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Molecular analysis and 
epidemiological typing of 
Vancomycin-resistant Enterococcus 
outbreak strains
Anbjørg Rangberg1, Astri Lervik Larsen1, Oliver Kacelnik2, Hanne Skarpodde Sæther1, 
Marthe Bjørland1, Jetmund Ringstad3 & Christine Monceyron Jonassen1,4

Outbreaks of multidrug resistant bacteria including vancomycin-resistant enterococci (VRE) in 
healthcare institutions are increasing in Norway, despite a low level of resistance compared to other 
European countries. In this study, we describe epidemiological relatedness of vancomycin-resistant 
Enterococcus faecium isolated during an outbreak at a Norwegian hospital in 2012–2013. During the 
outbreak, 9454 fecal samples were screened for VRE by culture and/or PCR. Isolates from 86 patients 
carrying the vanA resistance gene were characterized using pulsed-field gel electrophoresis (PFGE), 
MALDI-TOF mass spectrometry and single nucleotide polymorphism typing. PFGE revealed two main 
clusters, the first comprised 56 isolates related to an initial outbreak strain, and the second comprised 
21 isolates originating from a later introduced strain, together causing two partly overlapping 
outbreaks. Nine isolates, including the index case were not related to the two outbreak clusters. In 
conclusion, the epidemiological analyses show that the outbreak was discovered by coincidence, 
and that infection control measures were successful. All typing methods identified the two outbreak 
clusters, and the experiment congruence between the MALDI-TOF and the PFGE clustering was 63.2%, 
with a strong correlation (r = 72.4%). Despite lower resolution compared to PFGE, MALDI-TOF may 
provide an efficient mean for real-time monitoring spread of infection.

Enterococci are commensals of the gastrointestinal tract of humans and other mammals but are also a leading 
cause of healthcare associated infections1. Enterococcus faecalis is responsible for about 80% of all enterococcal 
infections in humans, while Enterococcus faecium causes only about 20% of the infections2. Vancomycin-resistant 
enterococci (VRE) were discovered in 19803,4, and have become one of the most problematic multiresistant hos-
pital associated pathogens5. E. faecium represents the majority of the VRE6.

Glycopeptide antibiotics are key drugs used in the treatment of enterococcal infections, especially those 
caused by E. faecium, which is typically resistant to penicillin antibiotics. Vancomycin resistance is due to the 
synthesis of modified cell wall precursors with decreased affinity for glycopeptides7. There are two vancomy-
cin resistance gene clusters of clinical relevance: the vanA operon and the vanB operon8, normally carried on 
the transposable elements Tn1546 and Tn15499,10. The resistance genes can be transferred between strains by 
plasmids and through conjugative transposons. Globally, the vanA gene cluster is the most prevalent, and it is 
predominantly carried by E. faecium11.

VRE infections are increasingly common, difficult to treat and often appear as part of long-lasting outbreaks 
in health care institutions, presenting tremendous challenges for infection control12. Apart from individual 
outbreaks13, vancomycin resistance in enterococci is still rare in Norway compared to countries in eastern and 
southern Europe14,15 and the USA, where a high percentage of resistance is reported16. In Europe, the mean rate 
of vancomycin resistance in invasive E. faecium (VREfm) in 2016 was 11.8% with a very high geographic varia-
tion14. In Norway, both infection and colonization with VRE are notifiable conditions. Until 2010, the number of 
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reported VRE cases was low, with an average of only four cases each year17. In 2010, a major VRE outbreak was 
discovered at Haukeland University Hospital on the west coast of Norway, leading to 289 reported cases of VRE 
infection or colonization. This outbreak was caused by E. faecium with the vanB resistance gene18.

The outbreak at Østfold Hospital Trust described in this study (the SØ12 outbreak) began in August 2012, and 
is to date the second largest VRE-outbreak recorded in a Norwegian hospital. During the five year-period prior to 
outbreak, only two VRE isolates were reported from the county of Østfold, both of those in 2011.

In retrospect, we analyzed the VRE isolates identified in the course of the outbreak by using Pulsed Field Gel 
Electrophoresis (PFGE), often considered the gold standard profiling method for epidemiological investigations 
of bacterial outbreaks19, and MALDI-TOF mass spectrometry (MS), as well as Single Nucleotide Polymorphism 
(SNP). The aim of the study was twofold. The first aim was, based on the PFGE results, to understand the dynam-
ics at different stages of this low prevalence outbreak and evaluate the infection control measures that were taken. 
The second aim of the study was to evaluate whether typing and clustering based on results from the simpler and 
faster SNP and MALDI-TOF methods are comparable to those obtained when using PFGE, thus providing a 
more immediate information channel in future outbreaks.

Materials and Methods
Ethics statement.  The study was registered as a quality control project at the Norwegian Centre for Research 
Data (project number 39871). A request of assessment was sent to the Regional Committees for Medical and 
Health Research Ethics, and a full application was not considered necessary.

Outbreak patient population and infection control measures.  The SØ12 outbreak was discovered 
when a vanA VREfm was isolated from the wound of a patient with a surgical site infection. The patient was 
hospitalized in one of the hospital surgery wards. This led to screening of all inpatients on this ward. In this initial 
screening, three more VRE-positive patients were found and a nosocomial outbreak of VRE was thus recognized. 
In order to contain the outbreak, interventions and enhanced infection control policies were implemented imme-
diately in all hospital wards. In departments where antibiotic pressure was considered high (e.g. department of 
infectious diseases, intensive care units), all inpatients were tested for VRE.

Throughout the following year, screening of all inpatients was repeated at regular intervals, in order to dis-
cover if the outbreak had spread to new bed units. To avoid further spread of VRE in the hospital, all VRE-positive 
patients were isolated with contact precautions. The medical records were labeled so that patients colonized with 
VRE could be recognized on future admissions.

The importance of hand hygiene was emphasized, and the number of available dispensers for hand disin-
fection was increased. In the outbreak wards, cleaning in general, and point disinfection in particular, were 
reinforced, and hospitalization of patients in the ward corridor was no longer accepted. Patients who had been 
admitted to the hospital while the spread of VRE was assumed to be at the highest (July–September 2012) were 
screened if rehospitalized. Each new VRE case led to further screening of all patients on the ward in which the 
patient was hospitalized. Prior to the outbreak, the hospital already cooperated well with the municipal health 
services and this was very useful in the outbreak setting. Patients were screened before transfer between the 
hospital and primary health care institutions. To discover satellite outbreaks, thorough screenings were also 
conducted in nursing homes where residents were VRE-positive. VRE-sampling was also performed ahead of 
transfer to other hospitals, and with readmission of patients who had previously stayed at the hospital during the 
outbreak period. In accordance with recommendations from the Norwegian Institute of Public Health, hospital 
staff was not tested20.

From October, the number of new cases was declining steadily, from eight cases in November 2012 to one case 
per month in May and June 2013. In July and August 2013 all patients on the major wards were screened, and no 
more cases were detected. The outbreak was considered over after the last screening in August.

VRE laboratory screening.  VRE sampling was conducted using rectal swabs (Amies agar gel, Copan, 
Murrieta, USA) that were subsequently inoculated directly onto a chromogenic agar (VRE CHROMagar, 
SmithMed, Ås, Norway) and incubated for 48 hours. Identification was done by using the rapidID 32 strep system 
(bioMerieux, La Balme les Grottes, France), and in addition PYR-, LAP-, and sulfa disk results were recorded.

The vancomycin minimum inhibitory concentration (MIC) was determined using E-test (bioMerieux, La 
Balme les Grottes, France), and interpreted according to the clinical breakpoints by the European Committee on 
Antimicrobial Susceptibility Testing (EUCAST). Resistance was confirmed by detection of the vanA resistance 
gene by PCR analysis21.

In addition to culture, a vanA/vanB VRE PCR (Xpert vanA/vanB Cepheid, Sunnyvale, USA) was performed 
directly on sample material (i.e. without prior culture) in situations when a rapid result was particularly impor-
tant. In most cases this PCR test was used before transfer of patients to other health care institutions, but to con-
firm VRE carriage a positive result from culture was also required.

All isolates were stored at −70 °C, and genotyping analyses were performed retrospectively.

Pulsed-Field gel electrophoresis.  PFGE was performed based on the procedure of Murray et al.22 and the 
improved protocol from Turabelidze et al.23. Some modifications were made to achieve optimal results. Cultures 
identified as vancomycin resistant E. faecium were harvested, washed with cell suspension buffer (10 mM Tris-HCl 
and 1 M NaCl), and 1 mg/ml lysozyme and 0.04 Units/ml mutanolysin were added immediately before 1:1 addi-
tion of 2% low-melt pulsed-field agarose (Bio-Rad, Hercules, USA). An aliquot of the mixture was transferred 
to a plug-mold and left to set. To achieve optimal cell-lysis, lysis was performed for 1–3 hours at 37 °C. The plugs 
were washed twice in dH2O, proteolysed at 50 °C overnight, and washed 5 times in TE-buffer (10 mM Tris-HCl, 
0.1 mM EDTA). Digestion with SmaI (Promega Corporation, Madison, USA) was performed for minimum 
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4 hours at 25 °C or overnight at room temperature. Electrophoresis was performed using the CHEF-DR III appa-
ratus from Bio-Rad Laboratories. The gel was stained for 30–90 minutes with SYBR-gold Nucleic acid Gel Stain 
(Thermo-Fisher Scientific, Waltham, USA), and visualized on GelDoc EZ Imager and blue tray (Bio-Rad). The 
band pattern was interpreted by visual inspection using established criteria from Tenover et al.24, and analysed 
by BioNumerics 7 (Applied Maths NV, Sint-Martens Latem, Belgium) with Dice Coefficient. It was represented 
by unweighted pair group method with algorithmic mean (UPGMA) with 0.75% optimization and 1% tolerance.

For quality control and standardization between experiments the vanB positive E. faecium V583 was plugged, 
cut and analysed in parallel with up to 12 additional isolates on PFGE.

SNP genotyping.  Based on an MultiLocus Sequence Typing (MLST) database25, a single nucleotide poly-
morphism (SNP) based genotyping method using informative SNPs and an allele specific real-time PCR method-
ology, has been developed to study the population structure of clinical E. faecium and E. faecalis26.

VRE isolates were cultivated on blood agar (Oxoid Ltd., Hampshire, UK) and further sub-cultured in Brain 
Heart Infusion (BHI) broth (Oxoid). Total DNA was extracted using the DNeasy® Blood and Tissue kit according 
to the protocol for isolation from Gram-positive cells (Qiagen, Venlo, Netherlands). The previously developed 
highly-discriminatory SNP genotyping method was performed for profiling the isolates using eight allele-specific 
real-time PCRs26. Primers are listed in Supplementary Information Table 1. Each reaction was performed in 25 µl 
containing 12.5 µl 2x QuantiTect SYBR Green PCR mastermix (Qiagen), 0.3 µM of each primer (Thermo-Fisher 
Scientific) and approximately 200 ng genomic DNA. Cycling was performed on the AriaMX Real-Time PCR 
system (Agilent Technologies, Santa Clara, CA, USA) as previously described26, and isolate-specific SNP profiles 
of VRE isolates were generated based on the polymorphism presented at each SNP. Sanger sequencing was used 
for SNP confirmation for a few cases where the nucleotide polymorphism in the 3′end of the primers yielded 
ΔCT < 3 between matched and unmatched primer in the real-time PCR, defined as the threshold for identifica-
tion of SNP site.

MALDI-TOF MS.  The isolates were cultivated on blood agar overnight, and an ethanol/formic-acid extraction 
procedure was performed according to the manufacturers’ recommendations (Bruker Daltonik). MALDI-TOF 
MS spectra from the extraction products were obtained on a Microflex LT (Bruker Daltonics, Massachusetts, 
USA) and analyzed with FlexControl Software 3.0. All strains were spotted in duplicates or triplicates, and each 
replicate was measured three times. The resulting spectra were assembled in order to generate a mean spectrum 
profile (MSP) for each analyzed strain, and downloaded into the BioNumerics software version 7.5. An UPGMA 
dendrogram (unweighted pair group method with algorithmic mean) was created using Pearson correlation as 
similarity coefficient.

Medical records and epidemiological analyses.  As part of the measures taken during and after the 
outbreak, medical records of all patients with a positive finding for VRE were included in an outbreak database 
used to guide epidemiological investigations, including risk factors and outcomes. These data contributed to this 
study in terms of mapping the development of the outbreak (i.e. number of admissions, which wards and when 
the patients were in the hospital). Genetic characterization of the isolates by the PFGE was used for epidemiolog-
ical characterization of the outbreak.

Results
Contact tracing and screening revealed a total of 89 cases before the outbreak came to an end. 86 patients were 
colonized, while only three had an infection. All isolates were E. faecium harboring the vanA resistance gene. 
Three of the SØ12 cases were identified at other hospitals, and were not available for further analysis in this study.

A total of 86 vanA VREfm isolates were identified as part of the SØ12 outbreak at our hospital, through 
screening of a total of 9454 samples (Fig. 1). Among these, 2097 Xpert vanA/vanB VRE PCR analyses were per-
formed directly on sample material during the outbreak, leading to the detection of the vanA gene in 31 samples, 
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Figure 1.  VRE screening during the SØ12 outbreak. Number of screened fecal samples (blue line) and patients 
positive in at least one sample (red line) during the 2012–2013 VRE outbreak at Østfold Hospital Trust. 
Distribution of patients positive for VRE was highest in September with 33 positive isolates. By July 2013, no 
more positive samples were found among the screened samples.
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of which 26 were confirmed by culture. The negative predictive value of the vanA part of the PCR test was 99.95%. 
The vanB gene PCR was positive in 1077 of the samples, but no vanB VREs were isolated by culture. Hence, the 
negative predictive value of the vanB part of the test was 100%, but the specificity was only 48.6%.

All 86 outbreak isolates were phenotypically and genotypically resistant to glycopeptide antibiotics. The MIC 
values for vancomycin for all isolates were ≥256 µg/mL. All isolates were also resistant to ampicillin.

Clonal analysis by PFGE.  The PFGE pattern of smaI restricted chromosomal DNA from the 86 VRE iso-
lates revealed two main clusters using a similarity cut-off >88% (Fig. 2a), indicating that two genetically different 
strains of E. faecium caused two overlapping outbreaks. Seventy-seven of the VRE isolates belonged to one of 
these two clusters, while the remaining VRE isolates (n = 9, 10.5%), including the presumptive index case isolate, 
showed heterogeneous and unique PFGE patterns and were probably not related to any of the two main clusters, 
i.e. these were likely sporadic cases.

The largest cluster (cluster 1) consisted of 56 isolates (65.1%) and contained all strains isolated during the first 
12 weeks of the outbreak, except for seven sporadic strains. By visual inspection and a similarity cutoff >94% this 
cluster was further divided into five pulsotypes (1.1–1.5). The predominant pulsotype (1.1) comprised 23 isolates 
(26.7%). The second most dominant pulsotype (1.2) comprised 17 isolates (19.8%). Several isolates were indistin-
guishable from each other and hence clonally identical.

The second cluster (cluster 2) showed a distinct pattern, compared to cluster 1, and consisted of 21 isolates 
(24.4%), corresponded to a second strain which was introduced at a later time point during the outbreak (Fig. 3). 
By visual inspection and a similarity cut-off >94% this second group was further divided into five pulsotypes 
(2.1–2.5). The predominant pulsotype in the second group (2.1) comprised 15 isolates (17.4%).

MALDI-TOF MS typing.  Identification was confirmed by MALDI-TOF MS after the outbreak had ended. 
All isolates were identified as E. faecium with a log (score) ≥2.3, which is above the score value 2.0 needed for 
species identification according to the manufacturer. Analysis of the MSP spectra divided the isolates into two 
clusters, with >90% similarity in each, as shown in Figs 2b and 4. The initial outbreak cluster contained 43 isolates 
(50%), while 23 isolates belonged to the second cluster (26.7%) and 20 isolates (23.3%) did not belong to any of 
the two main clusters using 90% similarity as cut-off. All isolates assigned to cluster 1 or 2 by MALDI-TOF were 
also assigned to the corresponding cluster 1 and 2, respectively, by PFGE, with three exceptions. One strain found 
unrelated to the two outbreak clusters with PFGE was placed in cluster 1 by MALDI-TOF and two other unre-
lated strains were placed in MALDI-TOF cluster 2. Furthermore, MALDI-TOF identified less isolates belonging 
to cluster 1 than PFGE; 43 vs 53 isolates. A total of 20 vs nine isolates were not classified to either of the two main 
clusters by MALDI-TOF compared to PFGE.

Using Pearson Correlation the congruence between PFGE and MALDI-TOF was found to be 63.2% and the 
correlation (r) was strong (72.4%). However, regarding further sub-clustering within the two main clusters, the 
congruence between PFGE and MALDI-TOF was only 3.0% and 26.3% and the correlation was low (17.1%) and 
medium (48.5%) for cluster 1 and 2, respectively (Fig. 2).

SNP polymorphism.  Genotyping of the 86 isolates using eight allele-specific primers and real-time PCR 
revealed three SNP profiles among the isolates (A-C listed in Table 1 and shown in Fig. 2). The dominant profile 
GGCAGACC (profile A) was shared by 60 isolates in our collection (69.8%), including the 56 isolates belong-
ing to the PFGE outbreak cluster 1 (Fig. 2). The SNP profile GGTAGGCC (profile B) was shared by 23 isolates 
(27.7%), including all strains from the PFGE cluster 2. Three isolates (3.5%) including the index case isolate and 
two unrelated strains shared the SNP profile GATAGATC (profile C). For 20 isolates, polymorphisms present in 
the gyd160 SNP site showed a ∆CT value below the set threshold between matched and mismatched primer, and 
these sites were therefore also determined using Sanger sequencing. Moreover, the SNP site pstS87 was confirmed 
by Sanger sequencing for two isolates, and SNP site atpA188 for another two isolates.

Medical records and epidemiological findings.  Cases were reported from more than ten different wards 
out of a total of 23, including both medical and surgical specialties. Retrospective review of hospital admissions 
showed that many patients were admitted to multiple wards during their hospital stays. VRE-positive patients 
had in general more hospital admissions (in average 3 admissions of positive patients vs 1 admission of negative 
patients), and longer exposure (mean = 12 days for VRE-positive patients vs 6 days for VRE negative patients). A 
total of 40 VRE-carrying patients were identified in the first two months of the outbreak (August and September 
2012).

The majority of patients from VRE cluster 1 (44 out of 56 patients) were hospitalized in July, August or 
September 2012 (Fig. 3) in one of the following three hospital wards, referred to as the index outbreak wards: 
Gastric surgery, Infectious diseases, and Pulmonary diseases. Seven of the remaining 12 patients were indirectly 
associated with one of these three hospital wards. They had been hospitalized together with a VRE-positive 
patient with previous stay at one of these wards during July-October, however at the time the VRE-positive diag-
nosis was not yet stated. In particular, in March 2013, four isolates with pulsotype 1.2 (ID 77–80) were identified 
(Fig. 2), even though this pulsotype, or any isolate belonging to cluster 1, had not been found since January 
2013. Review of their medical records showed that patients numbered 78–80 were hospitalized simultaneously in 
March at the same ward, and that patient number 78 had previously been hospitalized at one of the three index 
wards on two occasions in July 2012, before the primary outbreak was discovered.

None of the 21 isolates belonging to cluster 2 were isolated from patients that had been admitted to any of the 
index outbreak wards in the three first months of the outbreak. Before proven positive, 15 of these patients had 
tested negative in earlier screening tests conducted after the peak of the outbreak.

https://doi.org/10.1038/s41598-019-48436-2


5Scientific Reports |         (2019) 9:11917  | https://doi.org/10.1038/s41598-019-48436-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

Figure 2.  Clustering of the SØ12 VRE isolates. (a) Dendrogram of SmaI macro-restriction pattern resolved in 
PFGE of VRE E. faecium with vanA. The UPGMA tree illustrates the distance between isolates. The two boxes 
show the two main clusters of isolates displaying >88% similarity, while the pulsotypes defined with >94% 
similarity and visual inspection are differentiated with colors and number. Pulsotype 1.1–1.5 (green/blue) 
belongs to cluster 1, while pulsotype 2.1–2.5 (red/pink/brown) belongs to cluster 2. The index case strain (ID 
1) is highlighted with a yellow box. (b) Dendrogram of the same isolates of VREfm resolved with MALDI-TOF 
MS. The two boxes indicate the two main clusters identified with >90% similarity. The pulsotypes are assigned 
by PFGE in (a).
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Discussion
Spread of VRE is a serious issue in many hospitals. Rapid and sensitive microbial detection is important to limit 
the spread of infection, and determination of epidemiological relatedness is necessary for investigation of con-
tamination patterns of resistant bacteria, and for outbreak management. Genotyping results are, however, often 
available only far into the outbreak, or even after the situation has ended.

In this study, we describe epidemiological relatedness of Vancomycin-resistant E. faecium isolated during the 
SØ12 outbreak at a Norwegian hospital in 2012–2013. We first aimed to consider the infection control measures 
in light of the PFGE-based genetic characterization, which revealed that the outbreak consisted of two large clus-
ters of strains with >88% similarity (Fig. 3), rather than just one as anticipated.

From screening conducted throughout all hospital wards, the majority of patients with VRE strains in PFGE 
cluster 1 were hospitalized within the three consecutive months July, August and September 2012, in only three 
of the 23 hospital wards (the three index wards). In addition, a few isolates belonging to cluster 1 were detected 
in patients hospitalized together in March 2013, of which one had previously been hospitalized in one of the 
index wards July 2012. Likely, this patient carried the infection at that time, and initiated the small outbreak when 
rehospitalized March 2013. In conclusion, spread of isolates belonging to cluster 1 seems to mainly have taken 
place in three hospital wards (Gastric surgery, Infectious diseases, and Pulmonary diseases) during a three-month 
period starting from July 2012, before the outbreak was recognized. After the discovery of the first VRE isolate 
mid-August 2012, 49 isolates were identified by the end of October, 42 belonging to cluster 1 and seven sporadic 
cases. Following initiation of infection control measures throughout September, a continuous and rapid decreas-
ing incidence could be seen, proving that the increased focus on infection control and the measures taken were 
highly effective in limiting the outbreak. The importance of hand hygiene and other infection control issues in 
limiting the spread of hospital bacteria is also well documented in previous studies27–30.

A distinct VRE strain introduced in November 2012 gave rise to a second outbreak (PFGE cluster 2), just as 
the initial outbreak was declining. The majority of isolates belonging to cluster 2 were from patients who had 
not been hospitalized in any of the three index outbreak wards in the three summer months of 2012, and most 
of these patients had screened negative in the early phase of the outbreak. This second cluster primarily affected 
other hospital wards than those affected in the initial part of the SØ12 outbreak. The better understanding of the 
outbreak dynamic obtained with PFGE genotyping results underscores the great importance of the implemented 
infection control measures. The fact that a new cluster was identified makes it less likely that the last part of 
the SØ12 outbreak was due to relocation of patients or failure of preventive strategies, which was a reasonable 
hypothesis before the genotyping results were available. The second outbreak did not spread as much as the first, 
probably because effective infection control measures were already established.

An interesting finding in this study is the fact that the first (index case) isolate, which was a clinical isolate and 
the reason why screening was initiated, was unrelated to any of the two outbreak clusters, and hence not actually 
linked to the large outbreak in the three index wards caused by cluster 1 VRE strains. Thus the outbreak was 
discovered by coincidence, which underscores the need for systematic screening of potentially at-risk patients, 
including all patients transferred from hospitals abroad or from central large hospitals, for early detection of 
hospital outbreaks.

As is common in outbreaks with VRE, the majority of VRE-positive patients in our study was colonized with 
the bacteria, but did not have an infection. The strains found unrelated to both cluster 1 and 2, including the index 
case isolate, may have originated from patients colonized with VRE prior to the outbreak. It is unknown how long 
VRE is carried, but colonization could persist from weeks to months31–33, hence colonized patients will occasion-
ally be admitted to hospitals and other health care institutions. However, three of the nine unrelated isolates were 
found in patients who had screened negative for VRE in an early phase of the outbreak, and thus the place and 
time for their colonization remains unknown.
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Figure 3.  Monthly distribution of cluster 1 and cluster 2 related strains. Strains belonging to cluster 1 (green 
line) and cluster 2 (red line) are defined by >88% similarity by PFGE during the outbreak period. Strains 
unrelated to the two main clusters are not included in the chart. Most of the isolates in cluster 1 were found 
during screening September and October 2012, concurrent with the decline of positive isolates related to strains 
in cluster 1, cluster 2 related strains were introduced in November 2012.
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In our outbreak setting, we could successfully use a vanA/vanB PCR method for rapid identification of 
vanA-VRE, as part of the outbreak control strategy. The negative predictive value of the test was excellent, and 
isolation precautions could therefore be terminated when a negative test result was recorded. The method had, 
however, a poor specificity and a high false positive rate for the vanB gene, also described by others34,35. The 
reason is most likely the frequent occurrence of this gene in various other bacterial species in the human gut. 

Figure 4.  Minimum spanning trees demonstrating the relatedness among SØ12 E. faecium isolates. The 
network length between the isolates based on cluster analysis of the (a) PFGE, (b) MALDI-TOF and (c) SNP 
results are shown. Pulsotypes are indicated with colors; green and blue correspond to isolates in cluster 1, while 
red and pink correspond to isolates in cluster 2. Unrelated strains are illustrated colorless, except for the index 
case strain in yellow color. For PFGE, the total network length is 447, and for MALDI-TOF the length is 358. 
The SNP results are viewed as minimum spanning tree (MST).
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Despite this, the Cepheid Xpert vanA/vanB PCR has previously been reported useful in preventing the spread of 
an epidemic vanA/vanB E. faecium strain in a French hospital36.

A second major aim of this study was to assess whether simpler and faster methods, like SNP profiling or 
MALDI-TOF MS, could prove useful in routine monitoring of strains isolated in an outbreak situation, rather 
than the time-consuming PFGE.

By the use of eight informative SNP sites, SNP profiling was previously shown to be a relatively rapid, 
cost-effective and good alternative to MLST characterization of E. faecium isolates26. In our study, we found that 
all isolates belonging to PFGE cluster 1 shared the SNP profile A, while all isolates belonging to PFGE cluster 2 
shared the SNP profile B. Three of the nine strains unrelated to PFGE clusters 1 or 2, shared a third distinct SNP 
profile, including the index strain, while the remaining strains had either A or B SNP profiles. Due to the low 
resolution within the two main clusters, and the inconsistent distribution between strains unrelated to the two 
main clusters, the method will have limitations in small local epidemiological studies, with limited allelic varia-
tion between isolates. Since real-time PCR technology is available in most routine laboratories, the method could, 
however, serve as a good choice for long-term studies of VRE isolates or for international comparison studies 
between hospitals, where the allelic variations at the SNP sites are greater. Furthermore, high-resolution melting 
(HRM) analysis could be used as an additional and parallel typing method to SNP specific real-time PCR. HRM 
analysis incorporates not only information from each key SNP, but also from neighboring SNPs, and this infor-
mation can improve the discriminatory power37.

MALDI-TOF MS has emerged as a fast, easy and low-cost identification method for clinical pathogens. In 
addition, the method is promising for antibiotic resistance detection38, and is shown to be able to distinguish 
between vanB resistant and sensitive E. faecium isolates39. Recent advances in both sample preparation and data 
analysis have increased the methods’ resolution and potential for subspecies level classification of several emerg-
ing pathogens40–43. MALDI-TOF MS has previously been found to differentiate patterns of hospital associated 
strains compared to other strains, but failed in identifying lineage specific markers in E. faecium44,45. In this study, 
we demonstrated that MALDI-TOF MS is a good alternative to PFGE when it comes to time consumption and 
rapid screening, showing an overall strong correlation with PFGE (r = 72.4%). The two methods identified both 
outbreak clusters, but for cluster 1, only 76% of the isolates were correctly assigned with MALDI-TOF, and even 
some strains found clonally identical with PFGE were shown to be less than 90% identical with MALDI-TOF. 
Moreover, within each cluster, only a low or medium correlation between the two methods was found. Altogether, 
these results show a lower discriminating power of MALDI-TOF compared to PFGE at the strain level for E. 
faecium. It is however important to take into account that different typing techniques measure different cellular 
properties46. The strain specificity of MALDI-TOF MS is confined since mainly conserved ribosomal proteins are 
detected47, and evolutionary DNA changes observable with genotypic typing techniques are less likely detected46. 
Discrimination at the strain level is influenced by minor changes in the mass spectra, which highlights the impor-
tance of applying similar culture conditions (i.e. time, growth temperature, medium) and sample preparation 
methods to obtain good spectrum quality and reproducibility48.

The major advantage with MALDI-TOF MS is its wide use as a routine microbial identification technique 
in hospitals worldwide, and typing information is thus readily available during an outbreak. Studies have sug-
gested that the method could serve as a first-line typing tool for investigation of possible hospital outbreaks of 
microorganisms such as E. faecium and Staphylococcus aureus49,50, but optimized and reproducible protocols and 
databases are needed. Based on our findings, although the taxonomic resolution is lower than for PFGE, readily 
available MALDI-TOF results may be of high value for real-time outbreak detection and management. Even if 
MALDI-TOF MS data are not optimal for accurate retrospective epidemiological typing, they could prove useful 
in routine infection surveillance and control strategies.

Although PFGE is a cumbersome method, it has up to recently been considered the gold-standard in epi-
demiological investigation of hospital outbreak situations due to the high resolution and ability to discriminate 
strains with minor genetic changes51. This is especially important in typing hospital associated strains where the 
rate of recombination is assumed to be relatively low compared to the high rate of recombination found else-
where52,53. In our investigation of the SØ12 outbreak, PFGE showed, as expected, and above the SNP profiling and 
MALDI-TOF MS analysis, the best resolution. However, results from all three methods suggested that the SØ12 
outbreak actually embraced two different outbreaks originating from two distinct E. faecium strains. In addi-
tion, all three methods identified the index case strain as unrelated to the two main outbreak strains. The major 
drawback with PFGE is the time consuming laboratory protocol which may hamper or delay the discovery of an 

SNP Profile A SNP Profile B SNP Profile C

pstS452 G G G

atpA485 G G A

gyd160 C T T

purK115 A A A

pstS87 G G G

atpA314 A G A

atpA188 C C T

purK217 C C C

No of isolates 60 24 3

Table 1.  SNP site polymorphism used for genotyping of E. faecium26.
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outbreak. The DNA restriction patterns may differ slightly due to technicalities and technician performances, and 
even if the band pattern analysis is performed by data software, subjective investigation by trained personnel is 
often necessary. Moreover, single variations can occur at restriction sites and lead to more than one band shift 
which may affect the epidemiological investigation19.

Whole genome sequencing (WGS) of bacterial pathogens via Next Generation Sequencing (NGS) technolo-
gies has emerged as a powerful tool for determining the relatedness of bacterial isolates in outbreak situations54–56. 
WGS analysis of entire genomes provides markedly higher resolution than those of conventional methods, and 
full genetic information can be obtained. Investigations of relatedness can be based on entire genome sequences, 
or e.g. in silico MLST or various SNP analyses can be performed. The SNP profiling done in the present work was 
based on eight informative SNP sites26, but several other SNP sites would be of great value for more accurate typ-
ing. Powerful NGS pipelines with reference genomes, e.g. the high-accuracy pipeline BactSNP57, are available for 
reliable epidemiological typing. NGS based methods have previously been shown to yield the best resolution and 
accurate epidemiological concordance of outbreaks with VRE54,58, and could certainly be used to further investi-
gate the SØ12 outbreak. While WGS show many advantages over standard microbiological methods, it is not yet 
widely implemented in routine hospital diagnostics. Notable challenges have included bioinformatics workflow, 
costs, manpower, laboratory infrastructure, and quality control, but the technology is continuously developing 
towards more simple and affordable solutions59,60.

Taken together, our present retrospect analysis of VRE isolates by PFGE allowed us to characterize the 
dynamics of the SØ12 outbreak, which surprisingly consisted of two distinct outbreaks. Moreover, our com-
parison of genotyping and clustering methods showed that despite lower resolution than PFGE, readily availa-
ble MALDI-TOF MS data may be of great importance for infection control and prevention if routinely used in 
real-time microbiological surveillance in health care institutions.

Data Availability
The experimental data that support the findings of this study are available from the corresponding author, A.R, 
upon reasonable request. Medical Records that support the epidemiological finding of this study are not publicly 
available due to privacy restrictions.
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