ≤5 SNPs/ 
1000 bp.50

Transmission network inference
All short reads were mapped to the VRED06-10 ST80 reference chromo-
some with Snippy, the V24 E. faecium ST80 genome (Accession 
CP036151) was included as an outgroup. An alignment of 2 814 943 
bases was generated and 1 418 409 bases masked as before. A posterior 
set of phylogenies were generated with MrBayes v.3.2.7.51 Two MCMC 
runs of four coupled chains were run for 5 000 000 generations, sampling 
every 5000. The final standard deviation of split frequencies was 0.013, 
the log-likelihood was stable and the effective sample size of all para-
meters was >800. A random sample of 100 posterior trees was input 
to Phyloscanner v.1.6.6.52 Sankoff parsimony reconstruction was per-
formed with a k parameter of 281 494.5, equivalent to a within-patient 
diversity threshold of 10 SNPs as used in other studies.53 A transmission 
network was constructed in Cytoscape v.3.9.054 showing edges with 
complex or transmission state and >0.5 probability. The role of smaller 
numbers of colony picks on transmission resolution was investigated by 
repeating the above with the first three, five and 10 genomes per sample.

Statistical analysis
To determine the optimal number of colonies to analyse for within- 
sample diversity a power calculation was performed as described by 
Huebner et al.55:

q ˆn = (1 − P) 

where q = 1 – concentration of organisms, ^ = exponentiation operator, 
n = number of colonies sequenced and P = probability of finding one or 
more variants.
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The minimum number of colonies required to detect different propor-
tions of variants in the population were calculated (Table S1, available as 
Supplementary data at JAC Online). Next, the expected variant proportion 
was derived by analysis of 135 VREfm genomes from a study by 
Moradigaravand et al. (details in Supplementary File and Table S2).20

This analysis found rectal VREfm populations harbour minority variants 
at 20%–50% of the total population based on sequencing roughly five 
colonies. However, no population variants were identified in blood cul-
tures based on sequencing ∼10 colonies.20 For rectal samples, we deter-
mined 14 colonies per sample would detect a variant at 20% of the 
population with 95% confidence, and for blood cultures we sequenced 
single colonies to identify the sequence type causing invasive disease.

Presence/absence matrices of antimicrobial resistance (AMR) genes 
were generated in R v.4.0.5 using ggplot2 and patchwork packages.56–58

Results and discussion
Epidemiological context
This study was performed over 1 month in 2017 on an inpatient 
unit for haematological malignancies, split into two wards (A 
and B). VREfm rectal screening was performed on all new admis-
sions and any inpatients with febrile episodes to inform patient 
placement and antimicrobial administration. There was signifi-
cant overlap between patient stays with some patients moving 
between the two study wards or to other wards in the hospital 
(Figure 1). Patients were cohorted or placed in single rooms 
when colonized with VREfm or other alert pathogens. However, 
not all rooms had ensuite bathroom facilities so risk of VREfm 
transmission remained. At the time of the study, surveillance sys-
tems in the hospital had not detected any suspected VREfm out-
break within the study population.

Results of VREfm screening
In total, 45 rectal swabs from 27 patients were screened for 
VREfm. Of these, 18 samples from 13 patients were VREfm posi-
tive (Table 1). Three (23.1%) colonized patients developed VREfm 
bacteraemia 9, 24 or 46 days, respectively, after being identified 
as VREfm carriers. We applied our sampling strategy to 16 rectal 
screens generating 224 isolates from 11 patients, and five blood 
cultures (five isolates) from two patients yielding a total of 229 
isolates (Table 2). Two rectal swabs and one blood culture were 
not available for further study. Most patients were female, the 
median age was 66 years, and a range of primary diagnoses 
were present (Table 1). Most colonized patients had received anti-
biotics in the preceding 6 months and 30% had received vanco-
mycin (Table 1).

Simultaneous carriage of multiple VREfm strains
In silico MLST typing using short reads from all 229 genomes 
showed ST80 (n = 130), ST1424 (n = 97), ST789 (n = 1) and 
ST1659 (n = 1) from the hospital-associated clade A159 were pre-
sent (Table 2). ST80, ST789 and ST1424 are single or double locus 
variants of each other, while ST1659 differs at five of seven MLST 
loci suggesting it is more distantly related. Multiple STs were de-
tected in three (27%) samples. Sample VRED06 from patient P49 
contained 10 (71.4%) ST80, three (21.4%) ST1424 and one 
(7.1%) ST789 isolate; sample VRED07 from P14 contained 
10 (71.4%) ST1424 and four (28.6%) ST80 isolates; sample 

VRED11 from P50 contained 13 (92.9%) ST1424 and one 
(7.1%) ST1659 isolate. A further rectal swab sample from P49 
collected 2 days after VRED06 contained only ST1424, and a 
blood culture collected 9 days later also contained ST1424. P9 
had three rectal swab samples collected over 11 days and 
had positive blood cultures 1 month later: all samples contained 
ST80 only. Our finding of multiple strains in 27% of patients is in 
line with recent studies showing up to half of patients carry 2–4 
different E. faecium strains, and within-patient diversity varies 
over time.20,24,60,61

Genomic population structure of VREfm suggests recent 
transmission events
The chromosomes of the two strain-specific genome assemblies 
(Table S3) were used as references for short-read mapping within 
each sequence type. Within-patient diversity was low when 
genomes of the same sequence type were compared, generally 
differing by zero SNPs and a maximum pairwise difference of 
three SNPs (Table 2). Similarly, insertions, deletions and plasmids 
were usually shared in genomes from the same patient. 
However, the presence of DEL3 (12 bp non-coding deletion) 
and DEL4 (11 bp deletion in a solute binding protein) were vari-
able within 24 ST80 genomes from P20 with 0–2 differentiating 
SNPs (Figure 2). In genomes from P9 p1_VRED06-10 and 
p3_VRED06-10 were variably detected despite most genomes 
having no differentiating SNPs (Figure 2). Where multiple samples 
from the same patient were collected over time, we found low 
(0–3 SNPs) accumulation of SNPs and no pattern in the preva-
lence of other genomic variants. Estimates of diversification rates 
in E. faecium from single-colony sampling of national isolate col-
lections suggest seven mutations per year,62 other studies of lon-
gitudinal within-patient diversification have estimated higher 
rates of 12.6–128 mutations per year.20,22,23 The low SNP diver-
sity identified in our 1-month collection of carriage isolates is in 
keeping with these estimated mutation rates.

The ST80 genomes formed a well-structured population with 
five clear clusters each separated by >10 SNPs (Figure 2). 
Clustered genomes differed by 0–2 SNPs and were mostly from 
individual patients although two clusters included genomes 
from two different patients (patients P7 and P33, and P2 and 
P9). In the P7 and P33 genomes, all the reference plasmids 
were detected as well as four variants (INS1, INS2, DEL1 and 
MNP1), insertion INS3 was detected in all the clustered genomes 
except two from P7, and insertion INS4 was detected only in a 
single P33 genome (Figure 2). In the P2/P9 cluster, all P2 gen-
omes contained all reference plasmids although in P9 there 
was variable detection of p1_VRED06-10 (28/48 positive) and 
p3_VRED06-10 (10/48 positive). The only other variant with vari-
able presence was insertion INS3, which was not present in four 
genomes from P9.

Mapping of the ST1424 genomes showed a much more 
homogeneous population than in ST80 (Figure 3). Of the 97 
ST1424 genomes, 69 had no SNPs and the remaining 28 had 
1–2 SNPs differentiating them from the rest of the collection. 
The SNPs that were detected did not lead to any clear clustering 
of genomes, except for the 14 genomes from P6 that all carried a 
SNP in a penicillin-binding protein that differentiated them from 
the other ST1424 genomes. Two of the P6 genomes had further 
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independent SNPs (one each) and another genome had lost 
p1_VRED06-02. No insertions were detected in the ST1424 col-
lection, and of the six deletions found five were only in genomes 
from P49. p6_VRED06-02 was not detected in 14 P24, 14 P50 and 
two P49 genomes, while p1_VRED06-02 was not detected in five 
genomes from three patients.

Analysis of multiple VREfm colonies supports 
transmission resolution
A transmission network was constructed considering the phylo-
genetic placement of all 14 colony picks in each sample 
(Figure 4). The network supports transmission of ST80 between 
P2 and P9, and between P7 and P33, with P20 not linked to trans-
mission. Epidemiological data support transmission from P7 to 
P33 on Ward B, as P33 screened negative early in their admission 
and then screened positive 6 days after P7 (Figures 1 and 4). P9 
and P2 screened positive on the same day—no shared rooms 
or bed spaces were identified as this was P2’s first day on Ward 
B so it is unclear where or when transmission may have occurred 
(Figures 1 and S1). P20 had two admissions during the study per-
iod, was negative at the end of first admission then screened 
positive on re-admission suggesting they were colonized outside 
of the hospital.

All ST1424 patients clustered together in the transmission 
analysis, P34 was strongly linked to all patients and probably 
had direct transmission to P6 (Figure 4). P34 was the first 
ST1424 identified on Ward B, P49 was positive 6 days later (hav-
ing been negative earlier in admission), P14 was positive 2 days 
after that, and P24 was positive 9 days subsequently (Figure 1). 
P14 and P49 had ST1424 and ST80 in carriage samples: we did 
not identify sharing of the ST80 lineages in these patients sug-
gesting there was no direct transmission between these two pa-
tients. On Ward A, P50 screened positive with ST1424 and ST1659 
on day two of admission and P6 screened positive for ST1424 on 
day six. The ST1424 populations in P6 and P50 may derive from 
different hosts with P6 genomes all having a single SNP and 
P50 genomes having multiple different SNPs and lack the 
p6_VRED06-02 plasmid (Figures 3 and 4). P34 and P50 shared 
time on Ward A early in the study before either were known to 
be VREfm positive, but there is very limited overlap in time be-
tween P34 and P6 while both were in different wards (Figure 1). 

Figure 1. Patient timeline. Each row denotes the location of a patient during admission, blocks denote hospital stay, circles denote VREfm cultures, 
stars denote bloodstream isolates, dotted lines indicate the start and end of prospective collection of screening isolates for this study. This study was 
undertaken mainly within Wards A and B, although patients were moved to different wards within the hospital during their stay and were often ad-
mitted through the assessment unit. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.

Table 1. Characteristics of patients with rectal VREfm colonization 
(n = 13)

Demographics N (%)

Female 8 (61.5)
Age, median (range) years 66 (37–77)
Primary diagnosis

Acute myeloid leukaemia 3 (23.1)
Diffuse large B cell lymphoma 3 (23.1)
Multiple myeloma 3 (23.1)
Myelodysplasia 2 (15.4)
Chronic lymphocytic leukaemia 1 (7.7)
Mantle cell lymphoma 1 (7.7)

Antimicrobial administration
Any antibiotics in the 7 d before positive screen 12 (92.3)
Any antibiotics in the 6 m before positive screen 12 (92.3)
Vancomycin in the 7 d before positive screen 1 (7.7)
Vancomycin in the 6 m before positive screena 3 (30.0)

Outcomes within 60 d of VREfm positive screen
VREfm bloodstream infection 3 (23.1)
ICU admission 1 (7.7)

Death 0 (0)

d, day; ICU, intensive care unit; m, month; N, number. 
aInformation available for 10 patients.
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None of the patients with ST1424 shared a room or used a bed 
space previously used by an identified ST1424-positive carrier 
during their stay (Figure S1).

Analysing fewer than 14 colonies per sample produced few-
er transmission links and lower confidence (Table S6, Figure S2). 
Sequencing more than 14 colonies would improve the detec-
tion of minor variants but would increase costs, complexity 
and turnaround time. Given the low within-patient diversity 
identified in most patients this approach may not be required 
in every case. When Gouliouris et al.60 analysed within-patient 
diversity of E. faecium in 185 stools collected from 109 pa-
tients, analysing a median of five (interquartile range 3–5, total 
865) colonies. This identified 51% of stools contained multiple 
E. faecium subtypes. Based on our analysis, five colonies would 
identify 50% of the population with 95% confidence (Table S1), 
so may be a pragmatic choice for analysing within-patient di-
versity as it should identify most mixed-strain carriage. 
However, five colonies gave the lowest confidence in transmis-
sion analysis so the accuracy of the linkage method should 
be considered and verified before applying within-patient 
diversity estimates to routine transmission investigations in fu-
ture (Table S4, Figure S2). Alternatively, strain-resolved meta-
genomics directly on clinical samples or sweeps of selective 
culture growth may be more feasible.63–65 Further work is re-
quired to determine the optimum sampling strategy to support 

infection prevention and control investigations in healthcare 
settings.

Plasmids were mostly ST-specific
VRED06-02 (ST1424 reference) contained seven plasmids, and 
VRED06-10 (ST80 reference) contained five plasmids. Plasmids 
in the two genomes were generally distinct, suggesting limited 
sharing between STs within P49 (Table S5).

We sought to identify carriage of similar plasmids in the entire col-
lection by short-read mapping (Table S6). Most plasmids were 
ST-specific with few examples of ST1424 genomes carrying plasmids 
from the ST80 reference, and vice versa. However, all ST80 genomes 
from P7 and P33 carried p7_VRED06-02 from ST1424, and almost all 
genomes appeared to carry p4_VRED06-10. We believe the hits 
against the ST1424 genomes are due to cross-mapping of reads 
from the related p4_VRED06-02 (Table S5). P7_VRED06-02 is unre-
lated to others in the collection (Table S5), but no close links to any 
ST1424-positive patients were identified for P7 and P33 (Figure 4). 
While we did not identify significant sharing of plasmids between 
ST80 and ST1424, we detected all five ST80 plasmids in ST789 and 
five of the seven ST1424 plasmids in ST1659 (Table S6). ST789 and 
ST80 were identified in the same sample from P49, and ST1659 
and ST1424 from P50, both cases represent possible plasmid transfer 
between STs within individual patients during colonization.

Table 2. MLSTs detected

Patient 
ID

Sample 
ID

Sample 
type

Sample date (days from 
start of study)

STs detected 
(n, %)

Maximum pairwise SNP 
distance within sample

Median (IQR) pairwise SNP 
distance within sample

P2 VRED01 Rectal 6 80 (14, 100) 2 0 (0–1)
P6 VRED16 Rectal 27 1424 (14, 100) 2 0 (0–1)
P7 VRED10 Rectal 18 80 (14, 100) 2 0 (0–1)
P9 VRED02 Rectal 6 80 (14, 100) 2 0 (0–0)
P9 VRED03 Rectal 8 80 (14, 100) 0 0 (0–0)
P9 VRED09 Rectal 17 80 (14, 100) 0 0 (0–0)
P9 VRED18 Blood 52 80 (1, 100) NA NA
P9 VRED19 Blood 52 80 (1, 100) NA NA
P9 VRED20 Blood 52 80 (1, 100) NA NA
P9 VRED21 Blood 52 80 (1, 100) NA NA
P14 VRED07 Rectal 17 1424 (10, 71.4) 2 1 (0–1)

80 (4, 26.6) 2 2 (1–2)
P20 VRED15 Rectal 27 80 (14, 100) 3 0 (0–2)
P20 VRED17 Rectal 30 80 (14, 100) 3 1 (0–1)
P24 VRED13 Rectal 26 1424 (14, 100) 0 0 (0–0)
P33 VRED12 Rectal 24 80 (14, 100) 1 0 (0–0)
P34 VRED04 Rectal 9 1424 (14, 100) 0 0 (0–0)
P34 VRED05 Rectal 14 1424 (14, 100) 1 0 (0–0)
P49 VRED06 Rectal 15 80 (10, 71.4) 2 0 (0–1)

1424 (3, 21.4) 1 0 (0–0)
789 (1, 7.1) NA NA

P49 VRED08 Rectal 17 1424 (14, 100) 2 0 (0–1)
P49 VRED14 Blood 30 1424 (1, 100) NA NA
P50 VRED11 Rectal 23 1424 (13, 92.9) 3 1 (0–2)

1659 (1, 7.1) NA NA

ID, identification; IQR, inter quartile range; N, number; NA, not applicable.
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A large analysis of plasmid sequences by Arredondo-Alonso 
et al.66 identified that plasmids are shared widely and rapidly 
within healthcare networks, often unrelated to the genetic lin-
eage of the host cell. This is reflected in our work by the identifi-
cation of common plasmids in unrelated ST80 isolates, which 
suggests a wider plasmid transfer network within the lineage.

AMR gene load differs between closely related genomes
We next sought to determine the variability of AMR genes with-
in the collection (Table 3 and Figure 5). In total, 13 AMR genes 
were detected with three (aac(6′)-Ii, msr(C) and vanA) present 

in all genomes, two (aph(3′)-III and erm(B)) in all but one gen-
ome, four (ant(9)-Ia, dfrG, erm(A) and tet(M)) only in ST1424 or 
ST1659 genomes, two genes (ant(6)-Ia and tet(S)) found only in 
ST80 and ST789 genomes, and tet(L) found in a single ST1659 
genome. The aminoglycoside resistance gene aac(6′)-aph(2″) 
was variably present, found in 69.9% of all genomes.

Tetracycline resistance gene tet(M) was identified on the 
chromosome of VRED06-02 as part of Tn6944 (Figure S3A). 
tet(M) was identified in 62.2% of ST1424 and ST1659 gen-
omes, excision of Tn6944 may be responsible for this variable 
presence. We identified variable within-patient presence of 
tet(M) and no other tetracycline resistance genes (Figure 5), 

Figure 2. Phylogeny of ST80 isolates showing structured population with three patient specific clusters and two clusters indicating putative patient– 
patient transmission of VREfm. All ST80 isolates (n = 130) mapped to VRED06-10 chromosome and phylogeny built on SNP sites (n = 96) after removal 
of putative transposable and recombinant regions. INS1, 12 bp insertion at position 117 527; INS2, 2 bp insertion at position 1 156 032; INS3, 28 bp 
insertion at position 1 024 257; INS4, 2 bp insertion at position 447 875; DEL1, 3 bp deletion at position 2 059 113; DEL2, 17 bp deletion at position 
1 124 472; DEL3, 12 bp deletion at position 1 534 712; DEL4, 11 bp deletion at position 2 723 479 and MNP1, double nucleotide polymorphism at pos-
ition 2 647 613. Tree unrooted. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.
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phenotypic susceptibility pattern would therefore differ based 
on which colony was picked. However, tetracyclines are not 
generally used for treatment of enterococcal human infections 
so the clinical impact may be limited. Similar variable presence 
of the vancomycin resistance element within patients has 
been described elsewhere and could lead to inappropriate 
use of vancomycin when the patient harbours a resistant sub-
population.20,21,67,68 Our study only included vancomycin- 
resistant isolates, so cannot resolve the potential role of vari-
able vancomycin resistance carriage within patients or in 
transmission networks. Gain and loss of vancomycin resistance 
has been described in regional networks over periods of 
years.62

aac(6′)-aph(2″) was present on p1_VRED06-02 (ST1424) and 
p1_VRED06-10 (ST80). aac(6′)-aph(2″) was not detected in any 
ST80 genomes that were p1_VRED06-10 negative, although 
only 60.2% (n = 65) of genomes that carried this plasmid also car-
ried aac(6′)-aph(2″). In p1_VRED06-10, aac(6′)-aph(2″) was sur-
rounded by two copies of IS256 similarly to Tn6218, although 
the transposition machinery was missing (Figure S3B).69 In 
ST1424 aac(6′)-aph(2″) was detected in 97.8% (n = 90) genomes 
with p1_VRED06-02. Another four ST1424 genomes carried 
aac(6′)-aph(2″) but not p1_VRED06-02 (Table 3 and Figure 5). 
In p1_VRED06-02, two copies of aac(6′)-aph(2″) were surrounded 
by insertion sequences IS256, IS1216 and IS3, providing multiple 
mechanisms of excision. In the aac(6′)-aph(2″) positive, 

Figure 3. Phylogeny of ST1424 genomes showing homogeneous population suggestive of recent transmission outbreak. ST1424 genomes (n = 97) 
mapped to VRED06-02 chromosome and phylogeny built on SNP sites (n = 13) after removal of putative transposable and recombinant regions. 
DEL1, 13 bp deletion at position 1 884 038; DEL2, 1 bp deletion at position 850 433; DEL3, 2 bp deletion at position 989 380; DEL4, 11 bp deletion at 
position 2 184 601; DEL5, 12 bp deletion at position 2 184 601 and DEL6, 12 bp deletion at position 2 184 824. Tree unrooted. This figure appears in col-
our in the online version of JAC and in black and white in the print version of JAC.
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Figure 4. Phyloscanner transmission network. Each patient is represented by a node coloured by detection of the two outbreak STs. Edge thickness 
corresponds to fraction of Phyloscanner trees with a given relationship, relationship fraction is printed alongside each edge and edge colour is based on 
the type of relationship (orange, direct transmission; blue, transmission but direction unclear). This figure appears in colour in the online version of JAC 
and in black and white in the print version of JAC.

Table 3. Presence of AMR genes

Gene Phenotypic resistance

ST80, n = 130 ST1424, n = 97 All genomes, n = 229

n (%) Genetic element n (%)
Genetic 
element n (%) Summary

aac(6′)-aph(2″) Amikacin, Gentamicin, 
Kanamycin, Streptomycin, 
Tobramycin

65 (50.0) p1_VRED06-10 94 (96.9) p1_VRED06-02 160 (69.9) Variable in ST80/ 
ST1424/ST789

aac(6′)-Ii Gentamicin, Tobramycin 130 (100) Chromosome 97 (100) Chromosome 229 (100) All genomes
ant(6)-Ia Streptomycin 130 (100) p3_VRED06-10 0 (0) NA 131 (57.2) All ST80/ST789
ant(9)-Ia Spectinomycin 0 (0) NA 97 (100) Chromosome 97 (42.4) All ST1424
aph(3′)-III Amikacin, Kanamycin, 

Neomycin
130 (100) p3_VRED06-10 97 (100) p2_VRED06-02 228 (99.6) All ST80/ST789/ 

ST1424
dfrG Trimethoprim 0 (0) NA 97 (100) Chromosome 97 (42.4) All ST1424
erm(A) Clindamycin, Erythromycin, 

Quinupristin
0 (0) NA 97 (100) Chromosome 97 (42.4) All ST1424

erm(B) Clindamycin, Erythromycin, 
Quinupristin

129 (99.2) p1_VRED06-10, 
p3_VRED06-10

97 (100) p2_VRED06-02 228 (99.6) All except one 
ST80 genome

msr(C) Erythromycin, Quinupristin 130 (100) Chromosome 97 (100) Chromosome 229 (100) All genomes
tet(L) Doxycycline, Tetracycline 0 (0) NA 0 (0) NA 1 (0.4) Only ST1659
tet(M) Doxycycline, Minocycline, 

Tetracycline
0 (0) NA 60 (61.9) Chromosome 61 (26.6) Variable in 

ST1424/ 
ST1659

tet(S) Doxycycline, Minocycline, 
Tetracycline

130 (100) p3_VRED06-10 0 (0) NA 131 (57.2) All ST80/ST789

vanA Teicoplanin, Vancomycin 97 (100) p2_VRED06-10 97 (100) p2_VRED06-02 229 (100) All genomes

n, number.
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p1_VRED06-02 negative cases, short-read assemblies could not 
resolve the full environment of aac(6′)-aph(2″) although in three 
cases aac(6′)-aph(2″) co-located with a single IS3 gene suggest-
ing mobilization to another transposable element. The impact on 
phenotype is unclear—all genomes carried aac(6′)-Ii and 
aph(3′)-III which together confer high-level resistance to the clin-
ically relevant aminoglycosides amikacin and gentamicin, so the 
loss of aac(6′)-aph(2″) may be more efficient for the cell without 
an overt change in antibiotic susceptibility. Both Tn6994 and 
Tn6218 were first characterized in C. difficile, highlighting trans-
mission of AMR elements between nosocomial pathogens as re-
cently described.70

The tetracycline resistance gene tet(L) was identified in a sin-
gle ST1659 genome, the gene was co-located with tet(M) on a 
30 kb contig that was similar to Tn6248 from E. faecium over 
∼19 kb (Figure S3C).

We recognize some limitations. Around 60% of E. faecium car-
riers can be linked to nosocomial transmission from other pa-
tients or reservoirs in the hospital environment.60,71–74 Our 
study did not include environmental samples, and, although pa-
tients were mostly located in individual rooms, bathroom facil-
ities were shared posing a significant environmental reservoir 
for VREfm. Our study focusses on VREfm and so may not be rep-
resentative of wider populations. This may be important if 

Figure 5. Detection of AMR genes. Resistance genes are plotted on the y-axis and isolates on the x-axis. Different patients are represented in each 
panel: (a) P2, (b) P6, (c) P7, (d) P9, (e) P14, (f) P20, (g) P24 (h) P33, (i) P34, (j) P49, and (k) P50. Presence of a gene is represented by a filled square 
and coloured on the basis of the MLST of the genome. This figure appears in colour in the online version of JAC and in black and white in the print version 
of JAC.
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resistance is frequently gained by sensitive strains as suggested 
by some genomic epidemiology studies.20,62,75,76 However, re-
cent analysis from a single hospital in Denmark found no genom-
ic relatedness between VSEfm and VREfm clones over a 4 year 
period suggesting vancomycin resistance acquisition by VSEfm 
is not always frequent and these may represent different trans-
mission networks.77 Also, we relied on direct plating to solid 
VREfm screening agar for inclusion in our study. Previous studies 
have shown a sensitivity of 58%–96% for this approach, rising to 
97%–100% with a pre-enrichment step.78–80 Our use of stored 
plate sweeps is a potential limitation, as different-sized colonies 
on the agar plate could alter the prevalence of population var-
iants in the stored mixture and bias the final population preva-
lence. Plate sweeps were taken daily to avoid excessive growth 
on the plate, and other groups have shown high agreement in in-
ferred population structures when comparing deep sequencing 
of plate sweeps with sequencing of multiple colony picks.81,82

Longitudinal studies in Denmark, Germany and Spain have 
described the rise to dominance of ST80 in the 2010s, although 
more recently ST1424 has been identified and in 2019 was the 
most common E. faecium lineage in Australian BSIs.50,83–86 It is pos-
sible that our study provides a snapshot of the introduction of 
ST1424 into the haematology ward, on a background of previously 
established ST80 transmission. Genomic surveillance of enterococci 
in Scotland is currently limited, so we are unable to use a back-
ground dataset to identify whether the lineages identified in our 
work are common in the study ward and represent ongoing noso-
comial transmission clusters or are new introductions into the ward. 
Wider adoption of a proactive sequence-based surveillance ap-
proach should avoid large infection outbreaks, reduce ward closure 
costs and reduce the clinical impact of invasive disease.87–90 Recent 
impact modelling for the UK estimated routine WGS-based surveil-
lance could prevent 74 408 HAIs and 1257 deaths while saving 
£478 million, or £7.83 per £1 invested.91 In our setting, an outbreak 
of VREfm was suspected 3 weeks after the study collection period 
when P9 and P49 developed bloodstream infection concurrently, 
as this represented an excess of invasive VREfm in the patient popu-
lation. On the basis of our analysis, this was many weeks after 
VREfm transmission had probably occurred (Figures 1 and 4). Due 
to our study’s retrospective nature, we could not use the findings 
from sequencing to directly influence patient care.

To conclude, by taking account of within-patient diversity in 
VREfm carriage populations we identified transmission links be-
tween patients that could supplement efforts to control trans-
mission within hospitals. However, 73% of cases in our study 
showed limited within-patient diversity that supports single- 
colony picks as a suitable method in many settings. We also 
show that diversity exists not just at the level of SNPs—AMR 
gene presence/absence, indels and plasmid presence all vary 
within and between patients. Accounting for within-patient di-
versity looks to be a useful tool for fully resolving VREfm transmis-
sion using WGS-based investigations and could be considered to 
help resolve outbreaks in the future.
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