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Introduction: Vancomycin-resistant Enterococcus fae-
cium (VREfm) isolates of sequence type (ST)1299 were
described recently in south-eastern German hospitals
and rapidly expanded from local to cross-border level.
Aim: We describe the spread of the novel VREfm
strain ST1299/vanA on a genetic, geographical and
temporal level during the first 5 years after its detec-
tion. Methods: At University Hospital Regensburg
(UHoR), routine VREfm surveillance is whole genome
sequencing-based (21 VREfm per van-genotype,
patient and year). In this observational cohort study,
we analysed one VREfm ST1299 isolate from our data-
base (2016-2022) per patient and year. Isolates were
added from the Hospital of the Merciful Brothers
Regensburg (MBR), the National Reference Centre
for Staphylococci and Enterococci (NRC), and clini-
cal isolates from Austria. Results: We identified 635
VREfm ST1299 isolates (100% vanA), including 504
from Regensburg, and 113 blood cultures. ST1299 iso-
lates were first detected in 2018 simultaneously in
Regensburg (n = 2) and southern Bavaria (n = 2), with
local (UHoR) and regional numbers increasing rap-
idly from 2020, shifting to national scale in the same
year. Genome data, analysed by cgMLST, showed a
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predominance of ST1299/CT1903 (315/504 isolates,
62.5%) and ST1299/CT3109 (127/504 isolates, 25.2%)
isolates from Regensburg. By 2021, ST1299/CT1903
reached Upper Austria causing hospital outbreaks
(n = 5). Phylogeny analysis suggests common ances-
tors with VREfm ST80, ST18 and STi7. Conclusion:
Since their emergence in 2018, two highly transmis-
sible subtypes of ST1299/vanA reached national, then
cross-border scale. The observed outbreak tendency
may explain the rapid and successful spread and the
high clonality in our collection.

Introduction

Enterococci are Gram-positive cocci that occur
naturally in the intestines of humans and ani-
mals [1]. Enterococcus faecium causes nosocomial
bloodstream infections (BSI) or urinary tract infections
in critically ill patients [2]. Due to intrinsic resistance
to several antibiotics including beta-lactam anti-
biotics, few therapeutic options are available and
vancomycin is often used as first choice treatment.
Moreover, vancomycin-resistant E. faecium (VREfm)
strains are associated with increased mortality in
patients in intensive care units (ICUs), haematology
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What did you want to address in this study and why?

Enterococci are intestinal bacteria that can cause infections in certain patient populations (i.e.
immunocompromised patients). Due to limited therapy options, it is essential to prevent the spread of
multidrug-resistant variants like vancomycin-resistant Enterococcus faecium (VREfm). We investigated the
spread of a novel subtype, ST1299/vanA, seen in south-eastern German hospitals in recent years, and its
rapid expansion to cross-border level.

What have we learnt from this study?

Molecular analysis of all VREfm ST1299/vanA isolates detected in Regensburg, Germany, since its emergence
in 2018 showed that the genetic diversity among isolates remained low during the 5-year period, whereas
transmissions and clinical outbreaks were frequent. In particular, two subtypes, CTi903 and CT3109, caused
the rapid spread in Regensburg and also at a national level in Germany and Austria between 2018 and 2022.

What are the implications of your findings for public health?

Making decisions on infection prevention policies requires continuous analysis of local epidemiology at a
molecular level. Our data clearly shows that during early stages of VREfm spread, the high genetic similarity
of isolates complicates differentiating between outbreaks and background epidemiology. Thus, more
molecular surveillance data are needed for understanding how VREfm spreads in healthcare facilities.
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departments or post transplant [3]. The burden of
disease is highest in males, those younger than five
years or older than 55 years [4,5]. Thus, the emergence
and rapid spread of VREfm has led to major concerns
regarding future availability of therapeutic options
[6,7]. European Antimicrobial Resistance Surveillance
Network (EARS-Net) reported a particularly high pro-
portion of VREfm among E. faecium isolates from
clinical samples in Germany (2019: 26.3% (nh = 2,797),
2021: 21.6% (n = 4,721)) compared with in Europe (2019:
18.3% (n = 16,523), 2021: 17.2% (n = 22,315)) [8,9]. The
Bavarian antibiotic resistance database (BARDa) pre-
sents similar data for VREfm among E. faecium (2019:
39.3% (n = 857), 2022: 26.6% (n = 1,970)) [10]. In neigh-
bouring countries such as Austria and Switzerland,
VREfm is less frequently seen (Austria 2019: 3.2%
(n = 537), 2021: 2.0% (h = 697); Switzerland 2019:
1.8% (n = 399), 2021: 1.9% (n = 573)) [8]. Although
the prevalence of VREfm varies greatly across Europe,
its burden of disease among Europeans was recently
estimated as an increase in attributable deaths of 1.95
between 2007 and 2015 and median disability-adjusted
life years (DALY) of 5.49 years [4]. Countries with the
highest prevalence of VREfm are Ireland, Italy, Greece,
Cyprus, Portugal and Poland [4]. This is particularly
concerning due to contrasting literature on efficiency
of infection prevention and control (IPC) measures
and lack of consensus regarding proper clinical man-
agement [11,12]. Therefore, much effort is currently
invested in understanding the dynamics and spreading
patterns of VREfm.

At the University Hospital in Regensburg (UHoR),
Bavaria, Germany, VREfm was first detected in 2004

and, until 2019, the local (Regensburg City) epidemi-
ology was dominated by the glycopeptide-resistance
genotype vanB (VRE/vanB) [13,14]. This corresponded
to data from the German National Reference Centre for
Staphylococci and Enterococci (NRC) at the Robert Koch
Institute in Wernigerode, which has recorded the pre-
dominance of VRE/vanB in Germany since 2006 [15,16].
However, in 2020, VRE/vanA, which was first detected
at UHoR in 2018, reached a proportion of 42.7%
(138/319) of VREfm isolates analysed at UHoR. Using
whole-genome sequencing (WGS) as part of genome-
oriented IPC policy at UHoR, we detected that a novel
strain — sequence type (ST)1299/vanA — contributed
to the increase in VRE/vanA, reaching a proportion of
28.8% (93/319) [14]. Moreover, clonality seen during
2020 was high. Clusters defined by a difference of<3
alleles in pairwise comparison using cgMLST com-
prised up to 18 strains. To the authors’ knowledge, to
date only two additional study groups from Bavaria,
Germany, have reported cases of ST1299/vanA, includ-
ing from samples of wastewater [17-19]. Internationally,
clinical STi1299/vanA isolates were reported from
Austria (2022-2023, 57 cases), Denmark (2017, one
case), Iran (2021, one case) and Sweden (2022, 17
cases) [18,20-22]. The NRC also noted increasing pro-
portions of VRE/vanA (2021: 31.3% of 686, 2022: 45.3%
of 400). In contrast to the data obtained from Bavaria,
VRE/vanA isolates sent to the NRC from other German
microbiology laboratories are most often attributed to
the lineages ST80/ complex type (CT)1470 and ST117/
CT929, suggesting that VREfm ST1299/vanA, in particu-
lar CT1903 and CT3109, may have emerged in Bavaria

[15].
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Given the rapid spread of VREfm ST1299/vanA within
UHoR, questions arose regarding how this strain had
propagated since its first detection in 2018 up until
December 2022 [17,18]. Thus, we aim to retrace its
steps by analysing a unique VREfm ST1299/vanA isolate
collection from Austria and Germany [20]. By summa-
rising the available data, we intend to grasp the epi-
demic potential of this highly transmissible lineage and
gain information that will enable us to prevent similar
chains of propagation in the future.

Methods

Study design

We report the results from our retrospective obser-
vational study according to the Strengthening the
Reporting of Observational Studies in Epidemiology
(STROBE) guidelines [23]. Isolates of all patients diag-
nosed with VREfm classified as ST1299/vanA at UHoR,
the Hospital of the Merciful Brothers Regensburg
(MBR), the NRC and the Austrian Agency for Health and
Food Safety (AGES) during WGS-based surveillance or
outbreak management between 2018 and 2022 were
included.

At the initiating facility, UHoR, the IPC policy for VREfm
includes contact precautions, such as patient isolation.
Screening for VREfm is performed systematically in
high-risk departments (oncology, ICUs), and is depend-
ent on the risk evaluation of the attending physician
in other departments. During the COVID-19 pandemic,
however, criteria were inconsistent and are not retrace-
able retrospectively. Additionally, an antibiotic stew-
ardship team is available and performs weekly visits
to ICUs and high-risk departments. The consumption
of antibiotics as retrieved from the ADKA-If-DGI project
(a project in cooperation of the Federal Association of
German Hospital Pharmacists (ADKA), the Department
for Infectious Diseases at the University Hospital
Freiburg (If), and the German Society for Infectiology
(DGI)) and VREfm incidence are depicted in Table 1.

Isolate selection

The isolate selection criteria for sequenced isolates
differed at participating facilities for various reasons
and are described below. Data provided for further
investigation included date of collection, city of collec-
tion and specimen type, where available. For isolates
from Regensburg, Germany, further data were included
(Table 2).

At the tertiary care hospital UHoR, a trained medical
laboratory assistant assessed all VREfm-positive sam-
ples sent to the clinical microbiology laboratory for dif-
ferent VREfm morphotypes regardless of sample type
or isolation unit/hospital. E. faecium was identified
through mass spectrometry (Bruker microflex,
Mannheim, Germany) and VREfm via in house vanA/B-
PCR and stored at -80°C (for samples from 2016 and
later) [24]. Prior to 2016, only one isolate per patient
and year was collected.

www.eurosurveillance.org

For the periods 2004-2010 and 2016-2019, one VREfm
isolate per patient and year was sequenced for molec-
ular surveillance purposes. Between 2011 and 2015,
isolates were only sequenced in exceptional cases.
One ST1299/vanA isolate per year and patient (where
available) from the UHoR database up until December
2022 was included in the study regardless of specimen

type.

All VRE/vanA isolates from the strain collection of
the MBR’s microbiology laboratory between 2018 and
2022 were identified retrospectively. These isolates
were sent to the outbreak laboratory of the UHoR for
WGS. One VREfm ST1299/vanA isolate per patient and
year identified in this collection until December 2022
was included in the study regardless of specimen type.

In Germany, Enterococci samples from any microbio-
logical laboratory are sent voluntarily to the NRC for
further investigation, including WGS. Whole-genome
sequencing is performed systematically for isolates
from blood cultures (BC) for the purpose of genomic
surveillance activities or for outbreak investigations.
All isolates (n = 89) typed as ST1299/vanA during
outbreak investigations between 2016 and 2022 are
included in the study.

All ST1299/vanA isolates from Upper Austria identified
at AGES between 2021 and 2022, as previously
reported [20], were included in the study regardless of
specimen type or sequencing purpose.

Whole-genome sequencing

Whole-genome sequencing was performed at UHoR for
all isolates from UHoR and MBR, 55 isolates from the
NRC and 34 isolates from AGES either on a NextSeq
device (lllumina Inc., Berlin, Germany), or, for some
UHoR isolates collected between 2018 and 2021,
MiniSeq device (Illumina Inc.) according to the manu-
facturer’s recommendation, acquiring 2x150 base pair
(bp) reads using a mid-output cassette as previously
described [14]. Of the isolates from the NRC, 35 were
sequenced in domo on a NextSeq device according to
the manufacturer’s recommendations and generating
2x150 bp reads except forsamples UW22368, UW21208,
UW18832, UW18830 and UW20224. These samples
were sequenced on a MiSeq device (Illumina Inc.) gen-
erating 2x300bp reads (for UW20224 2x250bp). Nine
isolates from Upper Austria were sequenced (2x150bp)
by AGES on a NextSeq 2000 device. All facilities used
the Nextera XT DNA library preparation kit (Illumina
Inc.). A minimum average coverage of 5o (median:
129, interquartile range (IQR): 63) was achieved for all
isolates.

Isolate D6593 (Bavaria, 2018; Figure 1) was also
sequenced by Oxford Nanopore Technologies (ONT,
Oxford, United Kingdom) as per manufacturer instruc-
tions using the ligation sequencing kit Vig and
Prometheon R10.4.1 flowcells. A hybrid assembly of
ONT and Illumina data was generated in unicycler
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TABLE 1

Characteristics of ST1299/vanA vancomycin-resistant-positive Enterococcus patients at University Hospital Regensburg, the
Hospital of the Merciful Brothers Regensburg, the German National Reference Centre?®, and the Austrian Agency for Health
and Food Safety during whole-genome sequencing-based surveillance or outbreak management, 2018-2022

VREfm isolates obtained from n

UHoR

460

MBR

43

NRC

89

AGES

43

Age (years; UHoR and MBR only)

Median (range; IQR)

68 (3-95; 19)

Sex (Regensburg only)

%

Male

293

58.3

Female

210

41.7

Sample type (Regensburg only)

Obtained from

Blood culture

Urine

Bile

Screening

Other clinical sample

type®

Unknown

UHoR

22

102

277

54

(o]

MBR

4

14

16

8

NRC

69

6

AGES

18

o |Oo |o [\

Hospital department (isolates from UHoR and MBR onl

y)

Department

Gastroenterology

68

Haematology/oncology

65

Cardiology/pneumology

45

Nephrology

34

General surgery

74

Surgical, other

72

Interdisciplinary department or other medical field

122

Unknown

23

ICU/IMC

140

Year

2018

2019

2020

2021

2022

VREfm incidence density per 1,000 hospital days at UHoR

Total

2.7

2.7

3.1

43

3.9

Nosocomial

0.7

0.9

0.9

1.9

1.2

VREfm screening per 100 admissions at UHoR

Screenings

5.6

5.1

5.8

9-5

5.7

Antibiotic consumption in RDD per 100 hospital days at UHoR

Third generation cephalosporins

35

4.2

4.2

4.4

4.6

Carbapenems

6.6

6.4

7.0

8.9

8.4

Glycopeptides

53

5.6

6.1

7.1

7.0

AGES: Austrian Agency for Health and Food Safety; ICU: intensive care unit; IMC: intermediate care; IQR: interquartile range; MBR: Hospital
of the Merciful Brothers Regensburg; NRC: German National Reference Centre for Staphylococci and Enterococci; RDD; recommended daily
doses; UHoR: University Hospital in Regensburg; VREfm: vancomycin-resistant Enterococcus faecium.

2German National Reference Centre for Staphylococci and Enterococci, Robert Koch Institute, Wernigerode.

® Including wound swabs, intraoperative samples and respiratory materials.
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FIGURE 1

Core gene neighbour-joining tree of ST1299/vanA isolates, Germany and Austria, 2018-2022

Tree scale: 0.1
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The metadata are depicted as concentric rings from inside (circle A) to outside (circle E). The overall clonality was high with predominance
of 2 subtypes — CT1903 (red) and CT3109 (blue) — as shown in circle A. Clusters with differences of<3 alleles in pairwise comparison by
cgMLST (circle E) were frequently detected in isolates from the same German hospital (circle E: blue). Moreover, different clusters coexisted
in Bavaria during the observed period. Among isolates from Austria (circle B: orange), 40 of 42 are assigned to the same cluster (circle
E: green) and are genetically closely related (23 alleles by cgMLST) to isolates from Upper Bavaria. The colour-coding is described in the

legend.

version 0.5.0 (https://github.com/rrwick/Unicycler)
resulting in a circular chromosome of 2.7Mb and 4 cir-
cular plasmid contigs.

Comparative data analysis was performed at UHoOR
after assembling with SKESA version 2.4.0 [25] using
multilocus sequence typing (MLST) and core-genome
(cg) MLST with SegSphere+software version 9.0.1
(Ridom, Muenster, Germany) using default parameters
to determine ST and CT [26]. Clusters were defined as<3
alleles by cgMLST [26,27]. The core genome neighbour-
joining tree was generated using SeqSphere+and
metadata were superimposed using iTOL version 6.9
[28]. Determinants for resistance to linezolid were
determined using LRE-Finder for all isolates from blood
culture [29].

www.eurosurveillance.org

Origins of VREfm ST1299/vanA
We attempted to determine the phylogeny of VREfm
ST1299/vanA using two different approaches.

Comparison of the D6593 hybrid assembly was per-
formed against the 3,888 genomes available at https://
pubmlst.org/organisms/enterococcus-faecium  using
all available loci and visualised in GrapeTree [30,31].

The hybrid chromosome assembly of D6593 was used
as the reference against which to map all lllumina data
using snippy version 4.6.0 (https://github.com/tsee-
mann/snippy). The resulting alignment was analysed
by Gubbins version 3.3.0 to identify and remove recom-
binations, and BactDating version 1.1.1 was used to
reconstruct a dated phylogeny in triplicate with 1 mil-
lion iterations using the arc model [32,33].
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TABLE 2

Distribution of resistance determinants and mutations of vancomycin-resistant Enterococcus faecium isolates, Germany and

Austria, 2018-2022

Resistant to Genotype % n
Glycopeptides vanA 100 635
aac(69-1/ aph(39-llia 20.6 131
Aminoglycoside aac(6)-1 79.5 505

aac(69)-1/ aac(69)-le/aph(2”)-la / aph(39)-ilia 0.3 2

cfr(B) 1.4 9

Lincosamide

Subgroup analysis of isolates from blood cultures (n=113): 23S rRNA

mutations, optrA, cfr, cfr(B), poxtA 0 0
Erythromycin erm(B) 70.2 446
. gyrA_S83Y/parC_S8ol 1.7 11
Quinolone
gyrA_S83i/parC_S8ol 98.7 627

Twenty-four non-ST1299/vanA isolates belonging to STs
and CTs frequently detected at UHoR (data not shown)
before 2020 were mapped against a hybrid assembly
of D6593.

Single nt polymorphisms (SNP) were determined using
snippy and are provided as supplementary data [34].
The phylogram including the closest related isolates
was generated using the Type Strain Genome Server
(TYGS, https://tygs.dsmz.de) and the dDDH method
[35], and edited with InkSkape version 1.3.2 (https://
inkscape.org).

Calculations including proportions, medians, IQR,
confidence intervals (Cl), incidence and screening fre-
quency were performed using Microsoft Excel.

Results

Isolate collection

In total, 635 VREfm STi299/vanA isolates were
identified from the participating institutions (clinical
microbiology at UHoR: n = 460 including patients at
UHoR (n = 343) and other local hospitals (n = 117), MBR
(n = 43), NRC (n = 89) and AGES (n = 43)). Most isolates
in this study were collected in southern Germany (577
of 635 isolates from Bavaria and Baden-Wuerttemberg
including 74 of 89 isolates from the NRC).

All isolates were vanA-positive. No vanB-positive
strains were detected. Further predicted resistance
from genotypes is summarised in Table 2.

Timeline and spreading patterns
Molecular surveillance at UHoR identified the first two
ST1299/vanA isolates in April 2018 (Figures 1 and 2).

Concomitantly, the NRC detected a further two isolates
in southern Bavaria, Germany. During 2019, only 16 iso-
lates were found, all identified regionally in Regensburg
County in eastern Bavaria. By 2020, however, numbers
had strongly increased and continued to increase dur-
ing 2021 due to several outbreaks in regional hospitals

including UHoR (see [36], data not shown). Isolates sent
to the NRC also showed high clonality within the same
centre and year (up to 22 alleles by cgMLST) (Figure 1).

Although WGS-reliant surveillance is not mandatory
in Austria and is only performed voluntarily, VREfm
ST1299/vanA was detected during investigations of
clinical outbreaks (five outbreaks involving 3-16
patients) in Upper Austria, starting in December 2021.
Due to its lagging detection compared with Germany,
and close genetic relatedness (<3 alleles by cgMLST)
to isolates from Upper Bavaria and Regensburg (Upper
Palatinate in Eastern Bavaria), we assume that one or
more cross-border transmissions may have occurred.

Distribution of complex types

Although 32 different CTs were detected in our ST1299/
vanA collection, only two were particularly common:
CT1903 (430/635 isolates, 67.7%) and CT3109 (151/635
isolates, 23.8%). We assume that both strains spread
regionally (CT1903) or locally (Regensburg City)
(CT3109) between 2018 and 2019. The first and only
type of ST1299/vanA detected in Germany until October
2019 was CT1903, dominating almost throughout the
investigation period (with the exception of January-
March 2022). Its cross-border spread to Upper Austria
was then noticed due to outbreaks in 2021.

On the other hand, CT3109 was first detected in
Regensburg in January 2020, and overall, only 18 iso-
lates were detected more than 15 km away from the
City of Regensburg. These were collected primarily
in northern Bavaria, the Rhinehessen region and the
Rhine-Ruhr Metropolitan region. Although CT3109 out-
breaks were not seen between 2016 and 2022, CT1903
was observed. This subtype spread regionally and
nationally in 2021. Up until December 2022, no CT3109
isolate had been reported beyond German borders.

Only 54 isolates, including one from Austria, were
assigned to other CT (Figures 1 and 2). Among them,
CT3338 was the most common (8 isolates).

www.eurosurveillance.org
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FIGURE 2

Timeline of A) complex type and B) geographical distribution of vancomycin-resistant Enterococcus faecium ST1299/vanA

cases, Germany and Austria, 2018-2022

A. Complex Type
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| [3337
3338
| (3340
3341
3342
| _[3344
| 13345
5129
6035
6043
6288
6294
6295
6305
6315
6324
632¢
6340
6341
6968
6969
6970
6971
6972
6973
6974
7125
7176
7544
7533

B. Location

Austria
Baden-Wiirttemberg
Bavaria (not Regensburg)
Hesse

North Rhine-Westphalia
Regensburg
Rhineland-Palatinate

Qa: first quarter (1 January-31 March); Q2: second quarter (1 April-30 June); Q3= third quarter (1 July—30 September); Q4: fourth quarter (1

October-31 December).

A. ST1299/vanA was first detected in 2018 at University Hospital Regensburg and another Bavarian city. Starting in 2020, a rapid increase of
ST1299/vanA isolates and the emergence of different complex types (CTs) was observed. Two subtypes, CT1903 and CT3109, predominated

throughout the observed period.

B. The rise in ST1299/vanA cases was associated with a wider geographical expansion. Throughout the studied period, a growing number
of ST1299/vanA were collected from blood cultures, as can be seen by the number of German (not Regensburg) isolates provided by the
German National Reference Centre for Staphylococci and Enterococci. By the end of 2021, vancomycin-resistant Enterococcus faecium
ST1299/vanA were seen in Upper Austria in association with clinical outbreaks.

Pairwise isolate comparison by cgMLST uncovered low
local and regional diversity of the isolates through-
out the study period. Among the 313 VREfm ST1299/
CT1903/vanA isolates, a maximum difference of 37
alleles was found with a median of 16 (IQR: 9). The
median difference increased by 1-6 alleles per year
(Figure 3).

The largest shift of the median allelic difference was
seen during 2021. Notably, outbreaks caused by

www.eurosurveillance.org

different subtypes were observed in Regensburg City
(data not shown). Concordantly, while different strains
circulated locally in other German cities, local or
regional clusters (<3 alleles by cgMLST) were detected.
Further, isolates from the same centre and year varied
by up to 22 alleles (Figure 1).

In Austria, STi299/vanA was initially identified
during outbreak-related sequencing, where a median
difference of 2 alleles was seen between ST1299/

7
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FIGURE 3

Allelic differences according to pairwise comparison of isolates for A) CT1903 and B) CT3109 collected at University
Hospital Regensburg and the Hospital of the Merciful Brothers Regensburg, Germany, 2018-2022
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The X-axis of each graph is the number of isolates, the number below each bar delineates the number of allelic differences of pairwise
compared isolates. Isolates collected at University Hospital Regensburg and the Hospital of the Merciful Brothers Regensburg during the
same year differ by a maximum of 34 (CT1903) and 22 (CT3109) alleles per year. Allelic diversity can be seen to increase every year: the
progression of the median allelic difference by cgMLST was 1-6 per year (orange box).

CT1903/vanA isolates from the same hospital (Figure 1)
[20]. However, the overall median difference between
Austrian isolates was 20 alleles. Nonetheless, all but
two Austrian isolates were assigned to the same clus-
ter (Figure 1).

For CT3109, which likely emerged after CT1903, there
was a maximum difference of 23 alleles (median: 10
alleles) and a more stable median progression of two
(2020-2021) and one (2021-2022) allele per year,
respectively. To date, the authors have not detected
outbreaks of (CT3109 using the cluster definition
described above.

Origins of ST1299/vanA

Comparison of D6593 as reference genome to endemic
local isolates detected an ST992/CT7179 isolate from
2016 asthe closestrelation (difference of 273 alleles and
6,495 SNP, respectively) (Figure 4 and Supplementary
Table S1). In contrast, two ST17 and two ST18 isolates,
that differed by over 300 alleles, showed differences
offewer thans,000 SNP in a pairwise comparison, the
nearest being 4,250 SNP. The remaining 21 isolates
used for comparison belonged to ST78, ST80, ST117,
ST186, ST192, ST202, ST208, ST721, ST780, ST1478,
and differed by 5,088 to 7,892 SNP and between 303
and 402 alleles, respectively.

Comparison of D6593 with a broader range of iso-
lates, namely the PubMLST Genome database, found
the closest isolates to be from within ST80, albeit at
a distance of 283 alleles (Figure 5). Concordantly, on
an MLST level, STi1299/vanA and ST8o only differed
by 1 SNP in the purk gene — namely 313G>A. However,
five other less common STs also differed by 1-2 SNP
in purk only (see Supplementary Table S2).

Recombinations were identified within the collection of
ST1299/vanA (Figure 6), with SNP diversity still appar-
ent, as seen by long branches. This suggests under-
lying genomic backbone diversity, rather than high
genomic identity across STi1299/vanA masked only by
recombination.

Temporal modelling of the phylogeny suggests a most
recent common ancestor of the clade in 1959 (95% Cl:
1946-1972). The lack of data from that period prevents
a precise analysis of ST1299/vanA «s origins.

Discussion

We describe the path of the new VREfm strain ST1299/
vanA during its spread from local via regional (2018)
to cross-border level (2021) by using a combination of
WGS and a large, cross-border strain collection. This
collection initially included all cases known to the
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FIGURE 4

FIGURE 5

Phylogram of ST1299/vanA putative ancestral strains from
the University Hospital Regensburg database, Germany,
2004-2020
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SNP: single-nucleotide polymorphism; ST: sequence type.

Of a total of 24 strains frequently detected at University Hospital
Regensburg between 2004 and 2020, only four differed
by<5,000 SNPs from the STi299/vanA reference strain from
2018. ST18 isolates were most closely related to ST1299/vanA,
differing by only 4,250 and 4,424 SNPs, respectively.

UHoR, then cases known to the German NRC, AGES, and
MBR. By 2022, only eight further STi299/vanA isolates
had been reported regionally, specifically from two
German cities (Erlangen and Hamburg), whereas 19
further isolates were seen internationally [18,21]. The
earliest international case was detected in Denmark in
2017, differing by 77 alleles from isolates later found in
Austria [20].

Our data show a rapid expansion of ST1299/vanA that
started concomitantly in 2018 in Regensburg and
another Bavarian city [17]. The cgMLST analysis
revealed a polyclonal spread with 32 CTs detected
throughout the study period. Of these, two subtypes
- CT1903 (430 isolates) and later CT3109 (151 isolates)
- made up 91.5% of isolates, whereas most other CT
isolates were represented by single figures.

While only a few cases were seen during the first years,
namely 2018 and 2019, rapid outbreak-related local,
regional, and then national spread was observed,
starting in 2020. Although only a small outbreak
including four patients was detected in 2020, several
VREfm outbreaks were reported during the COVID-19
pandemic [14,36-38]. The United States Centres for
Disease Control and Prevention (US CDC) registered
14% more nosocomial VREfm cases than in 2019 [39].
Larger VREfm outbreaks were seen at UHoR in 2021 and
2022 (data not shown). Due to missing hospitalisation
details from other participating centres, the impact of
the pandemic is not quantifiable. Moreover, increased
antibiotic consumption - most likely in severely ill

www.eurosurveillance.org

GrapeTree rendering of the PubMLST comparison of
genome D6593 against the genome collection using all
available loci

ST (MLST)
Waonn
218112
[ 1299 1]

Only the closest cluster is depicted for clarity. The text in the
circles indicate the isolate identity as provided by the PubMLST
database. The numbers on the lines indicate the numbers of
differing alleles according to pairwise comparison by cgMLST.

COVID-19 patients - starting in 2020 may have pro-
moted the spread of VREfm by promoting antibiotic
selective pressure.

The first cases from our collection seen outside Bavaria
were from the state of North Rhine-Westphalia, involv-
ing subtype CT1903, and in 2022 the state of North
Rhine-Westphalia for CT3109. Moreover, the initial
spread of these two CT differed geographically (CT1903
in southern Bavaria and North Rhine-Westphalia,
CT3109 in Regensburg and northern Bavaria). Subtype
(CT3109 was also found in wastewater from Erlangen,
Germany, strengthening a potential origin outside
Regensburg [19]. No CT3109 isolates were detected in
Austria between 2016 and 2022. As genome-oriented
surveillance for VREfm is not required in Austria or
Germany, we cannot exclude that other regions were
also affected by VREfm STi299/vanA [40]. However,
recent literature from Bavaria does not report the
detection of VREfm ST1299/vanA [41,42]. Moreover, the
NRC recorded that simultaneous VREfm/vanA cases
from northern Germany were predominantly ST80/
CT1470 and ST117/CT929 [15].

Of all the ST1299/vanA cases at UHOR, 4.8% (22/460
isolates) were from BC. This may indicate that while
ST1299/vanA has high transmission potential, it is not
highly prone to develop to BSI compared with other STs
[43,44]. With this hypothesis, given that 69 of 849 iso-
lates (including one from Regensburg) from BSI sent to
the NRC were identified as ST1299/vanA between 2018
and 2022, we assume that there may be a high number

9
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FIGURE 6

Recombinations within ST1299/vanA as identified by Gubbins
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Recombination adjust phylogeny is shown on the left with tracks illustrating identified recombinations (in more than one genome in red and in
single genomes in blue to the right). Identified by Gubbins version 3.3.0 [33]. Figure generated in Phandango [52].

of unreported cases in southern Germany [15,45,46].
This is even more concerning as according to Ubeda et
al. and Willems et al., VREfm colonisation precedes BSI
and ST1299/vanA may thus become a clinical problem
during further spread [47,48]. However, as WGS is
becoming increasingly available in different institu-
tions, some uncertainty remains regarding possible
gaps in the NRC data [15]. Data from a large prevalence
study performed in October 2020, however, shows
that ST1299/vanA was not detected further north than
Frankfurt am Main [49].

The first strains detected beyond the German border
were found in Upper Austria during the analysis of
clinical outbreaks [20]. Due to the immediate prox-
imity of Upper Austria to the main region of ST1299/
vanA endemicity in Germany and the late detection
of the first STi299/vanA cases, we hypothesise that
patient transfer between countries may have caused
the dissemination across the German-Austrian border.
Similar events were described at the German-Dutch
border, portraying the implications of globalisation on
the spread of VREfm [50].

One important result of this study is the rate of nt sub-
stitution. Although it is known that VREfm evolves at a
slow pace — 5 single nt polymorphisms per year accord-
ing to Howden et al. — significant uncertainty remains
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about cgMLST’s limitations for outbreak management
and genomic surveillance [51]. This large early isolate
collection shows high clonality, hindering differentia-
tion between regional strains and true outbreak clus-
ters (median allelic difference of nine in 2019). A shift in
the median difference by six alleles per year was seen
in 2021, when different strains caused large outbreaks
in Regensburg. Thus, analysis of outbreaks involving
emerging strains must be evaluated critically and in a
regional epidemiological context. Moreover, the data
show that cluster definitions of<20 alleles overesti-
mate transmission events for endemic clonal lineages
and could explain the conflicting results of previous
studies on IPC [11,26]. In addition, WGS-based sur-
veillance needs sufficient data on the epidemiological
background to differentiate between transmissions
and ‘young’ emerging strains [14].

Our attempt to identify the ancestors of STi299/
vanA detected that on a MLST level, seven PubMLST
sequence types collected before 2018, including the
worldwide predominant ST8o, differed by 1-6 SNP
(see Supplementary Table S2). Moreover, a Dutch ST80
isolate from 2015 from the international strain collec-
tion available in the PubMLST database was identified
as closest related to the hybrid assembly of D6593.
However, the common ancestor of our isolate collec-
tion is likely a clade from 1959. Among endemic strains
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detected before 2018, ST992, ST17 and ST18 were most
similar to ST1299/vanA. Limitations of the analysis
include arbitrary isolate selection from the UHoR data-
base, a low number of strains used for comparison and
missing data from 2011 to 2015.

Further limitations to our study include variability in
screening criteria, possible underestimation of diver-
sity due to sequencing of subcultures of only one
colony, the voluntary and commonly outbreak-related
submission of isolates to the NRC, missing WGS-based
surveillance data from other hospitals and the cross-
border strain collection in Upper Austria.

Conclusion

Our unique strain collection demonstrates that the
recent emergence of STi1299/vanA and outbreak-
mediated propagation both led to high local and
overall clonality. Tracing the transmission chains of an
emerging strain remains challenging. Moreover, the
ability of different CTs to move from local and regional
dominance to a cross-border level varies. Thus,
genome-based surveillance is needed at a national
and international level to promptly identify emerging
epidemic strains, and to enable the prevention of com-
parable spreads, the correct identification of VREfm
outbreaks and possibly even to achieve the missing
international consensus regarding IPC.
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