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Summary 

Enterococci are gram-positive commensals in the human gut microbiota that may cause severe 

infections, especially in immunocompromised and hospitalized patients. Their ability to 

accumulate antimicrobial resistance and virulence genes have been vital in their evolution into 

leading pathogens. Vancomycin resistant enterococci (VRE) are among the most important 

resistant pathogens causing outbreaks worldwide. In this study, we aimed to examine recent 

developments in the epidemiology of VRE in Norway related to the occurrence of novel van-

types and the increasing incidence of VRE from 2010.  

In paper I, we identified and described the first Norwegian vanD-type VRE isolates from two 

patients and reported a novel vanD-subtype, three novel genomic islands harbouring the vanD 

gene clusters, and the first vanD-type vancomycin resistant Enterococcus casseliflavus strain. 

Different subtypes of vanD on different genomic islands and phylogenetic distance confirmed 

that the isolates of the two cases are not clonally related. 

In paper II, we identified the first vanE-type VRE isolates in Norway recovered from the same 

patient 2,5 years apart and described the mobile genetic element harbouring the vanE gene 

cluster, its insertion site, and variations in the vanSE gene which explained why one isolate 

expressed inducible low level and the other isolate constitutive low level vancomycin 

resistance. 

In paper III, we conducted the first comprehensive study on Norwegian VRE and vancomycin 

susceptible Enterococcus faecium at the genomic level and identified the most prevalent cluster 

types, compared their virulomes, and mobile genetic elements harbouring the van gene clusters. 

Our result showed that the globally prevalent clones and particularly concurrent European 

cluster types (CTs) influence the population structure of E. faecium in a low prevalence 

antimicrobial resistance setting like Norway, with similar dynamic sequence type sweeps. The 

prevalent VRE faecium CTs have acquired more virulence determinants than the more diverse 

local VSE faecium population.  
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1 Introduction 

1.1 Description of genus Enterococcus 
Enterococci are Gram positive spherical or ovoid bacteria that can occur as a single cell, chains 

or most often in pairs (diplococci) (1). Enterococci are facultative anaerobes and 

chemoorganotrophs with homofermentative metabolism that are non-spore-forming (1,2). Most 

enterococcal species tolerate harsh environments including up to 6.5% NaCl and are resistant 

to 40% bile. They can grow in temperatures ranging between 5 to 50 °C and even survive at 60 

°C for up to 30 minutes. Additionally, they can survive in the pH ranges of 4.8 to 9.6 (3). As 

ubiquitous bacteria, they have been isolated from various environmental sources, plants, 

fermented food products, and as part of the gut microbiota of humans and animals (4,5). 

Thiercelin first reported Entérocoque in 1899, but it took almost a century to recognize it as a 

separate genus. At first, based on the morphological and biochemical similarities, they were 

classified as group D Streptococcus (Figure 1). This classification was valid until the 1980s (2). 

Although enterococci are serologically related to group D Streptococcus, they are 

phylogenetically more distant. This was the reason behind the reclassification and recognition 

of Enterococcus as a separate genus in 1986 (6). 

 
Figure 1. Timeline of relevant events in the history of enterococci and appearance of vancomycin resistant 
enterococci; Based on García-Solache and Rice (2). 
Various enterococcal species can be isolated from different sources such as seawater (E. 

aquimarinus), surface water (E. moraviensis), plants (E. plantarum), birds (E. alcedinis) and 

humans (E. faecium, E. faecalis, E. gallinarum, and E. casseliflavus), as well as dairy products 
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(E. italicus) (2,7–11). Among 62 species taxonomically verified as enterococci in the List of 

Prokaryotic names with Standing in Nomenclature (LPSN) (as of 29.11.2022) (12), E. faecium 

and E. faecalis are the most important clinical species (13). 

1.2 Enterococci; from a commensal to antibiotic resistant pathogens 

As a part of the normal flora, enterococci are commensal bacteria in the human and animal 

gastrointestinal tract (14,15). Furthermore, they are capable of causing a range of serious 

infections, mainly in hospitalized patients with co-morbidities who are receiving antibiotic 

therapy or suffer from disturbed intestinal microbiota (14). Infections caused by enterococci 

include urinary tract infections, endocarditis, bacteraemia, and intra-abdominal infections 

(14,16,17).  

The ability of enterococci to survive adverse conditions converted them into a well-adapted 

microorganisms within the healthcare environment (2,18). Such capability in enterococci, 

specifically in E. faecium, facilitates their spread and persistence in healthcare institutions and 

makes their control very difficult (19). Additionally, their intrinsic resistance to several 

antibiotics and remarkable capability to acquire transferable resistance make treatment more 

challenging. They also show an increase in virulence factors which improve their ability to 

colonize and infect. Moreover, their ability to acquire novel determinants for virulence and 

antibiotic resistance makes infection control difficult (2,20). 

Enterococci are intrinsically resistant to cephalosporins, lincosamides, and streptogramins and 

have low-level resistance to aminoglycosides. In addition, enterococci can acquire resistance 

against vancomycin, teicoplanin, penicillins, linezolid, streptogramins, daptomycin, and high 

level of aminoglycosides (21). Vancomycin is a valid option in the treatment of invasive 

infections with multidrug resistant enterococci. The spread of VRE is concerning, as only a few 

second-line antibiotics are available to treat infections caused by them (22). Worryingly, there 

has been a 5% increase in vancomycin resistance in E. faecium (VREfm) in the EU/EEA during 

2016–2020 (23). Moreover, the mortality rate of bacteraemia caused by VRE can be increased 

by 2.5-fold  (20), and Hospital costs associated with infections caused by VRE are significantly 

higher than those related to vancomycin-susceptible enterococci (VSE) (24).  

1.3 The most important clinical species of enterococci 

Among enterococci, E. faecalis was previously the leading cause of nosocomial infections. For 

example, over the last decade in the United Kingdom E. faecalis was the major cause of 
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enterococcal infection. But recently, this has changed in favour of E. faecium, which accounted 

for 51% in enterococcal bacteraemia in some regions in the UK between 2017 and 2019 (25). 

E. faecalis is the most virulent Enterococcus but less prone to acquire resistance to antibiotics 

compared to E. faecium. E. faecalis and E. faecium together account for about 75% of clinical 

enterococcal infections in the USA between 2011 to 2014 (2,26). E. casseliflavus, E. 

gallinarum, E. durans, E. hirae, E. mundtii, E. avium, and E. raffinosus are other enterococci 

associated with human infections, more specifically, in patients with concurrent haematological 

malignancies, neutropenia, and previous corticosteroid therapy (2,27). 

1.4 Population structure and phylogeny of E. faecium and E. faecalis 

Phylogenetically, different subpopulations exist within E. faecium species and are referred to 

as "clades". A deep phylogenetic gap divides the two main subpopulations of E. faecium (clade 

A and B) (Figure 2) (28,29). Although sub-clades in clade A remain disputed (30), clade A has 

so far been further divided into sub-clades A1 and A2. Subclade A1 comprises clinical strains, 

while subclade A2 strains are mostly recovered from livestock and domestic animals, as well 

as non-hospitalized persons, and clade B mainly contains human commensal isolates (29–31). 

Clade B strains were recently reclassified and suggested to belong to a different enterococcal 

species, Enterococcus lactis (32). Another way of analysing E. faecium population structure is 

Bayesian-based population genetic modelling. Bayesian Analysis of Population Structure 

(BAPS) software categorizes E. faecium isolates in 13 BAPS or sub-groups. The vast majority 

of isolates of nosocomial origin are clustered in two main sub-groups (groups 2-1 and 3-3) (33). 

eBURST is an older method to divide multilocus sequence typing (MLST) data into 

subpopulation groups and clonal complexes (34). eBURST and phylogenetic analysis of E. 

faecium BAPS (groups 2 and 3) revealed three distinct hospital lineages or clonal complexes 

(CC) (17,18 and 78), indicating different evolutionary paths for BAPS 2-1 (lineage 78) and 3-

3 (lineage 17 and lineage 18) isolates (33). Clade A1 predominantly comprises clinical isolates 

and overlaps E. faecium sub-population clonal complex 17 (CC17) (29). All the methods 

mentioned above have confirmed the existence of E. faecium subpopulations.  

Despite a small genome size and a stable large core genome in E. faecalis, genomic analyses 

reveal a population cohesively connected through homologous recombination. There is 

evidence that hospital-associated E faecalis lineages predate the “modern hospital” era, 

showing selection in an older niche and indicating the generalist nature of this nosocomial 

pathogen (35). 
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Figure 2. Population structure of E. faecium. Maximum-likelihood phylogenies of 1128 E. faecium genomes, 

before masking of recombination events identified using ClonalFrameML, with tips coloured by group assigned 

using Bayesian Analysis of Population Structure. Permission by Elsevier: slightly modified from van Hal et al. 

(30). 
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1.5 The genome of enterococci 

Enterococcal species are known to contain plastic genomes of low GC content (34-45%) (2,36). 

Their genome size varies from 2.3 to 5.3 Mbp, with the predicted gene number ranging from 

2154 to 5107. This variation in the genome size could have resulted from various levels of 

horizontal gene transfer (HGT), including gene insertions and deletions during Enterococcus 

evolution (37). The core genome of the Enterococcus genus contains between 605 to 1,037 

genes (2).  

Phylogenetic studies revealed that the environment significantly impacted the evolution of 

Enterococcus, and strains isolated from similar environments are genetically more related. 

Humans and other mammals are suggested to be the original host of Enterococcus, additionally 

host-shifting happened from mammals and humans to birds, plants and different environments 

(37). 

1.5.1 Open pan-genome of E. faecium 

E. faecium possesses a dynamic open pan-genome (28). The pan-genome includes a species' 

entire set of genes, including both core and accessory genome genes. Core genomes include the 

set of genes shared by all strains within a species, while the accessory part of the genomes is a 

set of additional genes present in a subset of the strains and is the result of HGT (38). In species 

like E. faecium that have an open pan-genome, a large number of genomes are needed to 

determine the accessory genome (28,38). The genomic events contributing to evolution in E. 

faecium are HGT and recombination rather than mutation (39). Genome plasticity can explain 

the variable genome size in E. faecium, which varies from 2.43 Mb to 3.44 Mbp (40). Mobile 

genetic elements (MGEs) such as plasmids, integrative conjugative elements (ICEs), 

transposable elements (Tns), and temperate bacteriophages are common agents of HGT in 

enterococci (41).   

1.5.2 Barriers of HGT in enterococci 

CRISPR-cas system in E. faecium 

Bacteria have developed barriers to protect themselves from foreign DNA and prevent HGT. 

The sequence-based mechanism of clustered regularly interspaced short palindromic repeats 

(CRISPR) called CRISPR-cas system is one such defence barrier that use RNA-guided 

nuclease to prevent the acquisition of MGEs (42). Previously it was believed that multidrug 
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resistant enterococci do not possess CRISPR-cas system (43), but recent research revealed that 

it exists in the enterococcal species, most frequently in commensal isolates. In general, 

commensal E. faecium isolates contain a functional CRISPR-cas system, while multidrug-

resistant isolates do not (41). Previously, it was believed that the lack of CRISPR-cas system 

in clade A1 isolates could explain the accumulation of plasmids. But it is unlikely to contribute 

to a different and higher number of plasmid content in the isolates of clade A1 recovered from 

hospitalized patients  [50]. 

Restriction-modification system (R-M) 

In E. faecium, defence system called restriction modification (R-M) systems which act as 

barriers for HGT through specific methylation of DNA and cleavage of DNA that does not have 

this specific methylation pattern have been found (44). Certain R-M systems have been 

hypothesised to aid formation of subspecies of E. faecium (clades A and B) by reducing the 

transformability in clade A1 isolates (45). Among the three subunits of the R-M system, S 

mediates specificity, M modification and R restriction. Specific variants of the S subunit are 

enriched in clade A1 while M and R subunits look similar in both clade A and non-clade A 

isolates. R-M systems thus were believed to lead to differences in plasmid content in 

enterococci and contribute to source specificity (46,47).  

1.6 Enterococcal infections; treatment and the relevant antimicrobial resistance  

As an agent of HGT, MGEs such as plasmids, transferable elements, and temperate 

bacteriophages facilitates the conversion of enterococcal species like E. faecalis and E. faecium 

into antibiotic-resistant pathogens (48,49). Among enterococci, commensal strains have a 

limited ability for acquiring MGEs (41). In the clinically important enterococci (E. faecium and 

E. faecalis), high-level ampicillin and aminoglycoside resistance, as well as vancomycin 

resistance are of particular importance (2). Ampicillin, gentamicin, vancomycin, and linezolid 

are key antibiotics in the treatment of enterococcal infections. Ampicillin alone or combined 

with an aminoglycoside (gentamicin or streptomycin) is the common choice of treatment for E. 

faecium infections. In cases of co-resistance to beta-lactams (penicillin, ampicillin) or 

aminoglycosides (gentamicin), vancomycin or linezolid will be used in place of these 

antibiotics (50–52). Moreover, linezolid and daptomycin-resistant isolates of E. faecium and E. 

faecalis have been recovered so far (41). Currently, linezolid and daptomycin are known as 

last-line antibiotics for treating VRE infections. Consequently, it is of great clinical concern if 

antimicrobial resistance develops to these last-line agents (53). 
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1.7 Acquired antibiotic resistance in enterococci 

1.7.1 Ampicillin resistant enterococci (ARE) 

Over a decade before the emergence of VRE, ampicillin resistant enterococci were first isolated 

in the US (19). Today, in some clinics, ampicillin resistant E. faecium levels exceed 70%. 

However, molecular analyses on the early American ARE revealed most ARE isolates belong 

to a few lineages, mainly to (CC17/clade A1), indicating that the acquisition of ampicillin 

resistance in the isolates has happened independently (54). In enterococci, ampicillin resistance 

is mediated either by an acquired β-lactamase gene or mutations in the intrinsic penicillin-

binding protein (PBP) genes (55,56). β-lactamases are extremely rare in enterococci. In E. 

faecium, mutation in PBP5 result in a lower affinity to ampicillin while mutation in PBP4 in E. 

faecalis is the main cause of acquired ampicillin resistance (55,56). Mutations can increase 

PBP5 expression or lower the affinity of the protein to β-lactam antibiotics that consequently 

cause ampicillin resistance in enterococci (57). The transferability of PBP5 is reported in a 

limited number of E. faecium isolates as part of large chromosomal regions (58).  

1.7.2 High level gentamicin resistant enterococci (HLGR) 

Gentamicin is an aminoglycoside antibiotic that binds to 23S rRNA and blocks protein 

synthesis. Genes encoding aminoglycosides modifying enzymes (AME) such as aac(6′)-Ie-

aph(2″)-Ia, aph(2″)-Ib, aph(2″)-Ic, aph(2″)-Id, and aph(3′)-IIIa are responsible for resistance 

to aminoglycosides in enterococci (59). AMEs modify aminoglycosides at the -OH or NH2 

group of the sugar moieties or 2-deoxystreptamine nucleus. They can be classified in three 

types: acetyltransferases (AACs), nucleotidyltranferases (ANTs), or phosphotransferases 

(APHs) (60). The dominant gentamicin resistance gene in enterococci is aac-6′-Ie-aph-2″  that 

typically is carried on the composite transposon Tn4001 (2).  

1.7.3 Linezolid resistant enterococci (LRE) 

Linezolid is a member of the synthetic oxazolidinone drug family that was developed to combat 

Gram-positive bacteria resistant to multiple antibiotics. It blocks protein synthesis via binding 

to the translational initiation complex. Two types of acquired linezolid resistance are known 

(21,61). The first is caused by mutations in the ribosome causing changes in the linezolid 

binding site which includes mutations in 23S rRNA (G2576T or G2505A) or in the L3 and/or 

L4 ribosomal proteins (62). The second type is transferable linezolid resistance which involves 

acquisition of variants of either optrA, poxtA or cfr genes. Some studies challenged the role of 
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cfr genes in conferring linezolid resistance in enterococci showing that although the gene is 

expressed, it does not give phenotypic resistance in enterococci (63,64). OptrA and PoxtA 

belong to F-lineage of ATP-binding cassette (ABC) proteins (ABC-F proteins) that are 

associated with resistance to phenicols and oxazolidinones (53,65). The first LRE was 

discovered in 2004 in Greece. The worldwide prevalence of linezolid resistance is less than 1% 

in enterococci (66), but the reports of acquired LRE cases are increasing. Acquired LRE is very 

concerning when it co-exists with vancomycin resistance. A recent study in Ireland revealed 

that 26% (5 out of 19) of poxtA-harbouring plasmids were carrying vancomycin resistant gene 

cluster (vanA) (62). 

1.7.4 Vancomycin resistant enterococci (VRE) 

Vancomycin is a glycopeptide class antibiotic with a tricyclic structure. Vancomycin blocks 

the process of cell wall formation by inhibiting peptidoglycan synthesis. It was first isolated in 

1953 from Streptococcus orientalis. Five years later, in 1958, it was approved for clinical use 

by FDA (67,68). Most Gram-positive cocci and bacilli are susceptible to vancomycin. The main 

medical use of vancomycin is the treatment of infections caused by amoxicillin-resistant 

enterococci, methicillin-resistant Staphylococcus aureus (MRSA), and methicillin-resistant 

Staphylococcus epidermidis (MRSE) (69). Historically, the first VRE isolate was recovered in 

France in 1986, followed by the UK and the US. The prevalence of VRE in Europe remained 

low until 2000 (70). In contrast, the hospitalization of VRE-infected patients in the US 

increased dramatically in the 1990s (71). Due to differences in vancomycin usage, there are 

significant differences between Europe and the US regarding VRE epidemiology. Compared to 

five different European countries (the UK, the Netherlands, France, Italy, and Germany), the 

use of vancomycin in the USA was five- to ten-fold higher. In European countries, a large 

community reservoir of VRE among livestock and healthy humans exists, which was argued to 

be linked to the massive use of avoparcin (a vancomycin analog used as a growth promoter) in 

agriculture (72). Human-associated VRE is more likely to be caused by the use of vancomycin 

in hospitals (73). 

Vancomycin resistance in enterococci is caused by a gene cluster called “van”. To date, ten 

van-types have been described (vanA, vanB, vanC, vanD, vanE, vanG, vanL, vanM, vanN, and 

vanP) (Figure 3) (74), four of them have two or more sub-types (vanB1-3, vanC1-4, vanG1-2, 

vanD1-5) (75–77). 
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Figure 3. The structure and composition of van gene clusters (vanA-P). The cluster here are grouped in D-Ala-D-
Lac-mediated (vanA, B, D, M, and P), and D-Ala-D-Ser-mediated (vanG, C, E, L, and N) resistance; based on 
Werner et al (78). 

The mechanism of resistance is based on the replacement of the D-Ala-D-Ala to D-Ala-D-Lac 

(vanA, B, D, M, and P) or D-Ala-D-Ser (vanC, G, E, L, and M) (74). Subsequently, this reduces 

the affinity of vancomycin 1000-fold when changed to D-Ala-D-Lac and 7-fold in the case of 

D-Ala-D-Ser (Figure 4). During this process, a key hydrogen bond interactor (from cell wall 

peptidoglycan) with vancomycin is removed (79). The van gene clusters encode three products; 

an enzyme that removes the original D-Ala-D-Ala, enzymes that build the new peptidoglycan 

precursors, and two-component signal transduction systems (TCSs) for induction of resistance 

(80). Additionally, van gene clusters may include additional genes mentioned below (81). 
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Figure 4. Vancomycin mechanism of action on the Gram-positive bacteria cell wall synthesis, based on McStrother 
on Wikipedia.org (2011) (82). In this figure N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) are 
shown with their abbreviations. 

 

1.7.5 The different van-types 

vanA gene cluster 

The vanA gene cluster was the first van-type identified. It confers high-level resistance to 

vancomycin and teicoplanin. The vanA and vanB are by far the most prevalent van-types 

worldwide (2,21). The vanA gene cluster is often encoded and mobilized on a Tn3-family 

transposon (Tn1546) which is often located on plasmids (83). vanA is commonly reported in E. 

faecium and E. faecalis (20), and sporadically identified in E. casseliflavus (84), E. gallinarum 

(85,86), E. durans (81), E. mundii (87), E. hirae (88), E. raffinosus, and E. avium (83). The 

cluster is composed of seven genes on two separate operons, vanRS and vanHAXYZ (Figure 3). 

The process of changing the dipeptide D-Ala-D-Ala starts with the vanH gene. It encodes a 

dehydrogenase that converts the cellular pyruvate to D-lactate. Next, the VanA ligase ligates 

D-Ala to D-Lac. Finally, the host enzymes use D-Ala-D-Lac to build the vancomycin low-

affinity pentapeptide precursor (21). In addition, VanX hydrolyses the wildtype dipeptide D-

Ala-D-Ala, making dipeptide D-Ala-D-Lac the only substrate for precursor synthesis. 

Similarly, VanY hydrolyses the D-Ala terminal residue from any normal pentapeptide 

precursor, making it useless for regular cell wall construction (21,89). vanZ plays a role in 
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teicoplanin resistance but its exact function is not known (90). VanR (response regulator) and 

VanS (sensor) form a two-component regulator system (TCS) which enable inducible 

expression of the vanHAXYZ operon (91). 

vanB gene cluster 

The vanB gene cluster is responsible for different levels of inducible resistance to vancomycin. 

Unlike vanA, it normally does not produce resistance against teicoplanin (83). In enterococci, 

the vanB gene cluster can be found mainly on chromosomal elements or less frequently on 

plasmids (81,92). The vanB gene cluster is commonly found in E. faecium and E. faecalis and 

sporadically reported in E. gallinarum (85,93) and E. hirae (94). Moreover, the vanB gene 

cluster is common in anaerobic gut flora such as Clostridium spp., Eggerthella lenta, and 

Ruminococcus (95). The gene organization and functionality of vanB are similar to vanA except 

it has an additional gene, vanW, with an unknown function, and lacks vanZ(83) (Figure 3). 

Based on the sequence differences, vanB has three sub-types (vanB1, vanB2, and vanB3). The 

sub-types in the vanB gene cluster have no significant differences in the resistance level 

(77,96,97). The most prevalent subtype cluster, vanB2, is carried on integrative conjugative 

elements (ICEs) like Tn1549/Tn5382 or their variants (77,98).  

vanC gene cluster 

The vanC gene cluster is characterized by low levels of vancomycin resistance (4 to 32 mg/liter) 

and susceptibility to teicoplanin (83,99). vanC has four known subtypes; vanC1 in E. 

gallinarum and vanC2-C4 in E. casseliflavus(83,100). vanC gene cluster is the only van type 

that can be found either acquired (in E. faecalis and E. faecium) (101,102) or intrinsic in some 

other enterococcal species (E. gallinarum and E. casseliflavus) (103). The gene organization in 

vanC is different from vanA and B gene clusters (Figure 3). First, the TCS genes are located 

downstream from vanT, while in vanA and vanB gene clusters, they are located upstream from 

the resistance genes (83,104). The vanT gene encodes a membrane-bound serin-racemase that 

converts L-serine to its enantiomer form, D-serine (105). Also, it encodes a ligase that catalyses 

D-ala-D-ser synthesis and VanXY that have both D,D-carboxypeptidase and D,D-dipeptidase 

activity and thus hydrolyse precursors ending in D-Ala (83). 
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vanD gene cluster 

The vanD gene cluster is involved in moderate to high-level vancomycin resistance and varying 

degrees of susceptibility to teicoplanin. This cluster has a similar gene organization to vanA and 

vanB (Figure 3). vanD gene cluster contains six genes lacking vanZ (compared to vanA) and 

vanW (compared to vanB) (78).  It has been identified in E. faecium, E. faecalis, E. gallinarum, 

E. avium, and E. raffinosus (106). It has also been reported from Gram positive anaerobic gut 

flora Ruminococcus sp. (107). All vanD gene clusters reported so far are non-transferable 

sporadic cases which are located on a chromosomal genomic island (108). With five known 

sub-types, vanD is the most diverse van gene cluster (109).  

vanE gene cluster 

vanE is one of the rarest van-types and has been reported only in North America and Australia 

in E. faecalis to date (81,110). The vanE gene cluster has an identical gene organization to vanC 

(Figure 3). It consists of five genes and causes inducible low-level vancomycin resistance and 

susceptibility to teicoplanin (110). Genes in the vanE gene cluster overlap each other. The start 

codon of vanTE and vanXYE overlap the stop codons of vanXYE and vanE, respectively. In the 

TCS genes of vanE gene cluster also, vanSE start codon overlaps the stop codon of vanRE  (110).  

vanG gene cluster 

The vanG gene cluster confers low level inducible resistance to vancomycin (MIC 8-16 mg/L) 

but susceptibility to teicoplanin (83). Within enterococci, it has only been detected in E. faecalis 

and E. faecium(75), but also streptococci and some anaerobic gut flora such as Clostridium sp 

and Ruminococcus (107,111,112). The vanG gene cluster differs by its three-component 

regulatory system from other known van gene clusters, which have a TCS. The vanS and vanR 

genes of the vanG gene cluster are similar to those of the vanD gene cluster and the additional 

gene (vanUG) codes for a transcriptional activator (75) (Figure 3). The resistance encoding 

region in the vanG gene cluster consists of a putative D,D-peptidases (vanY), the ligase 

(vanG1), a racemase (vanT), and a protein with unknown function (vanW) (113).The vanG gene 

cluster, with a few reports from Australia and Canada has two sub-types (vanG1 and vanG2) 

(114).  
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vanL gene cluster 

The vanL gene cluster is characterized by a low-level resistance to vancomycin (MIC 8 μg/ml). 

Gene organization in vanL is similar to the vanC gene cluster except for the serin racemase 

gene (Figure 3). In the vanC gene cluster vanT gene code for serin racemase while in vanL it is 

encoded by two genes vanTmL (membrane binding) and vanTrL (racemase) (115). vanL gene 

cluster is located on the chromosome and causes inducible resistance. It has been identified 

only in E. faecalis and is among the rarest van gene clusters in enterococci (115).  

vanM gene cluster 

The acquired vanM gene cluster is associated with high-level resistance to vancomycin and 

teicoplanin. It has been reported only in E. faecium. Its gene organization is similar to vanD 

(Figure 3), but in terms of sequence identity, it is more similar to vanA (116,117). It has been 

shown that vanM is a plasmid located gene cluster (118). 

vanN gene cluster 

vanN is an acquired van gene cluster with a similar gene organization to vanC (Figure 3). It is 

responsible for low level resistance to vancomycin (MIC 16 μg/ml) but susceptibility to 

teicoplanin. So far, only a handful of vanN type VRE strains have been identified, all in E. 

faecium (119,120). It has been confirmed that vanN is located on plasmids (120). vanN is the 

only van-type that has been associated with clade B isolates VREfm (121). 

 vanP gene cluster 

vanP is the newest van gene cluster recovered from a single E. faecium isolate in Belgium in 

2021. It is responsible for low level vancomycin resistance (MIC 4 µg/mL) that can be increased 

up to 256 µg/mL when exposed to vancomycin or teicoplanin. It is located on a novel putative 

ICE and has been suggested to be acquired from anaerobe gut flora such as Clostridium scidens 

and Roseburia sp. (74). 

1.8 Trends of outbreak associated van-types around the world 

According to the World Health Organization (WHO), an outbreak is an abnormally higher 

disease incidence in a particular place or season (122). However, with a simple increase in the 

number of patient cases, the same risk factor can cause co-occurrence of the same illness and 
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the number of patient cases is not necessarily higher than expected (123). In the case of AMR 

infections, more data, including molecular and genetic typing, is needed to confirm an outbreak 

(124). Only two years after discovering the first VRE isolates, the first VRE outbreak was 

reported in 1988 (2). Because of their ability to survive in healthcare settings and low virulence, 

VRE can spread widely before being identified by routine microbiological methods (125). Most 

human VRE outbreaks are caused by vanA and vanB gene clusters (81). In the past few decades, 

vanA was the predominant van-type in Europe, the Americas and Asia accounting for 89% off 

all VRE isolates (126,127). Then around 2005, some European countries (Germany, France, 

Greece, and Spain) reported an increase in the numbers of vanB-type VRE. The vanB-type VRE 

outbreaks repeatedly happened in several European hospitals. In the Netherlands, almost 50% 

of all VRE cases between 2012-16 were vanB-type. vanB-type VRE exceeded vanA in Germany 

for the first time in 2016. In Australia, vanB has been an endemic van-type VRE for over 20 

years with rare vanA isolates (128), while several vanA-type VRE outbreaks have been reported 

from Australian hospitals in recent years (2015-17), including one hospital with a vanB-type 

endemic VRE (129–131). On the other side of the world, in Asian countries like China, Japan, 

and (South) Korea, vanA has been reported to be the predominant type of VRE. Interestingly, 

the vanM gene cluster is becoming more prevalent in recent years in China (132). In several 

VRE studies in India, vanA is reported as the predominant van gene cluster (133–135). The 

incidence of vanC on the other hand is relatively low worldwide, although the number of 

outbreaks caused by vanC-type VRE is increasing. These are mainly associated with 

bacteraemia caused by intrinsic vanC-encoding E. gallinarum and E. casseliflavus (81). 

According to the United States Centers for Disease Control and Prevention (CDC), the 

estimated number of VRE infection cases in 2017 was 54,500, resulting in 5400 deaths. Among 

the AMRs, VRE death cases ranked second after MRSA in the US in 2017 (136). 

1.9 Hypotheses on the origin of van-types 

The similarity between the sequences of van gene clusters in vancomycin-resistant pathogens 

and glycopeptide antibiotic-producing (GPA) microorganisms such as Amycolatopsis orientalis 

(chloroeremomycin producer), A. orientalis subsp. lurida (producer of ristocetin), 

Amycolatopsis coloradensis subsp. labeda (producer of teicoplanin and avoparcin), A. 

balhimycina (producer of balhimycin), and A. teichomyceticus (producer of teicoplanin), point 

to Actinomycetes as a possible origin of the van gene cluster. vanHAX in enterococci, 

staphylococci, and actinomycetes often follow the same order. They are translated together and 
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have a high amino acid sequence identity. Regarding the vanY, it has a supportive role in VRE, 

while they are relevant in GPA-producing actinomycetes. Sequence similarity between vanS of 

enterococci and actinomycetes is very low which reflects the different modes of recognition 

between them (137).  

A pioneering study on the phylogeny of the biosynthetic gene clusters of glycopeptide 

antibiotics, suggests the appearance of glycopeptide biosynthesis and resistance in 

Actinobacteria 150–400 million years ago (138–141). For the vanA gene cluster, three distinct 

origins are proposed. The vanA gene probably originated from Amycolatopsis genus and the 

vanY is most likely derived from the genus Nonomuraea, while Actinoplanes is the suggested 

origin for vanH, vanX, vanR, and vanS (138,139). 

1.10 HGT mechanisms in enterococci  

HGT or lateral gene transfer refers to all types of genetic material transfer from one cell to 

another, enabling taxonomically different organisms to share a common genetic pool  

(142,143). HGT can occur between any two organisms that contain DNA as their genetic 

material. It can happen in any possible direction between bacteria, archaea, and eukarya. But 

more likely, it does not occur equally in all the branches of the tree of life. For example, in 

bacteria and archaea, it is known that HGT is the main driver of genome evolution (144,145). 

Moreover, HGT happens more frequently in closely related taxa and between bacteria that share 

the same environment (146). 

The discovery of HGT in bacteria dates to the famous story of transforming non-virulent or R 

forms (rough colonies) of Streptococcus pneumonia to virulent forms or S (smooth colonies) 

by Frederick Griffith in 1928. His experiment showed that an extract from dead R form 

pneumococci could transform the living S form into the R form (147). Later in 1951, Hotchkiss 

showed that bacteria can take up antimicrobial resistance genes (ARG), which transform them 

into antibiotic resistant bacteria (148). Moreover, he successfully induced resistance to 

ampicillin and streptomycin in susceptible S. pneumonia strains by exposure to a DNA extract 

of resistant strains. Further experiments proved the DNA exchange between different bacterial 

species (149). They revealed that MGE plays a key role in bacterial uptake, accumulation, and 

spread of resistance genes(150). MGE refers to segments of DNA that encode proteins 

necessary for the movement of DNA, either intracellular or intercellular (151). The first 

transferable antibiotic resistance in enterococci was reported in 1972 which was related to 
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plasmid-mediated tetracycline- and erythromycin-resistance (152). Finally, in 1986, the first 

VRE isolates were reported (49,153,154). 

Among prokaryotes, three main mechanisms for HGT have been described so far: transduction, 

conjugation, and transformation (Figure 5). Recently some other mechanisms for HGT in 

prokaryotes have been discovered (155) but they will not be described further here. 

a) Transduction 

Transduction is bacteriophage-mediated gene transfer that certain types of phages can carry 

out. Bacteriophages or phages are viruses that infect bacteria. During the assembly of 

bacteriophages, in which capsids encapsulate phage DNA, bacterial phages can mistakenly 

wrap segments of host DNA in their capsids and transfer them to another bacterial cell (151).  

b) Conjugation 

Conjugation is the most common, and the best characterized mechanism of HGT in gut bacteria. 

It requires direct cell-to-cell contact between the donor and recipient mainly via the formation 

of a pilus bridge (156,157). Since the gut has a high microbiota and mucus layer density, it 

provides a suitable environment for conjugation between bacteria(157). Conjugation needs 

independently transferable genetic elements such as conjugative plasmids or ICEs, previously 

termed conjugative transposons (CTns) which encode all proteins necessary for transfer (151).  

c) Transformation 

Transformation is a type of genetic material transfer in which the recipient can take up foreign 

DNA and integrate it into its genome. To be able to take up exogenous DNA, the recipient must 

be in a specific state called competence. The mechanism of induction of competence and 

transformation varies between different species. The process of transformation is entirely 

controlled by recipient bacterial encoded genes (158). In enterococci conjugation and 

transduction are the main mechanisms of HGT, while natural transformation has not been 

confirmed in this genus so far (2,159).  
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Figure 5. Overview of the main mechanisms of mobile genetic element uptake in HGT; based on Arnold et al. 

(143).  

1.11 The role of different MGEs in HGT in enterococci 

 
In prokaryotes, four main types of MGEs facilitate HGT: plasmids, genomic islands, 

bacteriophages, and transposons (49,155). Plasmids, genomic islands and transposons are the 

main MGEs involved in the spread of antimicrobial resistance in enterococci, specifically, E. 

faecium and E. faecalis (49,160). 

1.11.1 Phages 

The existence of phages in enterococci has been known for a century. They can transfer 

virulence factors and antibiotic resistance genes between enterococcal species (41). It has been 

confirmed that bacteriophages provided part of the accessory genome of E. faecalis. For 

instance, almost 10% of the E. faecalis V583 genome originated from seven prophage-like 

elements (pp1 - pp6 and EfCIV583) (41,161,162). Prophages are phage genomes that are 

integrated into the bacterial genome. It has been proved that phages can successfully transmit 

gentamicin resistance (ant2-I) and tetracycline resistance (tetM) genes between enterococcal 

species(163). 
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1.11.2 Plasmids 

Plasmids are extrachromosomal genetic materials that can replicate independently and play an 

important role in the evolution of bacteria through HGT (41). Plasmids do not encode essential 

genes and impose a metabolic burden on the cell, but they can provide beneficial genes that 

boost bacterial fitness in complex environments. Many ARGs and virulence factors of 

enterococci, particularly E. faecium, are carried by plasmids (46). ARGs such as van gene 

cluster (vanA and vanB), aminoglycoside resistance (aac(6′)-Ie-aph(2″)), tetracycline 

resistance (tetM), quinupristin-dalfopristin resistance (vat(D) and vat(E)), and linezolid 

resistance (cfr, optrA, and poxtA) in enterococci are transmitted by plasmids (46). 

Enterococcal plasmids are classified into four family groups (Inc18, RepA_N, Rep_3, and 

RCR) (164). This classification is based on the gene sequence of their replication initiator 

proteins, or other criteria, such as the mode of replication or the ability of plasmids to coexist 

within a bacterial cell (49,164). Recently linear plasmids were also reported in enterococci 

(165).  

The incompatibility 18 group (Inc18) plasmids 

The typing system of Inc18 plasmids is based on specific conservation functions, including the 

replication and post-segregation killing systems. They replicate according to the theta 

mechanism, which technically requires two factors encoded on the plasmid: a rate-limiting 

replication protein (Rep) and a short replication origin located downstream of the rep gene. The 

predominant plasmid maintenance system in Inc18 are termed toxin-antitoxin or post-

segregation killing systems, which ensure persistence of these plasmid in the enterococcal 

population (166).  

This group of plasmids is commonly isolated from enterococci and streptococci. In enterococci, 

Inc18 plasmids are responsible for resistance to vancomycin, chloramphenicol, and the 

“macrolide, lincosamide, streptogramine” (MLS) group of antibiotics. Inc18 plasmids 

harbouring Tn1546 have been shown to be responsible for vanA-type vancomycin resistance in 

vancomycin-resistant S. aureus (VRSA). Also, Inc18-like plasmids that harbor the vanA gene 

cluster are common in enterococci (167–169). Inc18 plasmids are frequently encountered in 

clinical strains and are consistently recovered from the environment, particularly from livestock 

and sewage (170). pIP501 and pAMβ1 are two members of the Inc18 group that are very well 
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characterized (171). Both of these Inc18 plasmids can transfer ARGs conferring resistance to 

MLS-antibiotics between enterococci, staphylococci, lactococci, and streptococci (167).  

RepA_N plasmids  

The RepA_N family plasmids are characterized by their RepA-N domain in the replication 

initiator protein. The RepA_N protein has three domains. The first domain from N-terminal is 

the most conserved and performs some essential functions such as DNA binding and separation. 

In contrast, the C-terminal domain is responsible for some host-specific functions. The central 

domain of the RepA_N protein is highly variable and contains complex nucleotide repeats 

(164). RepA_N plasmids are widely distributed in low GC content Gram-positive bacteria and 

vary in size (3.3 to 281 kb) (164). The RepA_N family plasmids of enterococci include the 

pRUM-like plasmids of E. faecium and the pheromone responsive conjugative plasmids of E. 

faecalis(164). The pRUM plasmids were associated with vanB2-type transposon VREfm 

outbreaks in Swedish hospitals (172,173), while some RepA_N-type plasmids, such as 

repUS15, are responsible for vanA-type VRE (174,175). pLG1 megaplasmids, the 281 kb large 

plasmids, are found in E. faecium, and responsible for some antibiotic resistances including 

vanA type VRE (164,176). 

Rep_3 plasmids 

Plasmids containing replication initiator proteins of the Rep_3 type are ubiquitous among 

bacteria. In enterococci, several Rep_3 plasmids have been identified to date: pMBB1, pDT1, 

and pCIZ2 in E. faecium and pS86, pAMα1, and pEF1071 in E. faecalis(164). The prevalence 

of rep_3 family plasmids in E. faecium is significantly higher than it in E. faecalis (177). Rep_3 

plasmids are associated with tetracycline resistance (tet39) in different species but not in 

enterococci (178).  

Rolling-circle-replicating (RCR) plasmids 

In Gram-positive bacteria, RCRs are ubiquitous plasmids. They can also be found in Gram-

negative bacteria and archaea. Numerous enterococcal cloning vector plasmids have been 

developed from RCR plasmids derived from other organisms. The pT181, the pMV158, and 

the pUB110 families are enterococcal RCR plasmids (164). RCR plasmids are not associated 

with AMR, but they are usually co-transferred with plasmids carrying van gene clusters. RCR 
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plasmids are present in 65% of VREfm isolates whereas only 29% of vancomycin susceptible 

E. faecium (VSEfm) isolates contain this type of plasmids (179). 

Linear plasmids 

Plasmids are often circular DNA molecule structures but can be found in other forms. Linear 

plasmids were discovered first in the 1980s, and have since been found in only a few bacterial 

species, including E. faecium and E. faecalis (180). pELF1 and pELF2 are two transferable 

enterococcal linear plasmids reported in E. faecium that are associated with vanA and vanM 

gene clusters (165,181). Other known van gene clusters harbouring linear plasmids show high 

homology to these two plasmids (182–184). 

1.11.3 Genomic islands (GI) in enterococci 

GIs are horizontally transferred sequences integrated into the bacterial genomes. Usually, they 

have different codon usage and GC content compared to the rest of the genome. They are 

typically integrated close to tRNA genes and flanked by direct repeats. GIs harbour genes that 

may have been used for their mobilization. GIs can be mobile, non-mobile, or no longer mobile. 

Also, they are different in their ability in integration, excision, and transfer. They can be 

transferred via transformation, transduction, and conjugation (185,186). GIs can be divided into 

two types, integrative mobilizable elements (IMEs), and integrative conjugative elements 

(ICEs)(186). In enterococci, vanD gene cluster is mainly harboured on putative IMEs 

(108,187). 

ICE elements in enterococci 

ICE elements are characterized by their ability to encode all genes required for excision, 

conjugation, and integration into a recipient. They are frequently integrated into the bacterial 

chromosome (48,161). ICEs are responsible for resistance to vanB2-type vancomycin 

(Tn1549/Tn5382) (Figure 6), kanamycin and erythromycin (Tn1545), tetracycline (Tn916-like, 

Tn6000, Tn5801, Tn5397), and MLS antibiotics (Tn1545, Tn2010, Tn2017) (49,164,188). 

Tn1549 is a common ICE in enterococci that confers vancomycin resistance through its vanB2 

subtype gene cluster (81). It can transfer between enterococci using either conjugative plasmids 

or As part of larger chromosomal elements (189). Tn1549 has been found in different bacterial 

genera in the normal gut flora. The conjugative transfer of Tn1549/Tn5382 from Clostridium 

to enterococci has been confirmed. Also, it can co-transfer by means of heterologous transfer 
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systems from Clostridiums or Streptococcus to enterococci pointing to the importance of non-

enterococcal reservoir of Tn1549/Tn5382 (48). 

1.11.4 Transposons in enterococci 

Transposons are the simplest MGEs that encode the essential enzymes for their transposition 

which is movement from one place to another within the genome. They are of three types: Tn3 

family transposons, insertion sequence (IS) elements, and composite transposons (48). 

Transferable plasmids and genomic islands, characterized by their ability to mobilize and 

conjugate, have a significant role in the transfer of bacterial genes and transposons in the HGT 

process (41,185). 

 

Figure 6. Schematic presentation of Tn1546 and Tn1549; based on Hegstad et al. (49). 

 

Tn3 family 

The transposons of Tn3 family are intracellularly transposable by means of two enzymes, a 

transposase (TnpA) and a resolvase (TnpR). The Tn3 family of transposons use a replicative 

transposition mechanism by which the transposon duplicates along with its insertion into the 

recipient DNA sequence (190). In enterococci, they are linked to resistance to vancomycin 

(vanA-type) and macrolide-lincosamide-streptogramin B (MLSB). Tn1546 is a Tn3 derivative 

that carries vanA gene clusters and is usually part of either conjugative or nonconjugative 

plasmids (49). Tn1546 is mainly carried by RepA_N (pRUM/pLG1), Inc18 or a mosaic plasmid 

(175). 
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Insertion sequence (IS) elements  

IS elements are short transferable DNA sequences that are important in shaping the bacterial 

genomes and are scattered in the genome of clinical E. faecium isolates (28). By disrupting 

gene promoters, CDSs, and operon’s structure, they can rearrange the genome. IS elements are 

the simplest transposable elements that only encode enzyme necessary for their own 

transposition (49).  

Composite transposons 

The structure of composite transposons consists of adaptive features such as resistance genes 

bounded by a pair of IS elements (41). The mobility of composite transposons is dependent on 

the flanking IS elements of the same family. In the composite transposons either the entire unit 

can transpose, or the active IS element can do so alone (191). In enterococci, composite 

transposons are linked to mobilization of high-level gentamicin resistance (Tn5281) and one 

case of vanB1-type vancomycin resistance (Tn1547) (49,164). In Tn1547, the vanB1 gene 

cluster is flanked by two IS elements (IS16 and IS256-like) (192). 

1.12 VRE; the successful resident of hospitals 

The genome plasticity and remarkable ability to survive in different environments, as well as 

tolerance to detergents, antibiotic resistance, and virulence, have led to the frequent occurrence 

of VRE in healthcare facilities, enabling them to survive in the hospital for several years 

(2,193). The main source of VRE infection is an index patient (194), but also healthcare workers 

and fomites can serve as a VREfm reservoir (128,195). The main modes of VRE transmission 

are the hands of healthcare workers, contacting a VRE-contaminated environment, and direct 

contact between patients (194).  

1.13 Enterococcal virulence factors 

Virulence factors (VFs) are molecular determinants that help bacteria colonize and invade their 

hosts resulting in infection and tissue damage (196). They also have a key role in bypassing the 

host immune system (197). VFs can be divided into two main groups based on how they affect 

the host: 1) those that affect host cell colonization and 2) secreted determinants that damage 

host tissue or help the bacteria evade the immune defence (198). During colonization by 



 

23 

Enterococcus, binding to extracellular matrix proteins is vital, which is why several 

enterococcal VFs are mainly associated with adhesion and biofilm formation (199).  

Pilus protein (PilA, B, and C), extracellular membrane binding proteins (collagen adhesins 

(Acm), second collagen adhesin (Scm), Catabolite control protein A (CcpA)), fibronectin/ 

fibrinogen-binding proteins (Fnm and PrpA), and enterococcal surface protein (Esp) are 

examples of VFs involved in enterococcal colonization in their hosts. Capsular polysaccharide 

protein D (CapD) is a VF that helps to bypass the host immune system (199–201). Whereas 

VFs such as gelatinase and cytolysin damage host tissues (198). There are 30 experimentally 

confirmed VFs in E. faecium (199–204). 

1.14 Common methods and techniques for studying enterococci 

Enterococcal identification is of clinical importance and can be done by phenotypic or 

genotypic methods. Various selective media, differential experiments, and commercial kits are 

available for phenotypic identification of enterococci, but they are time-consuming and do not 

give enough resolution (2,205). In contrast, molecular methods can save time and money, 

increase accuracy, and provide more information. Several molecular technics such as matrix-

assisted laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS), PCR-

based nucleic acid amplification tests (NAATs), and peptide nucleic acid fluorescence in situ 

hybridization (PNA-FISH) can identify the enterococci at the species level with high accuracy. 

Higher resolution inter-species identification can be obtained by methods such as multilocus 

sequence typing (MLST), pulsed-field gel electrophoresis (PFGE), and multiple-locus variable 

number tandem repeat analysis (MLVA) (2,206). Regardless of their usefulness for strain-level 

analysis, the discriminatory power of methods such as MLST and PFGE does not exceed 95% 

(206). 

Next generation sequencing (NGS) is a term used to describe any sequencing technology with 

high throughput, massive parallelism, or deep sequencing (207). NGS can be used to sequence 

the entire genome of an organism by whole genome sequencing (WGS). NGS technologies 

facilitate WGS of multiple pathogens in one run (208). It can quickly and accurately identify a 

pathogen, its virulence factors, trace the transmission of a pathogen in a population, and suggest 

probable sources (209). 
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1.15 Next generation sequencing 

NGS technologies can be classified based on the length of reads they produce. NGS was 

developed after Sanger sequencing (first generation sequencing). The second generation 

sequencing introduced short reads sequencing and the third generation sequencing includes 

long reads sequencing technologies (210).  

1.15.1 Short read sequencing 

Several platforms have been developed as second-generation sequencing. 454 Roche GS FLX 

System (2004), Illumina (2006), SOLiD sequencer (2007), and Ion Torrent (2010) are different 

short read sequencing. They differ in their chemistry, read length, error rate, cost, run time, and 

genome coverage. Technically, the sequencing process starts with DNA extraction, followed 

by library preparation (fragmentation of DNA and adding adaptors to both ends), amplification 

(cluster generation), and end with the sequencing step. In the library preparation process, 

genomic DNA is broken down into small, random, and overlapping fragments. A small piece 

of DNA called an adaptor is then ligated to the end of each fragment. Next, in the amplification 

of the fragments, a clonal amplification is carried out. The amplification is mainly PCR-based. 

Finally, the samples are sequenced, which is the step in which the different technologies vary. 

Sequencing can either be based on synthesis or on hybridization and ligation (211). 

Illumina sequencing 

By far, Illumina is the most common platform in the market and considered a highly accurate 

and robust sequencing platform (212,213). The maximum read length produced by Illumina is 

up to 300 bp (214). Briefly, to prepare the library, adaptors are added to both ends of the 

fragmented DNA or cDNA. Then, by means of oligos, fragments are attached to the solid 

surface of the flow cell. Oligos are short sequences grafted on the flow cell surface that 

complement the adaptors  (212,215). The amplification in Illumina sequencing is a PCR-based 

technique called bridge amplification in which clusters (hundreds of identical DNA strings) are 

produced (212,216). Bridge amplification is a process wherein DNA fragments with adaptors 

ligated to their two ends are the substrate for repeating the amplification. Finally, the last step 

of sequencing in the Illumina platform is reversible termination by adding a single (fluorescent) 

labelled complementary deoxynucleotide triphosphate (dNTP). The fluorescent dye is 

identified by laser excitation and imaging, and then it will be cleaved by an enzyme to allow 

the next round of incorporation (217). Two types of Illumina sequencing are available: single 

direction, and paired end. In single direction, DNA fragments are sequenced from the 5’ end, 
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while in paired-end method fragments are sequenced from both 5’ and 3’ ends, resulting in a 

double number of base-pairs per reads (218). Paired-end sequencing is exclusively the 

capability of Illumina sequencing in which the amplification is based on bridge amplification 

(219). Due to the higher likelihood of alignment to a reference, paired-end sequencing can 

produce high quality sequences (213)  with in-depth coverage and high numbers of reads (210). 

The most important drawback of the Illumina platform is the relatively long run-time (210). 

Illumina has several sequencers with different sequencing outputs and total reads/run (iSeq, 

MiniSeq, MiSeq, NextSeq 550, NextSeq 1000, NextSeq 2000, and NovaSeq 6000) (220). 

Illumina is the most used platform in enterococcal genomic studies, and almost 89% of all 

genomic studies on the enterococci are performed by Illumina, followed by PacBio, Ion 

Torrent, and hybrid Illumina – PacBio sequencing. Cost-effectiveness, low error rates, and 

accessibility made Illumina platform the first choice for enterococcal genomics studies (221). 

Also, since Illumina can produce over 30x coverage, it is the standard for accurate SNP-calling 

(222).  

1.15.2 Long read sequencing 

On average, third-generation or long read sequencing platforms produce 30 to 50 kb reads but 

compared to short-read sequencing, have a higher error rate (per bp) and cost (223). In long 

read sequencing, read length can exceed 1 million bp. Several platforms perform long-read 

sequencing; Pacific Biosciences (PacBio), Oxford Nanopores technology (ONT), Quantapore, 

and Stratos (223). PacBio and ONT are the most used long read sequencing platforms.  

PacBio sequencing 

PacBio sequencing uses an approach called Single Molecule Real-Time (SMRT) for 

sequencing. It facilitates sequencing fragments up to 50 kb or longer (215). DNA polymerase 

molecules that are attached to the bottom of a well called zero-mode waveguides (ZMWs) bind 

to the template DNA. Each polymerase enzyme can synthesize second strand DNA in the 

presence of nucleotides labelled by fluorescent γ-phosphate. Because of the tiny width of the 

ZMW, light cannot propagate the waveguide. Fluorophores near the polymerase enzyme (at the 

bottom of the well) are excited and penetrated by the energy. Then, real-time fluorescence 

pulses are detected as each base is incorporated (224). Due to high sensitivity of PacBio SMRT 

systems, amplification steps are not necessary (225), and the prepared library DNA template is 

sequenced directly (210,225).  
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PacBio long reads can be combined with Illumina short reads and be hybrid assembled. This 

approach is useful for closing the bacterial plasmids and chromosomes (221). Additionally, 

PacBio can produce high fidelity (HiFi) reads with its Sequel II system. HiFi reads are long 

(15-20kbp) and highly accurate. Furthermore, the accuracy of PacBio can be enhanced and 

reach the Illumina error rate by the circular consensus sequencing (CCS) method (226). In the 

CCS method, a circular template DNA is created by adding ssDNA hairpin adaptors to the 

dsDNA, allowing multiple template sequencing (226). 

ONT sequencing 

In ONT sequencing, adaptors ligated to the single-strand DNA or RNA facilitate their capture 

by a staphylococcal protein pore (α-hemolysin), wherein the template should pass through 

during the sequencing process. The ONT flow cell contains a membrane of hundreds of 

thousands of pores. When the libraries are loaded onto the flow cells, with the help of a 

preloaded motor enzyme and ion current, they pass through the pores and disrupt the ion 

current. This can be detected by sensors and recorded (210). Compared to PacBio, ONT can 

produce up to 4 Mbp reads at a lower cost but with less accuracy (227). The accuracy of ONT 

is between 87 and 98% which is not enough for variant calling, but it is improving over time 

(228). Lately, ONT is advertising it’s over 99% accurate sequencing (229). Furthermore, the 

portable ONT device (MinION) is pocket-sized and can produce real-time data (230).  

1.16 Bioinformatic analyses of NGS raw data 

Several bioinformatics tools and methods have been developed for the analysis of WGS data 

of outbreaks. Single nucleotide polymorphism (SNP)-based approaches and high-resolution 

sequence typing, such as core genome MLST (cgMLST), are useful bioinformatics methods 

for analysing WGS data of outbreaks. SNPs are highly informative markers for outbreak studies 

because they vary between isolates. Variant calling methods are based on a comparison of the 

data of interest to a reference genome. cgMLST is an upgraded MLST that provides higher 

resolution and accuracy. In the regular MLST, typing is based on seven housekeeping genes, 

whereas the cgMLST scheme includes most of the species' core genome. For E. faecium, the 

cgMLST scheme includes 1423 genes, while for E. faecalis it includes 1972 (231,232). Even 

after typing isolates using MLST or cgMLST, it is possible to achieve a finer resolution to 

identify probable transmission events. Some tools can calculate the pairwise SNP distance 

between all sample pairs based on a core genome alignment. Methods such as multi-locus 

sequence type core alignments (MLSTCA), cgMLST core alignments (cgMLSTCA), and 
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cgMLST with cluster reference core alignments (cgMLSTCRCA) can calculate the pairwise 

SNP distances (233). Moreover, a phylogenetic tree can also be constructed based on the core 

genome SNP multi alignments using the tool Parsnp (234). Other tools like Roary can generate 

concatenated core genome alignments for phylogenetic tree construction (235), but Parsnp is 

more useful because it is very fast and can align hundreds to thousands of isolates in a short 

time (234).  

1.16.1 MLST 

MLST is a method for isolate typing of bacterial pathogens that was proposed first in 1998. In 

MLST, alleles are used as a comparison unit, and each allelic change is counted as a single 

genetic event (236). MLST is a standardized approach that provides an unambiguous universal 

system for strain typing. It is useful for epidemiological investigations, population biology, 

pathogenicity, and bacterial evolution studies (237). There is a public database for molecular 

typing and microbial genome diversity (https://pubmlst.org/) in which all the new alleles and 

allelic profiles are registered (238). The sequences used in the scheme of MLST are either the 

full length or fragments of housekeeping genes (239). In general, an MSLT scheme has seven 

indexed loci. For each unique sequence allele, an ID number is assigned. In an allelic profile, 

the ID number of each locus is incorporated (239). For example, in ST17 of E. faecium the 

allelic profile is (1,1,1,1,1,1,1). The scheme of MLST for E. faecium was proposed in 2003 

containing 300- to 600-bp length of internal fragments of the following genes; adk (adenylate 

kinase), ddl (D-alanine:D-alanine ligase), gyd (glyceraldehyde-3-phosphate dehydrogenase), 

atpA (ATP synthase, alpha subunit), gdh (glucose-6-phosphate dehydrogenase), purK 

(phosphoribosyl aminoimidazol carboxylase ATPase subunit), and pstS (phosphate ATP-

binding cassette transporter)  (240). For the scheme of E. faecalis, three of the housekeeping 

genes are in common with E. faecium scheme (gdh, gyd, pstS) and the rest are gki (putative 

glucokinase), aroE (shikimate 5-dehydrogenase), xpt (shikimate 5-dehydrogenase), and yiqL 

(acetyl-coenzyme A acetyltransferase). The internal region of gdh gene is slightly different 

from that of  E. faecium (241).  

1.16.2 cgMLST 

Regardless of MLST benefits, due to the small number of genes in the MSLT scheme, its 

resolution is limited. The potential of WGS paved the way for the use of more genomic data in 

bacterial genomic studies, especially in outbreak surveillance where high resolution typing of 

isolates is vital (231).  
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SNP-based approaches can produce enough resolution, but the main drawback of SNP calling 

in outbreak surveillance is using different reference genomes, which complicates data 

comparisons between different studies(231,236). Expanding the MLST scheme from seven 

housekeeping genes to several hundred core-genes can give enough resolution. Allelic diversity 

of such a number of genes can more easily identify the outbreak related isolates and cluster 

them in a group known as a cluster-type (CT). cgMLST is a standardized method that translates 

the genomic variations (SNPs) into a portable numbering system for alleles, and compared to 

SNP-calling is less computationally intensive (231). To build a cgMLST scheme, a large 

number of isolates of one species are analysed and loci that are present in 95% of those isolates 

will build the scheme (242). Thus, because of different core genome sizes, the number of target 

genes in the cgMLST differs between species. Moreover, for technical reasons, some loci might 

be excluded during the process of scheme building (231). cgMLST results can be translated to 

phylogeny and used to build a tree using different methods such as minimum spanning (MS), 

neighbour-joining (NJ), or single-linkage hierarchical clustering (242). 

1.16.3 SNP-calling 

Although higher resolution typing can be attained by cgMLST, considerable diversity in the 

genome is disregarded since it is not included in the cgMLST scheme. Genes which are not 

included in the cgMLST schemes may affect the scheme's ability to identify closely related 

outbreak isolates. Here SNP-calling between bacterial isolates can be a useful method. SNP-

calling can be reference based or use a reference agnostic method (243). In the reference based 

SNP-calling, the isolates of interest are aligned against a closely related (closed) reference 

genome (244). The most widely used, accurate, and simplest method for SNP-calling is 

reference-based, which is useful for relatively few isolates. This method also has its limitations. 

In reference based SNP-calling, the reference genome is very important, and not always a 

closely related close genome for interest isolates is available (243). To bypass the reference 

genome problems, k-mer based comparison methods for SNP calling were developed. K-mers 

are blocks of (k) length sequences that can be compared between sets of interest genomes to 

model intra-isolate diversity. It has been shown that k-mer based approaches using a tool 

(kSNP3.0) can produce consistent results without reference (245). The split K-mer analysis 

(SKA), is based on pairwise SNP and can identify variations among a large number of closely 

related genomes. SKA is a rapid method and can analyse read data or genome assemblies as 

input. SKA can be run on a standard personal computer and calculates pairwise distances, builds 

single linkage clusters, and aligns genomes using either reference-based or reference-free 
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approach. The notable drawback of SKA is its inability to identify SNP in repeated K-mer split 

(246). 
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2 Objectives of the study 

This chapter outlines the main objective of the research project and the specific objectives for 

the three manuscripts. The overarching aim was to examine recent developments in the 

epidemiology of VRE in Norway related to the occurrence of novel van-types and the 

increasing number of VREfm.  

The specific objectives related to paper I were to: 

1. Examine the genetic relatedness between the first vanD-type VRE isolates in Norway 

2. Identify the MGE harbouring the vanD gene cluster, compare it to previously reported 

MGE associated with vanD gene and examine its mobility 

The specific objectives related to paper II were to: 

1. Examine the genetic relatedness between the first vanE-type VRE isolates in Norway 

2. Identify the MGE harbouring the vanE gene cluster, compare it to previously reported 

MGE associated with vanE gene and examine its mobility 

The specific objectives related to paper III were to:  

1. Identify main sequence types (STs) and cluster types (CTs) in a representative 

concurrent selection of Norwegian VREfm and VSEfm 

2. Compare the main STs and CTs with global VRE data  

3. Identify and compare MGEs harbouring vanB and vanA gene clusters in main STs/CTs 

4. Elucidate specific virulome patterns in VSEfm and VREfm and their main STs 

5. Identify possible within-hospital van-MGE exchange between co-occurring vanB-type 

VRE 

6. Examine the presence of other clinically relevant antimicrobial resistance phenotypes 

in the selected VREfm and VSEfm isolates 
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3 Materials and methods 

The methods used in this research project are listed and described in detail in the three 

manuscripts resulting from this research project. The following section presents a general 

description and rationale for the selection of methods. Some of the methods that require more 

detailed descriptions are explained in detail. 

3.1 Bacterial culture collections 

Enterococcal cultures collected at different laboratories around Norway were sent to the 

Norwegian National Advisory Unit on Detection of Antimicrobial Resistance (K-res). The 

vanD and vanE type VRE were studied in papers I and II, respectively, and vanA and vanB-

type VRE were studied together with the VSE isolates in paper III. The criteria for including 

isolates in the study varied between the first two papers and the last one. In papers I and II, all 

identified vanD and vanE in Norway (regardless of species, time, and geography) were studied. 

A random subset of vanA- and vanB-type VREfm and VREfs were included in paper III. In the 

case of VSE isolates, all available VSEfm isolates from NORM 2008 and 2014 were included 

in the study (Table 1).  

Table 1. The number of isolates that were whole genome sequenced in this research based on their 

collection, species, and paper. 

Collection Species van-type Paper Number of sequenced isolates 

vanD E. faecium vanD I 4 

E. casseliflavus vanD/vanC I 2 

vanE E. faecalis vanE II 2 

VSE 2008 E. faecium - III 99 

VSE 2014 E. faecium - III 162 

VRE 

(2010-15) 

E. faecium vanA/vanB III 229 

E. faecalis vanB III 12 

Total       510 
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3.2 Bacterial species identification 

Each isolate was first subjected to MALDI-TOF to confirm the species according to the 

manufacturer's instructions. MALDI-TOF is a fast, and robust technique to identify the 

microorganism’s species reliably (247). The high sensitivity of MALDI-TOF method can 

differentiate between closely related enterococci species and around 94% of bacterial isolates 

can be identified at the species level. Additionally, MALDI-TOF can identify enterococci from 

blood culture bottles, which saves time and is vital in antibiotic therapy initiation (2). 

3.3 Antimicrobial susceptibility testing (AST) 

Broth microdilution method (BMD), besides agar disk diffusion, is the gold standard for AST 

(248). It has been argued that vancomycin's large molecular size affects disk diffusion, so 

trained personnel are required to interpret growth inhibition zone edges. CLSI agar screening 

method performs with acceptable sensitivity and specificity in detecting some low-level vanB-

type VRE (249,250). In papers I and II, BMD methods were used to perform AST, as we were 

dealling with a few isolates of two rare van-types. While in paper III, the majority of VRE 

isolates were vanB-type which is known to have moderate to low level resistance to vancomycin 

(83,249), thus, the CLSI agar screening method was used to perform AST for vancomycin. For 

the other antimicrobials (gentamicin, linezolid, and ampicillin) AST were preformed using 

disks on MH agar plates, according to the EUCAST method.  

3.4 Filter mating 

Among different methods to test the ability of isolates to conjugate, filter mating was the best 

for our purpose. The formation of mating-pair and its efficiency are influenced by different 

parameters such as local cell density, the type of conjugative pili, and the outer-membrane 

proteins of the recipient’s cells. In filter mating, cells are fixed in their place. Thus, mating is 

limited to neighbouring cells. Filter mating is more efficient in taxonomic related isolates since 

donor and recipient cells have enough time to conjugate (251). Moreover, in enterococci, most 

MGEs/plasmids are not transferred efficiently in liquid mating  (164). In papers I and II, we 

performed a filter paper mating method to determine the possibility of conjugation and the 

transferability of MGE harbouring van gene clusters using the same species as a recipient. 
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3.5 DNA extraction 

We used two different kits for genomic DNA extraction. For Illumina sequencing purposes the 

DNeasy Blood and tissue kit (Qiagen, Hilden, Germany) was used as it is a standard in our lab. 

Since the quantity of DNA needed for PacBio sequencing is much higher (3 μg), we used 

Wizard Genomic DNA Purification Kit (Promega, Madison, USA) to obtain enough DNA. This 

kit had already been used by other collaborating research groups with success for long read 

sequencing.  

3.6 Sequencing (Illumina and PacBio) 

We chose the Illumina platform to sequence all the isolates for several reasons. First, it has a 

low error rate and is cost effective. Also, the coverage of Illumina sequenced draft genomes is 

high enough for our purpose. High accuracy reads of Illumina can be mapped either against 

their assembly or a related genome for error correction (210,213,222). Moreover, Illumina reads 

can be used directly in some bioinformatic tools like ResFinder (252). Additionally, 

NextSeq550 is the available Illumina sequencer in the genomic support center of Tromsø (253). 

To increase the accuracy and coverage of the resulting draft genomes, we chose paired-end 

Illumina sequencing (213). Regardless of all advantages of Illumina sequencing, the Illumina 

sequenced genomes cannot be closed because of longer repetitive sequences in the genome 

(254).  

To close the genomes, long read sequencing is recommended (255). Therefore, we used the 

PacBio sequencing platform and CCS for their higher accuracy to close several selected 

genomes. The aim of closing genomes was to use them as references for comparative genomic 

analysis such as sequence comparisons, reference-based variant calling and other analyses that 

need reference genomes. 

3.7 From raw reads to assemblies 

Bioinformatic analyses start with the assembly of raw reads generated from WGS. This starts 

with removing adaptor sequences and low-quality reads and end with final draft genomes. In 

this part, before choosing a tool, we did a benchmarking for several tools to choose the best 

performing one.  
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For adaptor removal and quality filtering of the raw reads obtained from Illumina sequencing 

Trimmomatic v0.39 (256) and Trim-Galore (257) were tested and the quality of the reads 

resulting from both tools was assessed. Trimmomatic performed the best, as the overall quality 

of its output was higher, and was used for all isolates. The quality of trimmed raw reads was 

assessed using the standard tool of reads assessment which is FastQC (258). In Paper I, among 

four assemblers (SPAdes, ABYSS, Skesa, and SOAPdenovo), SPAdes (259) performed the 

best as it produced a lower number of contigs, high genome completeness and slightly higher 

genome coverage, and was thus chosen to assemble all the samples. In papers II and III, in 

addition to those tested in the paper I, we tested a new assembler (Unicycler) (260). The quality 

of Unicycler assemblies’ exceeded SPAdes assemblies and therefore it was chosen to assemble 

all the isolates. Finally, a maximum of 400 contigs and minimum of 40x genome coverage were 

set as the cut-off values to include the assemblies in the analyses. In addition, assemblies with 

a genome size fluctuation equal to or less than 10% of the smallest and largest completed/closed 

genome deposited at NCBI were considered in the bioinformatics analyses. To achieve a higher 

resolution and accuracy, more specifically in virulome and ARG analyses, a minimum of 40x 

coverage was set up (261). The E. faecium genome contains lots of MGEs and repeated 

sequences that potentially affect the assembly and can be an obstacle to generating larger and 

fewer contigs. Therefore, we used the maximum of 400 contig, a standard followed by K-res 

as well. Also, in the case of sorting contigs, assemblies with less than 400 contigs perform 

better. The genome size standard is set because of the open pan-genome of E. faecium and to 

avoid mixed sample sequences (Figure 7). 

For PacBio sequence reads, first we tested the hybrid assembly of Illumina and PacBio reads 

in Unicycler, which in all samples resulted in assemblies of hundreds of contigs. Then, we 

tested other tools for long reads assembly such as Unicycler, Canu, Velvet, Raven, and Flye. 

Overall, Unicycler and Canu performed the best, but the quality of assemblies produced by 

Unicycler was slightly higher than Canu and had fewer errors. Thus, Unicycler was used for 

the PacBio sequence reads. Samples that Unicycler failed to circularize, were re-assembled 

using Canu, (262) then polished by Pilon (263) and circularized using Circlator (264). 

Assemblies that met all the standards were used for the bioinformatic analyses. 
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Figure 7. From Illumina raw reads to assembly. 

  



 

36 

3.8 Typing of isolates 

MLST is a universal robust method for studying pathogenic bacterial population structure and 

epidemiology. However, cgMLST is the best typing method in terms of resolution, but not all 

VRE studies use cgMLST methods. Therefore, to compare the Norwegian population structure 

to global data, we needed a more common method such as MLST. On the other hand, we needed 

high resolution typing to identify the CTs to compare the isolates within the studies and for this 

purpose we used cgMLST. In silico MLST in (papers I, II, and III) was performed using 

MLST tool V2.19.0. As well we used SeqSphere+ software V6.0.2 (Ridom GmbH, Münster, 

Germany [http://www.ridom.de/seqsphere/]) with the default options to perform cgMLST. 

Minimum spanning trees were built based on the cgMLST scheme of E. faecium (papers I, III) 

or E. faecalis (papers II, III). Novel STs and CTs were submitted to pubMLST and Ridom 

SeqSphere+, respectively.  

3.9 Phylogeny 

To build the global phylogenetic trees (papers I, II, and III), we retrieved the available closed 

genomes of enterococcal species as of the date of building the trees and drew the trees using 

the Parsnp tool with default options, including flag (-c) to avoid excluding any samples. Local 

trees in paper III were built using the same options in Parsnp. Parsnp is the best tool for a large 

number of closely related species or strains and can build a tree based on the core genome 

alignment and SNP detection, even for low-quality draft genomes (with several hundred 

contigs) in a short time (234). The tree visualizing tool (Gingr) of the harvest suite that was 

developed for displaying Parsnp trees does not have the ability to annotate and display metadata 

(234). Therefore, to display the important metadata on the midpoint-rooted tree we used 

Interactive Tree Of Life (ITOL) v6, an online tool that can annotate the tree in multiple layers 

(265).  

3.10 AMR and VF genes identification 

To identify AMR genes in the isolates (papers I, II, and III), we used NCBI bacterial AMR 

reference gene database (PRJNA313047) in ABRicate tool V1.0.1 (266). ABRicate is an open-

source tool with an acceptable running speed. Also, it is possible to use different ARG databases 

with the capability of updating them (266,267). PRJNA313047 has the highest number of 

curated ARGs among ARG databases with 6386 as of 01.11.2022 (266,268). In contrast to 
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AMR genes, there is no updated available database for enterococcal VFs. Thus, we used the 

ability of ABRicate to create our E. faecium VF database. We used the coding sequence of all 

30 experimentally confirmed VFs of E. faecium identified by extensive searches in PubMed. A 

cut-off of 90% was used for identity and coverage before BLASTing the genomes against our 

VF database (paper III).  

3.11 Identification of MGEs harbouring van gene clusters and their genomic 

integration site 

To identify the integrated MGEs harbouring van gene clusters (vanB, vanD, and vanE) (papers 

I, II, and III) into the genomes, we used comparative genome sequence analyses (269), which 

is described in detail in the paper III. One of the most important steps in this part was choosing 

a proper reference genome. The reference genome should not have any MGE at the insertion 

site of the MGE harbouring van gene cluster of VRE isolate of interest. In paper I, we used the 

closet complete genomes retrieved from NCBI from the global tree built for this purpose. 

However, in paper II, the closest genome was not used as it contained another MGE at the 

exact location where Tn6202 was. Thus, we used the second closest closed genome. In the 

paper III, eight VSE isolates form VSE 2008 and VSE 2014 collection were PacBio 

sequenced, and their genome were closed. These sequences were used as references for the 

vanB-type VRE isolates. In the case of VREfs, as no VSEfs were included in the study, the 

same as papers I and II, we chose the closest complete genome from the global phylogenetic 

tree.  

3.12 Reconstructing plasmids of vanA-type VRE isolates 

The assembly of the accessory genome (such as plasmids) from Illumina short reads sequencing 

is challenging (270). Thus to identify the plasmids in Illumina sequenced isolates, we need to 

reconstruct them and use other approaches to compare them to the reference plasmids (271). 

Two approaches were used in paper III to reconstruct the plasmids and compare them to the 

references. First, the Mob-suite tool (272) was used to reconstruct the plasmids, followed by a 

BLAST search against the NCBI AMR database on ABRIcate. Next, plasmids with vanA gene 

clusters were typed against the PlasmidFinder online database (273). The second approach was 

used to compare the plasmids to the circularized reference. We mapped the Illumina reads of 

vanA-type isolates against the PacBio sequenced plasmid harbouring vanA type gene cluster. 
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Samples containing reads that covered the entire length of the reference plasmid were 

considered as similar to the reference plasmids. 
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4 Summary of results 

Paper I: Novel genomic islands and a new vanD-subtype in the first sporadic VanD-type 

vancomycin resistant enterococci in Norway.  

• The first VanD-type VRE in Norway were detected in two different patients within two 

months. 

• VanD-type VRE isolates belonged to different enterococcal species, E. faecium (from 

both A and B cases), and E. casseliflavus (from case B). 

• We reported the first two vanD-type E. casseliflavus isolates, identified a novel subtype 

of vanD gene cluster termed vanD6 and described three novel GIs harbouring vanD 

gene clusters of putative Clostridiales order origin integrated at the same chromosomal 

site in both E. faecium and E casseliflavus. 

• Circular forms of the vanD-GIs were detected in all but one isolate but transfer to an E. 

faecium recipient was not detected. 

• Different vanD subtypes on various GIs and phylogenetic distance revealed that the 

isolates of the two cases are not clonally related despite temporal occurrence. 

 

Paper II: The first vanE-type vancomycin resistant Enterococcus faecalis isolates in Norway 

– phenotypic and molecular characteristics. 

• The first VanE-type VRE isolates in Norway were recovered from the same patient 30 

months apart. 

• Their vanE gene cluster, harboured by the previously described MGE Tn6202, only 

showed difference in vanSE. 

• The vanSE gene was truncated in both isolates, but in the E1 isolate, the downstream 

histidine kinase part of the vanSE gene was still expressed.  

• The premature stop codon in vanSE of E1 resulted in the histidine kinase domain still 

being in frame with vanRE while insertion of IS6770 in vanSE of E2 likely resulted in 

inducible low level vancomycin resistance in E1 and constitutive low level vancomycin 

resistance in E2. 

• Neither circular forms nor transfer of Tn6202 between E. faecalis were detected. 

• The two vanE-type isolates (E1 and E2) were considered clonally related as they were 

recovered from the same patient and had the same ST. The core genome and the allelic 
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differences between them were not too high (n=32), although the mutation rate in E1 

was 125-fold higher than in E2. Moreover, only 60 variants existed between the two 

genomes that have similar organization.  

 

Paper III: The population structure of vancomycin resistant and susceptible Enterococcus 

faecium in a low prevalence antimicrobial resistance setting is highly influenced by global 

clones. 

• The incidence of VRE in Norway increased dramatically from 2010 to 2015. 

• Whole genome sequence analyses of VSEfm bacteraemia isolates from 2008 and 2014 

and a randomly selected subset of VRE recovered from 2010 to July 2015 showed that 

the Norwegian E. faecium population structure is influenced by globally prevalent STs 

and, in particular concurrent European CTs. 

• The two major vanB-type clusters ST192-CT3/26 (n=113) and ST117-CT24 (n=31) 

mainly recovered from a single hospital carried ICE Tn1549 that had been acquired 

independently. 

• Variants of Tn1549 were responsible for all vanB-type (vanB2) VREfm. 

• Although vanB was the most prevalent van type, vanA occurred in more diverse CTs. 

• vanA gene clusters were carried on either Inc18 or RepA_N plasmids containing toxin-

antitoxin systems, mostly as part of Tn1546-like elements. 

• VREfs incidence is much lower than VREfm and were all vanB-type, of which eight 

were carried on Tn1549 and four had a chromosomally integrated plasmid harbouring 

the vanB1 gene cluster. 

• Norwegian VREfm and successful CTs have enriched virulomes compared to the more 

diverse VSEfm population, and each clone has its specific VF profile.  

• Clade A isolates were more virulent and resistant compared to clade B isolates. 
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5 General discussion 

As a leading cause of nosocomial infection, enterococci are receiving significant attention from 

researchers. The open pangenome and genome dynamics are important properties of E. faecium 

that facilitate the acquisition of MGEs (28). Although enterococci have been the subject of 

increasing genomic studies, further investigation is still required in some areas, such as the 

aspect of different virulomes (274). Concerning the diversity of CTs, novel van types or 

subtypes, and MGEs harbouring them, we implemented different methods and approaches to 

explain some important aspects of Norwegian VRE and VSE genomes. In general, the 

epidemiology of VRE in Norway has shown a similar trend as in other European countries. 

In paper I, we studied Norway's first six vanD-type VRE isolates. Regardless of the rarity of 

vanD, it is one of the most diverse van-types in the case of subtypes, MGEs harbouring the 

gene cluster, and occurrence in the different Enterococcus species (106,108). In paper I, this 

diversity expanded further since we introduced a novel subtype, new GIs harbouring the vanD 

cluster, and reported it in a new Enterococcus species.  

In paper II, we reported the first two vanE-type VREfs isolates recovered from the same patient 

in Norway and, to our knowledge, in Europe. vanE is even rarer than vanD gene cluster. 

Furthermore, all the previously reported vanE-type VRE were recovered when WGS was not a 

common method in the study of VRE, and none have previously been whole genome sequenced 

(110,275,276). In paper II we sequenced and closed the genome of vanE-type isolates for the 

first time. 

In paper III, we carried out the first comprehensive study on the genomes of enterococci 

recovered in Norway in a defined period and investigated the clonality, van-types, and MGEs 

of vancomycin resistant E. faecium and E. faecalis, as well as the virulome of VREfm and 

VSEfm. Although the population structure and genomes of VREfm are well studied (30), the 

genomic difference between VREfm and VSEfm needs more attention. The implication of WGS 

in nosocomial pathogen studies, such as in VREfm, can elucidate the local and global spread of 

VREfm and genomic characteristics related to host specificity, hospital adaptation and 

resistance (277). One recommended approach in genomic studies is using closely related 

reference genomes (278). In paper III, we closed the genomes of eight VSEfm isolates from 

the dominant Norwegian STs to use as references for the VRE isolates. This approach helped 

identify and locate the MGEs harbouring the vanA and vanB gene clusters.  
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Moreover, we compared our results to the global data looking for clues to reveal the relatedness 

between the global and Norwegian VRE. As WGS is costly, researchers tend to sequence the 

most clinically important (VRE) rather than less important isolates (VSE) and underestimate 

VSE/VRE genomic evolution. VSE are important nosocomial pathogens that prop up further 

evolution of VRE (277). One of the remarkable differences that paper III pointed out is the 

difference between the virulomes in VREfm and VSEfm.   

5.1 Setting standards for quality control of assemblies 

Nowadays, WGS has helped to elucidate the clonal spread and transmission routes of VREfm 

and has become a widely used method in VRE studies (279). In bioinformatics analyses, the 

quality of the final assembly is essential, but still there is a lack of standard quality control 

parameters and thresholds. Therefore, we selected our own standards for quality control of 

assemblies.  

Applying cut-offs to coverage and length will result in an assembly with a much lower level of 

contamination. We may have to discard a few genuine contigs in this process (280). However, 

most of such short contigs contain repetitive elements since Illumina reads are not long enough 

to cover their entire length (254). 

A minimal level of coverage is required to achieve a reliable result in SNP calling. Illumina 

recommends an average of 30x genome coverage. Such a minimum cut-off can lead to 

confident SNP scores and support the genomic regions with lower coverages (281). While for 

the accurate prediction of ARG and VF genes as well as isolate typing, 40x coverage or more 

is needed (261). Thus, we set a 40x cut-off for genome coverage. The genome sequence in E. 

faecium is full of repetitive elements, which can make difficulty in the assembly process. 

During the read assembly, repetitive elements can affect the process of building contigs (254). 

In the E. faecium genome, IS elements, repeated regions in intergenic regions, and genes with 

repetitive regions like esp are the reason for fragmented assemblies (282). The standard we 

used was deleting contigs shorter than 200 bp. After this modification, assemblies with 400 

contigs or less were included in the study. These standards have been used in our lab and 

performed well in the analyses. Moreover, in paper I, where we used SPAdes assembler, an 

additional cut-off for coverage was applied, and all contigs with less than 2x coverage were 

removed from the final assemblies. 
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400 contigs could be a high number in some species with smaller genomic sizes, but this was 

to include as many contigs as possible with acceptable quality in the final assembly. In addition, 

assemblies with a genome size fluctuation ≤ 10% of the smallest and largest genome deposited 

at NCBI were considered in the bioinformatics analyses. We chose this range because of the 

dynamic and open pangenome of E. faecium (28) and the difference between the smallest and 

biggest closed genomes deposited on NCBI (2.43 Mb to 3.44 Mbp) is more than 1 million bp 

(40). However, in paper III, the genome size ranged between 2.3 to 3.1 Mbp and did not reach 

the upper and lower genome size values of E. faecium retrieved from NCBI. 

5.2 Determining clonality of isolates 

Assessment of relatedness between isolates is vital in infection epidemiology. High resolution 

typing or genomic methods like SNP-based comparison are used for this purpose. Using 

epidemiological data and cgMLST can help assess the relatedness between the isolates and their 

transmission route (243). In all three papers (I, II, III), we used cgMLST data to build MS trees 

to assess the relatedness between isolates. 

In paper I, among the vanD-type VREfm, we identified two unrelated CTs (allelic difference 

=354) in two patients. This fact confirmed the epidemiological data indicating that the two 

vanD-type isolates in the two patients were unrelated and occurred independently. The cgMLST 

results are concordant with SNP-based mapping methods and are of high discriminatory power 

for determining the relatedness between isolates (283). However, even samples with different 

MLST, can be closely related. This was also the situation in paper I, in which two isolates that 

recovered from the same patient with two different STs (ST17 and ST1486) had the same CT 

(CT3198) differing in only 7 of 1423 alleles in the cgMLST scheme. One of the allelic 

differences was in the dll gene, which is among the MLST genes scheme of E. faecium. The 

ddl gene in vanD-type strains is often mutated, and various mutations in this gene have been 

identified so far (106). In such cases, if you only use the seven loci of the MLST scheme, the 

relatedness of isolates can be overlooked.  

A cgMLST scheme is only available for 24 important clinical bacterial species. E. casseliflavus 

is not among them since it is rarely recovered from human infections (284,285). Therefore, we 

drew a phylogenetic tree based on the core genome SNPs using the Parsnp tool to determine 

the relatedness between the two isolates. The two E. casseliflavus isolates of patient B in the 

paper I seem clonally unrelated since they clustered in two separate branches in the global tree. 
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Analysis of the relatedness between vanE-type isolates of paper II was challenging. In the 

epidemiology of infections, three variables (time, person, and place) are studied (286). 

Although the two vanE-type isolates in paper II were recovered 30 months apart, they were 

isolated from the same patient and should thus be considered epidemiologically related. 

cgMLST is a robust high-resolution method for assessing genetic relatedness between 

epidemiologically related isolates. In cases like the vanE-type isolates, data produced from 

cgMLST need supporting data and further analyses to confirm the relatedness between the 

isolates. Furthermore, the assessment of relatedness between two isolates based on cgMLST 

and variant calling distances is highly organism-specific(287). If cgMLST and variant calling 

cannot provide enough resolution, investigating the accessory genome and plasmid-typing may 

provide more discrimination(287). Thus, in assessing the relatedness between vanE-type 

isolates, we performed accessory genome comparison in addition to cgMLST analysis and 

variant calling. 

The cgMLST analysis showed 32 allelic differences, which is higher than the threshold of 

allelic differences for cluster formation in E. faecalis by more than four times. The cgMLST 

scheme of E. faecalis has more genes than E. faecium, while the threshold for determining CTs 

is only seven allelic differences(231,232). This can be due to the stable large core genome in 

E. faecalis (35).  

The E1 isolate has a 125-fold higher mutation rate than E2, which complicated the interpretation 

of variant calling. Additionally, the time gap between E1 and E2 isolation was a possible reason 

for the differences in their accessory genomes which is reflected in different MGEs and plasmid 

profiles. Together, the genomic and epidemiological data suggest relatedness between E1 and 

E2, but the level of relatedness and the putative origin of the isolates need more supporting data 

and analyses.  

In paper III, we discussed the clonality at two levels, MLST and cgMLST data. cgMLST 

analysis and its resulting MS tree give higher resolution, but the method is still not widely used 

in enterococcal studies worldwide. Therefore, we need a more widespread method to compare 

our results to the global data. In silico MLST still is a robust method and will be used in the 

future for broad characteristics of isolates, as it provides data for population structure using a 

global nomenclature and a large amount of MLST data has already been stored (288). 
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The comparison between MLST and cgMLST data revealed that 80% of the isolates belong to 

the globally dominant STs, but in the cgMLST level, only 42% (206/490) of them were from 

globally prevalent CTs. This is partly due to cgMLST not being a widely used typing method 

in enterococcal research. Moreover, the emergence of E. faecium clones at the local level is 

probably also affected by the dynamic nature of their genome (289). 

5.3 The prevalence of globally dominant STs and CTs among the Norwegian 

VREfm  

The major STs (ST192, ST117, ST203, and ST80) identified in paper III have been dominant 

and responsible for many hospital associated outbreaks in different European countries 

(58,70,271,290–293). Moreover, the main VREfm CTs identified in the cgMLST analyses have 

been reported from other European countries such as Denmark, the Netherlands, and Germany 

(184,291,293–296). The rest of the CTs were non-prevalent or novel CTs varying in size (from 

21 to 1 isolate).  

ST192 is one of the most important global STs associated with AMR. One of the earliest reports 

of this ST was among VRE isolates in Korea between 1998-2004, dominated by vanA. Only a 

single vanB-type VRE isolate was identified in that study, but the article did not specify its ST 

(297). ST192 has been one of Germany’s VRE and LRE-associated STs since 2003 (298). Since 

then, ST192 has continued causing vanB-type VRE outbreaks in several German hospitals 

(70,299,300), while in Denmark, most of the ST192 isolates recovered between 2005-15 were 

vanA-type (294). In Sweden, ST192 was responsible for most vanB-type VRE between 2007 

to 2011(173). In Norway, the first reported vanB-type ST192 isolate was from 2010, recovered 

from a large hospital outbreak (paper III). 

The second most prevalent ST in Norway was the vanB-type outbreak associated ST117 (paper 

III), another globally dominant ST associated with both vanA- and vanB-type VRE. In 

Germany, it was the main VRE-mediating ST in the 1990s. In 2008, 80% of ST117 VRE 

isolates in Charité – Berlin University of Medicine were vanA but this fell to 6% after a decade 

(2018) (70,301). ST80 is another worldwide prevalent ST that was responsible for the largest 

VRE outbreak in Germany, resulting in 2900 vanB-type VRE isolates (70). ST203, ST17, and 

ST18 which followed as the next dominant STs were among the most prevalent STs in Europe 

between 2000 and 2009, but their prevalence began to decrease after a decade (2010-19) (70). 

ST203 and ST80 are mainly associated with vanA-type VRE(292,302). 
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Identification of reservoirs and transmission routes is one of the most important aspects in the 

prevention and understanding of the spread of VRE. Hospital outbreaks could be due to clonal 

expansion of an established VRE and/or due to newly acquired van-carrying MGE and HGT 

(291). Analyses and comparisons of MGEs in the VRE isolates can help to elucidate and 

understand the spread of VRE (291). Such analyses can provide additional information besides 

clonality in clarifying the spread of VRE. In paper III, with one exception, among each vanB-

type CT, the Tn1549 ICE was identical and inserted at the exact same location. 

5.4 Relatedness between the Norwegian and global VRE 

As outlined, globally dominant STs were prevalent among the Norwegian VRE and VSE 

isolates. At the CT level, only the outbreak related CTs have been reported to form important 

clusters elsewhere. A total of 42% of all E. faecium isolates in paper III were from known 

CTs, while this proportion in the VREfm was 72%. The prevalence of VRE in Norway is low. 

The VRE problem in Norway has mainly been a local problem, with some intra-regional spread. 

Between 2006 to 2017, only 6% of the VRE recovered in Norway were reported to be acquired 

abroad (303). Genetic events like acquisition and loss of ARG via HGT and recombination in 

the core genomes are the main modes of genomic evolution in clade A1 E. faecium isolates that 

can produce new clusters. This pattern can lead to the emergence of novel lineages able to 

spread worldwide (289). This could be why the clonal composition of predominant STs like 

ST117 is highly diverse, which is reflected in their various CTs (304). Local evolution among 

CTs plays an important role in the epidemiology of VREfm. For instance, a comparison between 

Irish and Danish VREfm isolates revealed few overlapping isolates in clade A1 clusters, 

indicating the importance of local evolution in the epidemiology of VREfm (184).   

We compared our results to the available global data to find any close relatedness between the 

Norwegian and worldwide VRE CTs. As we do not have access to metadata of the VRE 

genomes deposited in NCBI, it is difficult to establish that two or more VRE isolates from two 

countries are epidemiologically closely related. For instance, in NCBI, the isolation date is 

presented as per year, and no more details are available (day or month). In addition, we did not 

include the draft genomes deposited into NCBI to avoid technical issues and reduce errors, 

which will consequently exclude most of the isolates. 

Among global isolates genomes retrieved from NCBI some of the ST192-CT3, ST117-CT24, 

and ST203-CT20 were in common with the Norwegian CTs. Analyses showed that only two 

vanB-type isolates from the Netherlands (E7654 and E7663) showed high relatedness to the 
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Norwegian ST192-CT3. In the Dutch and Norwegian isolates, the Tn1549 harbouring the 

vanB2 gene cluster had an identical IS insertion and were integrated into the exact same 

insertion site. Although we considered them closely related, lacking the epidemiological data 

of the Dutch isolates was an obstacle for suggesting a possible direction of spread. 

5.5 van gene clusters associated with the Norwegian VRE 

The diversity of van gene clusters in enterococci has reached ten van-types (74). Among VRE, 

vanA and vanB are still the most predominant van-types (274), and the main reservoir of vanA- 

and vanB-type is E. faecium. In addition to vanA and vanB, Although with a lower prevalence, 

vanC and vanM are able to cause outbreaks, while other van-types are reported sporadically 

(70,81,132). In Norway, the main van-types were vanB and vanA (303). The vanA gene cluster 

has been widely spread in Europe, the USA, South America, Korea, and Africa, while vanB has 

been most prevalent in some European countries and Australian hospitals as in Norway 

(128,277,305,306).  

In paper I, six vanD-type VRE from two enterococcal species were isolated from two separate 

cases. vanD is a relatively rare van gene cluster, mainly found on GIs integrated into the 

chromosome, but recently also reported on a highly conjugative pEF-D plasmid (109,187), 

homologous with the Inc18 family plasmid pMG1(109). Since 2018, vanD-type VRE have only 

been reported from the Netherlands and Japan (108,109,307,308). In Norway vanD-type VRE 

are rare and occur sporadically, similar to what was observed in the Netherlands, Germany and 

Japan (70,108,109,307). Localisation of the vanD gene cluster on a more successful MGE like 

pEF-D plasmid may increase further spread of it. 

In paper II, we reported vanE, one of the rarest van-types for the first time in Norway and, to 

our knowledge, in Europe. Clinically it had been reported only in E. faecalis, but our BLAST 

search showed that all E. caccae genome sequences retrieved from the NCBI database contain 

the vanE gene cluster (Access: NZ_CABMMG010000001.1, NZ_KB946335, 

NZ_JXKJ01000001).  

In paper III, a population study on VRE (vanA- and vanB-type) and VSE isolates, 63% 

(167/229) of all VREfm were vanB-type. All the vanB gene clusters in VREfm isolates were 

vanB2-subtype, while in VREfs vanB2 was found in 67% (8/12) and vanB1 in the remaining 

VREfs. Worldwide, vanB2 is by far the most prevalent among the known subtypes of vanB 

(vanB1-3). vanB1 has been reported from E. faecium and E. faecalis. In some studies, the 
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proportion of vanB1 in vanB-type E. faecium is almost 5%(309,310). The vanA-type occurred 

in 27% of VREfm and none of the VREfs isolates (paper III). The prevalence of vanA type 

VRE is variable in different counties. For instance, in recent years the leading van-type in 

Australia and China are vanA-type (130,311). Although vanB was the most prevalent van-type 

in Norway, vanA was relatively more spread in different CTs with lower number of isolates per 

cluster. Even though vanA-type VRE is associated with more outbreaks in Norway, the number 

of vanB-type VRE isolates in the two large outbreaks of the W1 hospital changed the situation 

to the dominance of vanB (303). 

5.6 The MGEs harbouring van gene cluster in the Norwegian VRE 

It has been argued that the emergence of vancomycin resistance in enterococci is caused by the 

exorbitant use of vancomycin in the healthcare setting and similar glycopeptides (avoparcin) in 

animal farming. Such overuse of the antibiotic dramatically increased the pressure of natural 

selection in bacteria and promoted the emergence of antibiotic resistance mechanisms such as 

vancomycin resistance (312) via the acquisition of MGEs that carry ARGs (41). The 

involvement of enterococci in thriving as both commensal and pathogen is mainly due to their 

ARG and or VF harbouring MGEs. MGEs shuffling novel genes into enterococci is a main 

source for evolving them into multidrug-resistant pathogens (41). After the emergence of VRE, 

MGEs attracted more attention in research and have been studied in early enterococcal 

investigations (313). The van gene clusters are harboured on different MGEs. The most 

predominant MGEs carrying vancomycin resistance are plasmids, Tn1546, and Tn1549. vanA 

is mostly part of transposon Tn1546 that is usually carried on a plasmid. In contrast, the vanB 

gene cluster is mostly harboured on the globally prevalent ICE Tn1549 that can integrate into 

the genome of recipient enterococci (2). Detailed analyses of the MGEs harbouring the van 

gene cluster and their insertion site can increase the discriminatory power of closely related 

isolates when combined with cgMLST (293).  

Most MGEs in enterococci carry IS elements (314). As MGEs may have various insertions of 

IS elements in different locations of their sequences, comparison of IS insertions in MGEs could 

be helpful and provide more data on the genetic relatedness of MGEs (315). Another approach 

that can be used to investigate differences between VRE isolates (vanB-type) are comparing 

coupling sequences, insertion sites and orientation of insertion of a MGE (316). The coupling 

sequence is a short nucleotide sequence (5- to 8-bp) inherited from the previous insertion site 

in the donor genome. During transposition, a staggered cut is made in the adjacent sequence to 

Tn1549 resulting in a few nucleotides of one end of the insertion sequence being brought 
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together with one strand of the ICE into the recipient (316). Depending on the previous insertion 

site, the coupling sequence could differ and be used as a marker to investigate MGE exchange 

(313).  

In contrast to the vanA and vanB studies, sporadically occurring van-types such as vanD and 

vanE, have (with some exceptions of vanD-types) not been investigated using WGS (108,187). 

Rather PCR or primer walking have previously been used to identify the van-type or sequence 

the MGE (106,275,276). In known vanD type VREfm investigated using WGS, the integration 

site of GIs harbouring vanD gene cluster was identical and occurred in the lysS gene (108,187), 

which shows the site-specificity of their integrases. The origin of the vanD gene cluster is 

suggested to be a gut anaerobe (108), indicating that the reservoir of GIs harbouring vanD gene 

clusters is in the human gut. Some of the GIs identified in paper I show high level of identity 

to the published vanD-type VRE sequences (from The Netherlands and Japan). These GIs are 

variable in size, and transfer were not detected by filter mating (187). 

In paper II, we reported and described Norway's first vanE-type VREfs isolates, one of the 

least studied van types due to scarce occurrence and vanE-type isolates not being whole genome 

sequenced so far. Tn6202 is the MGE that carries the vanE gene cluster in VREfs(276). In the 

two Norwegian vanE-type isolates (E1, and E2), Tn6202 is highly similar, and the only 

difference between them is the insertion of IS6770 in the vanE gene cluster of E2 isolate. The 

insertion of Tn6202 occurs in a specific location in the genomes of E. faecalis at 3´end of guaA 

gene (paper II and (276)). In addition, this insertion site was previously reported for Tn5801 

in E. faecalis (317), suggesting this site as a hot spot for insertions. The guaA gene is 

chromosomal in E. faecalis (276), but can be located on a plasmid in E. faecium (64). The site-

specificity of the only known MGE harbouring vanE to a hot spot for insertion may partly 

explain the low prevalence of vanE among VRE. Tn6202 may not always be able to integrate 

into a preferred insertion site when other MGEs are occupying this site or if the target site is 

only occasionally present, like on a plasmid. 

In paper III, we found that the two most prominent VREfm clusters ST192-CT3/26 and ST117-

CT24 were associated with Tn1549 harbouring the vanB gene cluster. Tn1549 is also by far the 

dominant vanB-type MGE in all the Norwegian vanB-type isolates in paper III. The sequences 

of Tn1549 in 147 of 174 vanB-type isolates (both VREfm and VREfs) were identical to the 

Tn1549 reference sequence (AF192329.1). While for the remaining variants of Tn1549, minor 

differences were observed, mainly due to insertions of IS elements or other genes (Figure 2 in 
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paper III). The IS insertions were used as epidemiological markers to study the possibility of 

Tn1549 exchange between the two outbreaks of hospital W1. The comparison of IS insertions, 

as well as coupling sequence analyses of Tn1549 in vanB-type VRE isolates of paper III, 

rejected the possibility of direct MGE exchange between ST192-CT3/26 and ST117-CT24. 

As a Tn916-like element, the preferred insertion site for Tn1549 is an AT-rich sequence with a 

limited sequence specificity (318). The insertion of Tn1549 in different CTs of the 

Norwegian vanB-type VRE follows the same concept as they all occurred at AT-rich sequences 

of varying lengths. Recently a sequence pattern (TTTT-N6-AAAA) has been suggested as a 

target site for the insertion of Tn1549 ICE in E. coli, but our findings do not support this 

insertion site pattern for enterococci (319). Although, in some CTs (ST117-CT24, ST203-

CT3061, and ST17-CT6207), the insertion sites partially follow this sequence pattern (TTTT-

N2-N6-AAAA) (Table 2 paper III).  

In the Norwegian vanA-type VREfm, the MGEs carrying the vanA gene clusters are more 

diverse. The vanA gene clusters in the Norwegian VRE were carried on various Inc18 or 

RepA_N plasmids. Most vanA gene clusters in RepA_N plasmids were part of Tn1546, a Tn3 

family transposon which is widely associated with vanA gene clusters (19). Recently, a novel 

method for typing Tn1546 based on IS element insertions has been suggested. The IS elements 

insertion pattern of ST80 and ST202 is similar to the suggested BC6 subtype of Tn1546 (320). 

The vanA gene clusters in ST17 and ST18 have the same IS elements at the exact same location 

but lack the transposase and resolvase genes of Tn1546 (Figure 3 in paper III). In the vanA-

type ST192 VRE, no similarity between the known Tn1546 subtypes was observed, and a new 

variant of transposase gene larger than the normal gene in Tn1546 was found. In ST203-CT20 

VREfm, an Inc18-type plasmid with multiple insertions of IS elements carries the vanA gene 

cluster. In this cluster, the transposase and resolvase genes of Tn1546 are missing, but a similar 

pattern of IS element insertion to the BJ subtype of Tn1546 was observed (320). The three main 

genes of Tn552, were also present in this plasmid. Tn552 has been described in S. aureus 

encoding resistance to penicillin (150). Tn552 is another Tn3 family transposon which is rarely 

identified in enterococci carrying β-lactamase gene of penicillin resistance (321).   

5.7 Each cluster has a specific virulome; VRE are more virulent. 

The emergence of vancomycin resistance in enterococci is at least partly a response to selection 

pressure due to the use of glycopeptides, while the accumulation of VFs in E. faecium may 

reflect the presence of other drivers rather than antibiotics (199). The study on the virulome of 
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E. faecium still needs more attention. To date, a total of 30 virulence genes have been 

experimentally confirmed in E. faecium (199–204,322–324). However, still some putative VF 

genes are reported when examining the virulome of E. faecium, and some of the experimentally 

confirmed VFs are not included. For instance, a recently published study described ten putative 

VF genes of E. faecium. Only four of those were experimentally confirmed to be VFs (289). In 

another study published in 2022, only 6 out of 17 putative VF genes were among previously 

confirmed VFs of E. faecium (325). Moreover, the reference database for bacterial virulence 

factors (VFDB) provides a VF list and sequences for pathogenic bacteria. In the case of E. 

faecium, VFDB list contains only 16 VFs, including some putative VF genes (as of 20.11.2022) 

(326). Thus, to study the virulome of E. faecium in paper III, we built our own database and 

included only the experimentally confirmed VFs. While E. faecium is not considered a highly 

virulent Enterococcus species (2), the plastic genome and its ability to acquire VF-encoding 

MGEs can cause different VF profiles (327). Apart from tirE1 and tirE2, which promote E. 

faecium survival in the blood, and boNT/En and epx2, which are exotoxins, all the confirmed 

VF genes are associated with adhesion and colonization (202,204,324). For instance, ecbA, 

fms15, scm, ptsD and prpA encode VFs supporting adherence and colonization(200,328), and 

esp encodes a surface protein involved in biofilm formation (329). The BoNT/En is a Botulinum 

Neurotoxin-like Toxin, encoded by a gene cluster, described to be located on conjugative 

repUS15 plasmids in an E. faecium isolate(324). Epx2 is a cytotoxic pore-forming toxin 

identified in two strains of E. faecium (204). Eukaryotic cell targeting toxins are seldom in E. 

faecium (enterococci), and the spread of neurotoxins (BoNT/En) or a toxin like epx2 within the 

broad reservoirs (human and livestock) of E. faecium could potentially have devastating 

consequences (204,324). 

Our results showed that clusters have their specific VF profile that may differ in one or more 

VFs, and also between strains within a cluster. Interestingly, in the mixed VRE/VSE clusters, 

the VRE isolates may contain more VFs. Generally, nosocomial isolates (of clade A) 

successfully acquire more VF and AMR genes, which bring selective advantages for the isolates 

when adapting to a hospital environment (21). Like AMR and biocide resistance genes, VF 

genes associated with biofilm-formation, help enterococci to survive longer in the hospital and 

facilitate their spread (330). Among the Norwegian E. faecium, the virulence profiles follow 

this concept. Clinical clade A isolates are more virulent than clade B isolates. Among clade A 

isolates, the vanB-type ST192-CT3/26 was the most virulent, while non-prevalent STs isolates 

of both clade A and B were the least virulent. 
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5.8 The VREfs isolates. 

At least half of all enterococcal infections are caused by E. faecalis. However, the proportion 

of VRE is low among this species (2). The genome structure of E. faecalis differs from E. 

faecium. It has a larger core genome and is less apt to acquire AMR genes (35). In paper III, 

twelve E. faecalis isolates, all vanB-type VRE, were analysed. This amounts to 2.3% of all the 

isolates, and 5% of the VRE isolates in this study. This number was higher than the European 

VREfs proportion (1.1%) during 2012-19 (50). The Norwegian VREfs were also associated 

with globally dominant STs (ST6 and ST28). 
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6 Concluding remarks and future aspects  

This chapter summarise key research findings in this study. Despite recent genomic studies on 

enterococci much is still unknown regarding the worldwide population structure of E. faecium. 

At the global scale, the situation of VRE in some countries especially in the Middle East, 

Southern Asia, Africa, and Latin America remains unknown. Most molecular epidemiology 

studies on enterococci are biased by outbreak related and multidrug resistant isolates. 

Additionally, the virulome studies often are not precise as they add several putative VF genes 

in their research and miss out confirmed VF genes.  

The normalized and unbiased sample collection in our study is one of the main advantages 

clarifying the picture of VREfm in Norway in comparison to contemporary VSEfm. Also, the 

first virulome study of E. faecium was carried out in which only experimentally confirmed VFs 

were included. Our results showed that virulome could vary in different CTs and the successful 

VRE clusters are more virulent. In addition, the virulome of VREfm isolates were compared to 

VSEfm confirming that the clade A isolates are more enriched with VF genes compared to clade 

B. Including VSEfm isolates in the study gave additional benefits. In the comparative genomics 

part, VSE closed genomes were used as reference for VRE isolates.  

Our study showed that the Norwegian E. faecium population is influenced by globally prevalent 

clusters, particularly European. A high relatedness between isolates from The Netherlands and 

Norway was observed. The Norwegian trend in the van-type (vanA and vanB), as well as STs, 

are following global trends. At the CT level, 72% of the VREfm CTs are globally prevalent and 

circulating in European countries, while the VSEfm rather belong to local CTs. 

For future research, we suggest including a larger number of commensal isolates in the genomic 

comparisons. Including commensal isolates in the virulome study could be a valuable step in 

understanding VFs acquisition in the enterococci and may help in understanding the hidden 

drivers supporting acquisition of virulence factors. Moreover, CRISPR-cas system and R-M 

system in enterococci are not fully understood. The data produced in this research can be used 

to study differences in these two systems in nosocomial and vancomycin resistant enterococci. 

As the cost of WGS is rapidly decreasing and becoming more affordable, closing more genomes 

using long read sequencing is suggested. More specifically, this would be of benefit in 

the vanA-type VRE where the van gene clusters are mainly carried on plasmids with multiple 

repetitive elements. 
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Abstract

Background

Vancomycin-resistant enterococci (VRE) represent several types of transferable vancomy-

cin resistance gene clusters. The vanD type, associated with moderate to high level vanco-

mycin resistance, has only sporadically been described in clinical isolates. The aim of this

study was to perform a genetic characterization of the first VanD-type VRE strains detected

in Norway.

Methods

The VanD-type VRE-strains (n = 6) from two patient cases were examined by antimicrobial

susceptibility testing and whole genome sequencing (WGS) to uncover Van-phenotype,

strain phylogeny, the vanD gene clusters, and their genetic surroundings. The putative

transferability of vanD was examined by circularization PCR and filter mating.

Results

The VanD-type Enterococcus faecium (n = 4) and Enterococcus casseliflavus (n = 2) strains

recovered from two cases (A and B), expressed moderate to high level vancomycin resis-

tance (MIC 64—>256 mg/L) and various levels of teicoplanin susceptibility (MIC 2—>256

mg/L). WGS analyses revealed phylogenetically different E. faecium strains (A1, A2, and

A3 of case A and B1 from case B) as well as vanD gene clusters located on different novel

genomic islands (GIs). The E. casseliflavus strains (B2 and B3 of case B) were not clonally

related, but harbored nearly identical novel GIs. The vanD cluster of case B strains repre-

sents a novel vanD-subtype. All the vanD-GIs were integrated at the same chromosomal

site and contained genes consistent with a Clostridiales origin. Circular forms of the
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vanD-GIs were detected in all strains except B1. Transfer of vanD to an E. faecium recipient

was unsuccessful.

Conclusions

We describe the first VanD-type E. casseliflavus strains, a novel vanD-subtype, and three

novel vanD-GIs with a genetic content consistent with a Clostridiales order origin. Despite

temporal occurrence, case A and B E. faecium strains were phylogenetically diverse and

harbored different vanD subtypes and vanD-GIs.

Introduction

Vancomycin resistant enterococci (VRE) have become a global nosocomial problem three

decades after the first description in the late 1980s [1]. Eight different acquired vancomycin

resistance gene clusters (vanA, vanB, vanD, vanG, vanE, vanL, vanM, and vanN) have been

identified [2]. The vanC gene cluster is intrinsic in E. casseliflavus and E. gallinarum [2]. In

general, van gene clusters encode three groups of co-acting enzymes; 1) enzymes necessary for

the synthesis of new peptidoglycan precursors, 2) enzymes that erase the inherent D-Ala-

D-Ala-ending precursors, and 3) a two-component signal transduction system for inducible

resistance [3]. The normal enterococcal cell wall side chain terminal residue D-Ala-D-Ala, to

which vancomycin binds with high affinity, are replaced by D-Ala-D-Lac in vanA, vanB,

vanD, and vanM gene clusters or D-Ala-D-Ser in the other van gene clusters [3]. Vancomycin

binds to D-Ala-D-Ser with seven times lower affinity compared to D-Ala-D-Ala, causing low-

level vancomycin resistance, while the binding affinity of vancomycin to D-Ala-D-Lac is

almost 1000 times lower mediating high-level resistance [4]. The vanA and vanB clusters dom-

inate worldwide, likely due to linkage to successful mobile genetic elements (MGEs) [5].

Although the vanA, vanB, and vanD clusters have a similar organization, the vanD gene clus-

ters have so far only been sporadically described on chromosomal genomic islands (GIs) that

have not been shown to be transferable between enterococci [6–9]. The vanD gene cluster has

up till now been reported in five species of enterococci (Enterococcus faecium, Enterococcus
faecalis, Enterococcus gallinarum, Enterococcus avium, and Enterococcus raffinosus) [10].

The VanD-phenotype is characterized by moderate to high level vancomycin resistance and

various levels of susceptibility to teicoplanin [3, 11, 12]. The housekeeping ddl gene (D-Ala-

D-Ala ligase) is often inactivated by mutations in vanD containing strains causing an impaired

chromosomal peptidoglycan synthesis pathway and addiction to vanD-expression as the alter-

native peptidoglycan precursor pathway [3, 7, 13]. Based on sequence differences, there are

five known subtypes of vanD. The sequence diversity in vanD gene cluster subtypes mostly is

in the vanYD, vanHD, vanD, and vanXD genes and at the intergenic sequence between the two

operons of the cluster [11]. VanD VRE are rare and have only been reported sporadically from

the Netherlands, France, Canada, Japan, Sweden, Australia, the US, and Brazil during the last

decades [7, 8, 10, 12–18].

In this study, we aim to determine the genetic relatedness between the first Norwegian

VanD-type VRE strains, their Van-phenotype, and the putative MGEs harbouring the vanD-

gene cluster.
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Material and methods

Case descriptions

Case A. A middle-aged previously healthy female presented with acute hepatic failure. An

urgent transplantation with an ABO-incompatible liver was performed. At week eight, a sub-

phrenic abscess was diagnosed supported by the growth of E. coli and E. faecium and treated

by local drainage. In week 16, a new subphrenic abscess was diagnosed and a vanD E. faecium
in pure culture was isolated from the abscess drainage pigtail catheter. Screening for fecal

VRE-carriage at week 20 after transplantation yielded vanD E. faecium. Several negative rectal

VRE-screening samples were obtained during the subsequent 9 months, except for one vanC
E. casseliflavus strain. Several screening samples were collected during linezolid treatment.

Antibiotic treatment was successfully terminated almost a year after the transplantation.

Case B. An elderly female, undergoing hemodialysis for the last five years after kidney

transplant failure, presented with recurrent urinary tract infections (UTIs), predominantly

caused by Klebsiella pneumoniae, but occasionally by E. faecium. Due to relapsing Clostri-
dioides difficile infections (CDIs), she had received oral vancomycin prophylaxis the last three

years. The urine yielded vanD E. faecium in pure culture. Repeated fecal VRE-screening (fol-

low-up 2 years) revealed the presence of vanD E. casseliflavus, but not vanD E. faecium. The

vanD E. faecium UTI was successfully treated with linezolid, while the C. difficile prophylaxis

was changed to metronidazole.

Relevant case characteristics are summarized in Table 1. Antibiotic treatment and microbi-

ological findings for case A are presented in S1 Fig.

Ethical approval

Since this study contain only limited anonymized patient data, the study was approved by the

Data Protection Officer at Oslo University Hospital and the Chief of Department of Microbiol-

ogy at St Olavs Hospital. The written consents of the patients were obtained to use anonymized

data from their patient journal in publication of this work.

VRE strains and data collection

The first two cases of VanD-type VRE were identified in Norway in 2017. The Norwegian

National Advisory Unit on Detection of Antimicrobial Resistance received the strains for fur-

ther characterization (Table 2). Three VanD-positive E. faecium (VanD-type VREfm) (A1, A2,

and A3) strains were isolated from case A. The strains of case A were recovered from a sub-

phrenic abscess (A1 and A2) and through rectal screening (A3). A month later, a VanD-type

Table 1. Relevant case characteristics.

Case Underlying condition Indication

antimicrobial

treatment

Antimicrobial treatment Time to isolation of

vanD E. faecium
Infection

focus

Rectal carriage# Hospital

A Acute liver Tx—

otherwise healthy

Postoperative sub-

phrenic abscesses

Broad spectrum beta-lactams,

vancomycin, trimethoprim/

sulfamethoxazole (PJP prophylaxis)

19 weeks post liver tx Subphrenic

abcess

vanD E. faecium,

E. casseliflavus
1 and 2

B Tx kidney failure,

hemodialysis, recurrent

UTIs and CDIs

Recurrent CDI Vancomycin p.o. (CDI prophylaxis) 3 years from start of

vancomycin

prophylaxis

Urinary tract

infection

vanD E.

casseliflavus
3

Tx: transplantation, UTI: Urinary tract infection, CDI: C. difficile infection, PJP: Pneumocystis jiroveci pneumonia, p.o.: postoperative.
# Fecal screening with CHROMagar™ VRE.

https://doi.org/10.1371/journal.pone.0255187.t001
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VREfm (B1) strain was isolated from the urinary tract in a hemodialysis patient (case B). Fur-

ther, two vanD-positive E. casseliflavus strains were recovered from case B by rectal screening,

three weeks (B2) and two years (B3) later. Both patients had received vancomycin treatment

before the isolation of the VanD-type VRE.

Antimicrobial Susceptibility Testing (AST) and van genotype

determinations

AST was performed by broth microdilution using the GPALL1F or EUENCF Sensititre plates

(Thermo Fisher Scientific, Waltham, Massachusetts, USA), ComASP™ Vancomycin, and Tei-

coplanin MIC Test Strip (Liofilchem, Roseto Degli Abruzzi, Italy). The results (MICs) were

interpreted according to EUCAST clinical breakpoints v. 10.0 2020 [19]. The van genotype

was initially determined by a vanDEG multiplex PCR as described previously [20, 21] and

JumpStart REDTaq ReadyMix (Merck KGaA, Darmstadt, Germany). DNA extractions for

PCRs were performed using the NucliSens EasyMAG instrument and reagents (BioMeriéux,

Marcy-l’Étoile, France) according to the manufacturer’s instructions.

Species identification and Whole Genome Sequencing (WGS)

Strains were subcultured on blood agar to ensure pure culture. Species identification was per-

formed by MALDI-TOF (Bruker, Billerica, USA) according to the manufacturer’s instructions.

Genomic DNA was extracted using DNeasy Blood and tissue kit (Qiagen, Hilden, Germany).

The total DNA concentration was quantified by Qubit fluorometer (Invitrogen, Thermo

Fisher Scientific). Libraries were prepared by the Nextera XT DNA library preparation kit

(Illumina, San Diego, USA) and sequenced using Illumina NextSeq500 and the Mid Output

300 cycles cell.

Genomic analyses

Adapter removal and quality trimming of the raw reads were performed by trimmomatic

v0.39 [22]. Later, genome assembly was done using SPAdes v3.13.0 [23] and the quality of

assembled genomes was assessed using QUAST v5.0.2 [24]. The annotation of the transposons

was carried out using the National Center for Biotechnology Information (NCBI) prokaryotic

genome annotation pipeline (PGAP) [25]. Antimicrobial resistance (AMR) genes were

Table 2. Relevant strain characteristics.

Strain

ID

Strain name Species MLST VAN� TEC AMP LIN GEN Ddl ligase changes compared to E. faecium
E1

Source Isolation day

A1 VRE1736 E. faecium 1486 64 4 >8 <1 >500 S185 changed to F185 Abcess

drainage

Day 1

A2 VRE1737 E. faecium 1486 >128 4 >8 <1 >500 S185 changed to F185 Abcess

drainage

Day 1

A3 KresVRE0001 E. faecium 117 64 2 >8 2 <32 S319 changed to G319 # Screening Day 10

B1 KresVRE0002 E. faecium 203 >256 >256 >8 2 >500 Truncated protein of 110 aa # Urine Day 42

B2 KresVRE0003 E.

casseliflavus
- >256 >256 1 2 <2 Rectal

screening

Day 65

B3 KresVRE0012 E.

casseliflavus
- >256 >8 <0,25 2 <32 Rectal

screening

Day 665

�, MICs in mg/L for VAN (vancomycin), TEC (teicoplanin), AMP (ampicillin), LIN (linezolid), and GEN (gentamicin).
#, These changes are not within the part of the ddl gene used for sequence typing.

https://doi.org/10.1371/journal.pone.0255187.t002
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identified in silico from the assemblies using NCBI bacterial AMR reference gene database

(PRJNA313047) [26] in ABRicate tool v0.8.7 [27]. Identification of Type IV secretion systems

genes was carried out by BLASTp [28] searches against the SecReT4 database [29].

Phylogenetic analyses

To explore the phylogenetic relationship between the vanD strains and publically available

genome sequences on NCBI, the global phylogenetic trees were generated based on the core

genome. All closed genomes of E. faecium (n = 135) and E. casseliflavus (n = 3) from NCBI as

of 04.04.2020 were retrieved and phylogenetic trees were constructed using Parsnp v1.2 [30].

Another core genome SNP tree was built for the publicly available VanD-type VREfm genome

sequences together with the Norwegian vanD-type VREfm. Also, a SNP tree was generated for

vanD gene cluster sequences using parsnp. Multilocus Sequence Typing (MLST) was per-

formed using MLST tool version 2.11 [31]. For high-resolution typing, Minimum Spanning

Tree was generated based on the 1423 core genes of E. faecium scheme of SeqSphere+ software

V6.0.2 (Ridom GmbH, Münster, Germany [http://www.ridom.de/seqsphere/]). We used the

default� 20 allelic differences as a threshold for cluster calculation and clonal relatedness [32].

Comparative genomics

The closest non-VRE strains to each of the Norwegian VanD-type VRE were selected from the

global phylogenetic tree. We used Mauve [33] to sort the contigs according to the reference

genomes (E1 (NZ_CP018065.1) for A1-3 strains, E4402 (NZ_LR135174) for B1 strain, and

EC20 (CP004856.1) for B2-3 strains) followed by Easyfig v2.2.2 [34] for comparison. The Arte-

mis comparison tool [35] was used to visualize the BLASTn v2.6.0 search result and to locate

the mobile genetic structures containing vanD gene clusters and their insertion site in the

genome. Sequences of the GIs harboring the vanD gene clusters were BLASTed against the

NCBI nr database to find the homologous sequences. Pyani v0.2.7 was used to determine the

average nucleotide identity (ANI) between genomes, GIs and vanD gene clusters [36]. For the

novel GIs, transposon numbers were registered at the Transposon Registry [37].

Excision of putative GIs

The ability of the GIs to circularize was examined by PCR using the following pair of primers

which directed outwards from the GIs ends: 5´-GCGTGAGAAGCTGACAACAA-3´ and

5´-GTTTCAGCCGCCAACTATTC-3´. Subsequent Sanger sequencing of PCR products using

BigDye 3.1 technology (Applied Biosystems, CA, USA) was performed to confirm the expected

sequence.

Transferability of putative GIs

Transferability of vanD gene clusters was examined as described previously [38] using E. fae-
cium BM4105-RF [39] as a recipient. To determine transfer frequency, colony forming units

were counted on Brain heart infusion agar with rifampicin (30 mg/L) and fusidic acid (20 mg/

L), and/or vancomycin (8 mg/L).

Results and discussion

Most of the reported VanD-type VRE have been sporadic clinical isolates [7, 10, 12, 13, 15].

Despite an increasing prevalence of VRE in Norway since 2010, only vanA and vanB have

been reported until now [40]. The detection of VanD-type VRE from two different patients

within two months in 2017, therefore raised a concern of facing a VanD-type VRE outbreak in
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Norway, although no obvious epidemiological link between the patients was identified. Thus,

the pheno- and genotype of the six VanD VRE strains were examined (Table 2). All three VRE

from case A were E. faecium, while in case B, one E. faecium and two E. casseliflavus were iso-

lated. To our knowledge, B2 and B3 are the first VanD-type vancomycin resistant E. casselifla-
vus strains reported.

AST results

The AST-results are summarized in Table 2. Briefly, all strains expressed high-level vancomy-

cin resistance (MIC� 64 mg/L), various levels of susceptibility to teicoplanin (MIC 2 mg/L to

>256 mg/L), and susceptibility to linezolid. All four E. faecium strains were ampicillin resistant

and three also demonstrated high-level gentamicin resistance.

In silico analysis showed that all strains contained the vanD gene cluster integrated into

their chromosome. The E. casseliflavus genomes (B2 and B3) also contained the intrinsic vanC
gene cluster [2]. In the E. faecium strain B1, alignment of the housekeeping D-Ala-D-Ala ligase

deduced from the ddl gene sequence showed a truncated protein of only 110 amino acids

caused by a deletion resulting in a frameshift and a premature stop codon (Table 2 and S2 Fig).

All the other VanD-type VREfm strains showed point mutations in essential positions that pre-

sumably could lead to a non-functional Ddl ligase. In the literature, most VanD-type VRE

strains described have had an impaired Ddl ligase and are thus dependent on the constitutively

expressed vanD cluster to synthesise peptidoglycan [10].

The VanD E. faecium strains from the two cases were not closely related

The VanD VREfm strains from cases A and B had different MLST profiles (Table 2). A1 and

A2 genomes had an identical MLST profile which was registered as the novel ST1486, a single

locus (ddl allele) variant of ST117 (strain A3) belonging to the hospital associated ST78 lineage.

The E. faecium strain from case B belonged to ST203 which is part of the ST17 hospital associ-

ated lineage. Population genetic modeling based on the seven MLST genes using the Bayesian

Analysis of Population Structure (BAPS) software have shown that 80% of the E. faecium noso-

comial strains cluster in two different groups (2–1 and 3–3) [41]. E. faecium A and B strains

belonged to lineages within these different main BAPS groups (lineage ST78 to 2–1 and lineage

ST17 to 3–3) [41], confirming a large phylogenetic distance. This was further shown by

cgMLST analysis which revealed that A1-3 strains belonged to the same novel cluster type

(CT) 3198 (Fig 1). The B1 strain belonged to another novel CT3199 and showed at least 354

allelic differences to A1-3 strains. The two ST1486 strains had only one allelic difference, while

the maximum allelic differences (eight) within CT3198 were between A1 and A3. One of these

allelic differences was in the ddl allele which is one of the seven MLST scheme genes. Our

results show that even strains with different MLST profiles could be clonally closely related

and have the same CT.

For E. casseliflavus strains, a core genome SNP tree was constructed together with publically

available closed genomes. Interestingly, the two VanD strains (B2 and B3) clustered in two sep-

arate branches, showing that they were not clonally related (S3 Fig).

The vancomycin susceptible E. faecium strain E1 (GCF_001886635.1) isolated from Spain

in 2010, was identified as the closest genome to A1-3 strains using a core genome SNP tree of

all closed E. faecium genomes in NCBI and the Norwegian VanD-type VREfm genomes (S4

Fig). Strain E1 was therefore used as a reference genome for sorting contigs and further com-

parative genomic analyses. Genomic comparison using Easyfig confirmed that the A1-3

genomes were very similar. The ANI between A1 and A2 was the highest (99.99%).

PLOS ONE The first Norwegian vanD clusters containing VRE

PLOS ONE | https://doi.org/10.1371/journal.pone.0255187 July 23, 2021 6 / 15

https://doi.org/10.1371/journal.pone.0255187


Comparison of case B VREfm (B1) to case A VREfm genomes, confirmed observed genomic

differences (S5 Fig).

The significant phylogenetic difference between the vanD E. faecium strains from case A

and B is consistent with the observed sporadic occurence of vanD-type VRE strains in contrast

to the epidemic vanA/B-type VRE [7, 12, 13, 15]. Our patient characteristics with underlying

diseases and long-term antibiotic exposure including vancomycin are also consistent with pre-

vious observations in vanD VRE cases [12, 17].

A novel vanD-subtype was found in strains from case B

Sequence comparison and phylogenetic analysis of complete vanD gene clusters from this

study and reference sequences representing the five known vanD subtypes (vanD1-D5) [8, 11,

42, 43], showed that the Norwegian vanD gene clusters belonged to two different vanD-sub-

types. In case A, the vanD gene clusters of strains A1 and A2 were 100% identical and showed

99.96% ANI to the cluster in A3. The vanD genes of case A clustered with the vanD5 reference

sequence (E. faecium strain N03-0072) (Fig 2). ANIs between the vanD5 reference sequence

and A1-3 strains were>99.9%. In case B strains, B2 and B3 vanD gene clusters were 99.98%

identical and the B1 vanD gene cluster showed> 99.96% ANI with them. The ANI between

case A and B vanD gene clusters was around 91%. B1-3 vanD gene clusters are significantly dif-

ferent from the known vanD-subtypes (maximum 93.7% identity to the known subtypes) (S1

Table). Thus, we propose that the B vanD gene cluster is a new subtype termed vanD6. Identi-

fication of the novel vanD6 gene cluster in two different species of enterococci suggests inter-

species genetic exchange.

Three novel vanD-containing GIs identified

Comparison alignments with non-VRE reference genomes using Artemis comparison tool

showed that all vanD gene clusters in the Norwegian vanD-type VRE were part of GIs ranging

Fig 1. Minimum spanning tree based on the cgMLST typing of the Norwegian VanD VREfm. Regardless of the different STs, A1-3 strains clustered

together while the VREfm strain B1 showed 354 allelic differences with the A2 strain.

https://doi.org/10.1371/journal.pone.0255187.g001
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between 112–126 kb (Table 3). The GC content of the GIs was higher (44.1–44.3%) than the

average GC content range of 38% of E. faecium strains [44–46]. For B2 and B3 E. casseliflavus
strains, the genomic GC content was 42.4% and 42.3%, in contrast to 44.6 and 44.7% for their

GIs, respectively. The GI Tn6711 of A1-3 strains showed identical size and had an ANI above

99.99% suggesting a common origin. The GI Tn6713 of the E. casseliflavus strains (B2 and B3)

was identical in size and showed only 0.001% difference (S2 Table). The GI Tn6712 in E. fae-
cium strain B1 was 7230 bp larger than that of E. casseliflavus GI (Tn6713), while it was 6134

bp kb shorter and showed more rearrangements compared to Tn6711 of strains A1-3 (Table 3

and Fig 3). ANIs were lowest (below 98%) between case A and B E. faecium GIs (S2 Table).

Thus, the overall genetic differences between the GIs of A1-3 and B1-3, do not support a direct

Fig 2. Phylogenetic SNP tree of the vanD gene clusters of the Norwegian and vanD1—vanD5 subtype reference clusters retrieved from

NCBI. Flags represent the countries that vanD-types were discovered in first. Case A strains clustered with vanD5 reference N03-0072 while case

B strains clustered separately.

https://doi.org/10.1371/journal.pone.0255187.g002

Table 3. Characteristics of the GIs of the Norwegian VanD-type VRE.

Strain (case) Genomic island Repeats in the insertion site (5’-3’ strand)

Name GC content (%) Size in bp Number of CDSs lysS side 16S rRNA side�

A1 (A) Tn6711 44.1 125858 157 TTCCCAACAATGA TTCCCGACAATGA

A2 (A) Tn6711 44.1 125858 157 TTCCCAACAATGA TTCCCGACAATGA

A3 (A) Tn6711 44.1 125858 157 TTCCCAACAATGA TTCCCGACAATGA

B1 (B) Tn6712 44.3 119724 149 TTCCCGACAATGA TTCCCAACAATGA

B2 (B) Tn6713 44.6 112494 143 TTCCCAACAATGA TTCCCCACAATGA

B3 (B) Tn6713 44.7 112494 143 TTCCCCACAATGA TTCCCCACAATGA

�, difference compared to repeat on the lysS side is indicated by underlined nucleotide

https://doi.org/10.1371/journal.pone.0255187.t003
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spread between the two cases. However, in case B strains, we suggest one genetic event has

evolved Tn6713 of E. casseliflavus to the longer Tn6712 in E. faecium or vice versa (Fig 3).

All GIs lacked conjugative apparatus genes and the vanD gene cluster was the only AMR

gene within the islands (GenBank Acc. No. MT951615-7). The nucleotide sequence of inte-

grase genes in Tn6712 and Tn6713 was identical and had only one SNP compared to Tn6711.

Despite the existence of the same GIs in E. casseliflavus strains (B1 and B2) of case B, the ANI

between their genomes (95.1%) was too low to be clonally related. This observation strongly

suggests separate acquisitions of Tn6713 in B2 and B3 strains.

Comparisons of the Norwegian vanD-GIs to those of the newly isolated VanD-type VREfm
from the Netherlands and Japan with publically available WGS data revealed a high rate of

identity. Two VanD-type Dutch VRE strains (E8429 and E9354) [7] contained vanD-GIs with

99.99% sequence identity to Tn6712 of B1. Moreover, the vanD5-containing GI from the Japa-

nese E. faecium SMVRE20 [17] (AP019408.1) showed 99.98% sequence identity to Tn6711 of

case A. Another Japanese vanD-GI (157 kb) from E. faecium strain AA620 (LC467712.1)

showed 96% identity covering 81% of Tn6711. Although the vanD-GIs are similar between the

Norwegian, Dutch, and Japanese VREfm strains, phylogenetic analyses based on SNPs suggest

that the strains are not closely related (S6 Fig). The GI of the Japanese SMVRE20 has an addi-

tional gene compared to Tn6711. Likewise, Tn6712 and the Dutch GIs show only one gene in

Fig 3. Comparison of the Norwegian, Dutch, and Japanese vanD-GIs built using Easyfig. A1-3 GIs have similar gene organization and showed high

similarity with the Japanese SMVRE20 GI differing only in one hypothetical protein coding gene which contains transposase DDE domain. In case B, a

high similarity exists between E. casseliflavus islands (B2 and B3) while the E. faecium island Tn6712 of B1 is about 7.2 kb larger. The Dutch E8429 and

E9354 showed the highest identity with case B GIs. vanD gene cluster and the integrase gene are marked in green and turquoise, respectively.

https://doi.org/10.1371/journal.pone.0255187.g003
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difference. Both these genes encode hypothetical proteins (Fig 3). The high identity between

Tn6711 and the GIs of the Japanese VanD-type VREfm and between Tn6712 and two Dutch

VanD-type VREfm GIs indicate a global spread of similar MGEs.

Due to the intrinsic vanC gene cluster of E. casseliflavus clinical strains, they already express

low level resistance to vancomycin. Thus, E. casseliflavus strains often are not investigated fur-

ther to see if they contain additional van clusters. In this study, we show that E. casseliflavus
may be the intermediate source of the vanD type cluster containing GI (Tn6713) that spread to

E. faecium (Tn6712) in case B. Based on this finding, MIC investigation of clinically important

strains of E. casseliflavus should be considered to reveal possible acquired van gene clusters.

The GIs show site specific integration in E. faecium and E. casseliflavus
The insertion sites of the vanD GIs were identical for all six strains and located in the 3’ end of

the lysS gene which is positioned upstream of a 16S ribosomal rRNA gene. The integration

resulted in a 13 bp direct repeat located 17 bp from the 3’ end of the lysS gene. The left and

right repeats in the different vanD-containing strains showed maximum one SNP difference.

For case A GIs the imperfect direct repeats were identical. In strain B1 of case B, the repeat is

identical to case A GIs but localised on opposite sides. The perfect direct repeat in B3 differed

by one nucleotide compared to the other strains (Table 3). The same integration site was also

found in the recently isolated Dutch and Japanese VanD-type VREfm [7, 17]. Thus, this inser-

tion site may be a hotspot in some enterococcal species including E. faecium and E.

casseliflavus.

Putative origin of vanD-containing GIs

BLAST searches revealed 89% identity with several regions of Blautia producta SCSK genome

covering only 59% of the Tn6711 length. Another hit of Tn6711 BLAST showed 89% identity

to Blautia coccoides YL58 with 59% coverage, spanning some small fragments that were not

covered by B. producta SCSK. An even higher identity (93%) was seen between the shorter

Tn6712 and Tn6713 with fragments from B. coccoides YL58 covering 59% of these GIs. Previ-

ous reports have shown that vanD-type vancomycin resistance gene clusters can be found in

non-enterococcal species like Ruminococcus gauvreauii, Lachnospiraceae bacterium, and

Ruthenibacterium lactatiformans [7]. The above mentioned species and Blautia genus belong

to the same taxonomic order of Clostridiales and are found in both the human and animal gut

microbiome [47–49]. Thus, anaerobic Blautia genus or other members of the Clostridiales
order are possible sources for vanD GIs.

Activity and transferability of putative GIs

Mobile chromosomal genetic elements, excise and circularize before transfer [50]. Circulariza-

tion PCR and amplicon sequencing confirmed that Tn6711 and Tn6713 were able to circular-

ize supporting that they are active MGEs. Agarose gel electrophoresis of PCR products

repeatedly showed stronger bands for Tn6713 in E. casseliflavus which could be due to higher

activity compared to Tn6711 in E. faecium (S7 Fig). However, we were not able to transfer

vanD to an E. faecium recipient in this study (detection limit 10−10 to 10−9 transconjugants/

donor cell) which is not surprising since a conjugation apparatus was not found in any of the

GIs carrying the vanD gene clusters nor in other sites of the VanD-type VRE genomes. Type

IV secretion systems play an important role in conjugation and can mediate the transfer of the

conjugative plasmids and transposons. They have an impact on the spread of antimicrobial

resistance among bacteria [29]. Non-conjugative MGEs can use the conjugative apparatus of

other MGEs to mobilize. Thus, a mobility test can be conducted to confirm mobilization of the
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GIs [38, 51]. However, the strains in this study already had several acquired resistance determi-

nants that are used as markers in mobilization tests. Thus, we did not attempt to mobilize the

islands.

Conclusions

We have performed a genetic characterization of the first VanD-type VRE strains recovered

from two patients treated with broadspectrum antibiotics including vancomycin before VRE

detection. All VanD-type VRE strains of case A were E. faecium while both vanD E. casselifla-
vus and E. faecium were recovered from case B. To our knowledge, this is the first two vanD E.

casseliflavus strains reported. Based on our finding, we recommend MIC investigation of clini-

cally important E. casseliflavus strains to reveal possible additional van gene clusters. In the

VREfm strains of case A, we identified a unique novel ST1486, an SLV of ST117, which were

phylogenetically distant from case B VREfm (ST203). Sequence analyses revealed a novel

vanD-type cluster termed vanD6 subtype in case B strains. The large phylogenetic distance

between the VREfm strain of the two cases, as well as differences in vanD-cluster subtypes and

vanD-GIs, rejected the hypothesis of a clonal outbreak. We identified three novel similar

vanD-GIs of putative Clostridiales order origin integrated at the same chromosomal site in

both E. faecium and E casseliflavus.

Supporting information

S1 Fig. Antibiotic treatment and microbiological findings for case A. Tx: Transplantation,

BAL: Bronchoalveolar lavage.

(TIF)

S2 Fig. Amino acid sequences alignment of the products deduced from the ddl genes of the

vanD-containing E. faecium strains using Clustal omega online tool compared to the refer-

ence sequence (E1). Cov and pid represent the coverage and percent identity. The ddl gene of

B1 showed a stop codon which resulted in a 110 amino acid protein. A1 and A2 showed a

point mutation in a position involved in binding of D-Ala1 (S185 changed to F185) of the

D-Ala:D-Ala ligase while A3 showed a point mutation in a position involved in binding of

ATP (S319 changed to G319) [Depardieu F, Foucault M, Bell J, Dubouix A, Guibert M,

Lavigne J, et al. New combinations of mutations in VanD-type vancomycin-resistant Entero-
coccus faecium, Enterococcus faecalis, and Enterococcus avium strains. Antimicrob Agents Che-

mother. 2009;53(5):1952–63]. The point mutations are highlighted by red boxes.

(TIF)

S3 Fig. Core genome SNP tree for the Norwegian E. casseliflavus strains and the available

closed genomes of the species in the NCBI database on 04.04.2020.

(TIF)

S4 Fig. Extended core genome SNP tree for all E. faecium closed genomes retrieved from

the NCBI database on 04.04.2020 and VREfm of this study. The Norwegian samples are col-

ored red and the closest genomes to them are in green.

(TIF)

S5 Fig. Genomic comparison between all Norwegian VanD-type VREfm strains and E. fae-
cium E1 reference genome using Easyfig tool. The red and blue gradient bars represent per-

sent sequence matches. Red shows the direct and blue the inverted sequence matches. Arrows

show the coding sequences and their direction. vanD gene cluster is marked in green. The sim-

ilarities between case A strains (A1, A2 and A3) and their differences with case B VREfm (B1)
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is reflected in their machting patterns.

(TIF)

S6 Fig. Parsnp tree for the Norwegian, Dutch and Japanese VanD-type VREfm genomes.

Case A strains and the Japanese SMVRE20 which have the most identical GIs clustered sepa-

rately. Likewise the Dutch E8429 and E9354 and B1 strain of case B also clustered separately.

(TIF)

S7 Fig. Agarose gel electrophoresis of PCR products using pairs of primers directed out-

wards from the GI ends to confirm the presence of the active form of the GIs (circular

form). All but B1 contain the active form.

(TIF)

S1 Table. Average nucleotide identity between vanD gene cluster references (vanD1–

vanD5) and the novel vanD6 gene clusters from case B strains.

(DOCX)

S2 Table. Average nucleotide identity between GIs of the Norwegian VanD-type VRE sam-

ples.

(DOCX)
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S1 Fig. Antibiotic treatment and microbiological findings for case A. 
 
 
 

 
 
S2 Fig. Amino acid sequences alignment of the products deduced from the ddl genes of the vanD-
containing E. faecium strains using Clustal omega online tool compared to the reference sequence (E1). 
 
 



 
 
S3 Fig. Core genome SNP tree for the Norwegian E. casseliflavus strains and the available closed 
genomes of the species in the NCBI database on 04.04.2020. 
 
 



 
 
S4 Fig. Extended core genome SNP tree for all E. faecium closed genomes retrieved from the NCBI 
database on 04.04.2020 and VREfm of this study. 
 
 
 



 
 S5 Fig. Genomic comparison between all Norwegian VanD-type VREfm strains and E. faecium E1 
reference genome using Easyfig tool. 
 

 
 
 
S6 Fig. Parsnp tree for the Norwegian, Dutch and Japanese VanD-type VREfm genomes. 



 
 
S7 Fig. Agarose gel electrophoresis of PCR products using pairs of primers directed outwards from the 
GI ends to confirm the presence of the active form of the GIs (circular form). 
 
 
 
 
 
 
 
 
 
 



S1 Table. Average nucleotide identity between vanD gene cluster references (vanD1–vanD5) and 

the novel vanD6 gene clusters from patient B strains.  
 

vanD1 Id (%) vanD2 Id (%) vanD3 Id (%) vanD4 Id (%) vanD5 Id (%) 

B1 vanD6 92.300 93.725 92.633 87.700 91.595 

B2 vanD6 92.317 93.742 92.650 87.721 91.612 

B3 vanD6 92.300 93.726 92.633 87.700 91.595 

 

 

S2 Table. Average nucleotide identity between GIs of the Norwegian VanD-type VRE samples. 
 

A1 Tn6711 

Id (%) 

A2 Tn6711 

Id (%) 

A3 Tn6711 

Id (%) 

B1 Tn6712 

Id (%) 

B2 Tn6713 

Id (%) 

B3 Tn6713 

Id (%) 

A1 Tn6711 100 99.999 99.997 97.823 97.680 97.678 

A2 Tn6711 99.999 100 99.998 97.824 97.681 97.679 

A3 Tn6711 99.997 99.998 100 97.824 97.682 97.681 

B1 Tn6712 97.823 97.824 97.824 100 99.998 99.997 

B2 Tn6713 97.680 97.681 97.682 99.998 100 99.999 

B3 Tn6713 97.678 97.679 97.681 99.997 99.999 100 
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ABSTRACT 

Background 

Vancomycin resistance in enterococci is mainly caused by the acquisition of van gene clusters. 

The vanE-type is unusual among the ten known van gene clusters in enterococci and is 

associated with low-level vancomycin resistance and susceptibility to teicoplanin. The aim of 

this study was to assess the relatedness between the first two Norwegian vanE-type isolates 

and characterize the vanE gene cluster and its surroundings. 

Material & Methods 

The vanE-type vancomycin resistant Enterococcus faecalis isolates (E1 and E2) were 

recovered from one patient 30 months apart. Both isolates were whole genome sequenced using 

Illumina and PacBio. Detailed comparative analyses of their genomes investigating structural 

variation, vanE gene clusters and mobile genetic context were performed. The isolates were 

also examined for antimicrobial susceptibility, vanE transfer, expression of the histidine kinase 

part of the vanSE gene, inducibility of vancomycin resistance and mutation rate. 

Results 

Both strains expressed low-level vancomycin resistance (MIC=16) and susceptibility to 

teicoplanin (MIC= 0.5). The E1 and E2 vanE gene clusters were part of a non-transferable 

Tn6202 identical in all coding sequences except the vanSE gene. Although a premature stop 

codon truncated vanSE in E1 and insertion of an IS6770 transposase truncated the gene in E2 

the downstream histidine kinase part of the vanSE gene was expressed. The vancomycin 

resistance phenotype in E1 was inducible low level while constitutive low level in E2. E1 

showed a 125-fold higher mutation rate than E2 and variant calling showed 60 variants between 

them, but they still belonged to the same sequence type and showed nearly identical 

chromosomal gene content and synteny.  

Conclusions 

In this study, we present vanE-type VRE for the first time in a whole genome context and 

described the chromosomal insertion site of the vanE-conferring Tn6202. Despite some 

differences in their genome which can be explained by the high mutation rate of E1 and 

acquisition of different mobile genetic elements, we believe the two isolates are related.   
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Introduction 
The opportunistic pathogen Enterococcus faecalis (Efs) is responsible for more than half of 

enterococcal infections in which vancomycin is a valid treatment option in cases of penicillin 

allergy and resistance to other antibiotics [1]. In vancomycin resistant enterococci (VRE), the 

van gene clusters encode mechanisms that replace the D-Ala-D-Ala terminal side-chain 

residues of the peptidoglycan precursors and thus reduce the binding affinity of vancomycin to 

the cell wall. Of ten known vancomycin resistant gene clusters vanC, E, G, L and N change the 

terminal side-chain to D-Ala-D-Ser, while vanA, B, D, M, and P change it to D-Ala-D-Lac 

[1,2]. D-Alanine-D-Serine side-chain residue results in seven folds lower binding affinity by 

vancomycin. The vanE cluster confers low-level resistance to vancomycin and susceptibility 

to teicoplanin [3]. 

VanE-type vancomycin resistance in enterococci has so far been described in Enterococcus 

faecalis (Efs), chromosomally encoded [4–7]. Among van gene clusters the vanA and vanB are 

the globally dominant, while vanE is one of the uncommon van-types, with a few reports in 

Efs from North America and Australia [4,6,8,9]. The vanE gene cluster consists of five genes; 

vanE (D-Ala–D-Ser ligase), vanXYE (D,D-dipeptidase/D,D-carboxypeptidase), and vanTE 

(serine racemase), and the regulatory operon with vanRE and vanSE  [4]. VanR and VanS work 

as a two-component signal transduction system and regulate the expression of van genes in 

response to the extracellular glycopeptide antibiotics [10]. Glycopeptides such as vancomycin 

can induce autophosphorylation in the membrane bound sensor protein VanS, which 

consequently phosphorylates the transcription activator VanR resulting in inducible 

vancomycin resistance [11]. However, constitutive expression of vancomycin resistance has 

been reported in a VanE strain with a truncated vanSE gene [6].  

Although WGS is increasingly used in VRE studies [12], none of the previously reported vanE-

type VRE faecalis (vanE-VREfs) strains have been analysed by WGS [4,5,13]. The use of 

WGS facilitates disclosure of microevolutionary relationships among isolates [14] which 

describes the evolutionary forces that genetically diversify the natural populations of bacteria 

[15]. The study of single nucleotide polymorphism (SNP), and core genome multilocus 

sequence typing (cgMLST) besides comparative genomics to confirm gain or loss of MGE are 

useful methods in pathogen microevolutionary analyses [16].  

We describe the antimicrobial susceptibility phenotype, the genetic relatedness between the 

first two vanE-VREfs isolates in Norway, their vanE gene cluster, and genetic support. Since 

the isolates showed different truncations in the vanSE leading to two coding sequences (CDSs) 
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instead of one, the inducibility of vancomycin resistance and expression of the histidine kinase 

part of the vanSE gene was also investigated. 

 

Material and Methods 
Case description and data collection 

In 2016, an elderly male presented at a hospital in Southern Norway with lower back pain and 

underwent surgery for a lumbar prolapse. He had several comorbidities such as chronic 

obstructive pulmonary disease (COPD) and chronic renal failure. He had undergone an 

urostomy after cystoprostatectomy five years earlier. During the hospital stay, vanE-VREfs 

(isolate E1) was detected in a urine culture sample (Table 1). The patient had no symptoms 

indicating a urinary tract infection, and the urostomy was considered colonized by vanE-

VREfs. The patient was therefore not treated with antibiotics and discharged from the hospital 

after seven days. He was readmitted twice to the hospital after ten months and fifteen months. 

During both hospital stays rectal and urine samples screened negative for VRE. During the last 

hospitalization, he received cefotaxime i. v. due to COPD exacerbation. Thirty months after 

the first detection a second vanE-VREfs (isolate E2) was detected in a sample from a chronic 

wound obtained by the patient's general practitioner. No antibiotics were prescribed. Both 

isolates were sent to the Norwegian National Advisory Unit on Detection of Antimicrobial 

Resistance for further analysis. 

 

Table 1. Relevant characteristics of vanE-VREfs isolates 

Isolate Species ST Source Year  VAN* 

  

TEC 

  

AMP  GEN  LIN  

E1 E. faecalis 34 Urine 2016 16 0.5 1 <32 2 

E2 E. faecalis 34 Wound  2019 16 <0.5 2 <32 2 

*MICs in mg/L for VAN (vancomycin), TEC (teicoplanin), AMP (ampicillin), GEN (gentamicin) and LIN 

(linezolid). 

 

Species identification, antimicrobial susceptibility testing (AST), and van genotype 

determinations 

For initial species identification, MALDI-TOF (Bruker Daltonik GmbH, Bremen, Germany) 

was performed according to the manufacturer's protocol. The Sensititre EUENCF plate 

(Thermo Scientific, Massachusetts, USA) as well as ComASP™ Vancomycin (Liofilchem, 
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Roseto Degli Abruzzi, Italy) were used to determine the minimum inhibitory concentrations 

(MICs) of vancomycin, teicoplanin, ampicillin, gentamicin and linezolid. The agar dilution 

method was used to determine rifampicin MIC [17]. For fusidic acid MIC determination Test 

Strips (Liofilchem, Roseto Degli Abruzzi, Italy) were used. MICs were interpreted according 

to EUCAST clinical breakpoints v.12.0. PCR was performed for initial van-typing using 

primers described previously [5,18].  

 

DNA extraction, library preparation, and genome sequencing 

To study the genomes of E1 and E2 isolates, their relatedness, and identify their MGE 

harbouring vanE gene cluster, both short- and long-read sequencing were performed. For short-

read sequencing, genomic DNA extraction and quantification were performed as described 

previously [19]. Samples were sequenced at the Genomic Support Center TromsøTM using 

NextSeq550 system of Illumina platform in Mid Output 300 cycles cell, which resulted in reads 

sized 35-151 bp. For long-read sequencing, the genomic DNA was extracted using Wizard 

Genomic DNA Purification Kit (Promega, Madison, USA). Genomic DNA quantification was 

done as described for Illumina sequencing. Long-read sequencing was performed in the 

Norwegian Sequencing Centre (NSC) using the SMRT cell 8M (Sequel II) of PacBio platform, 

which resulted in reads sized from 10 to 20 kb.  

 

PacBio reads assembly and analyses (Q20 reads) 

PacBio circular consensus sequence reads (Q20) were assembled using Unicycler v0.39 [20]. 

Then the quality of the assemblies was assessed by Quast tool v5.0.2 [21]. Prokka was used to 

annotate the assemblies [22]. Antimicrobial resistance (AMR) genes and plasmids were 

identified in the assemblies using bacterial antimicrobial resistance reference gene database 

(PRJNA313047) and PlasmidFinder v 2.0.1 database in ABRicate v0.8 tool [23]. 

 

Illumina reads trimming and mapping reads 

Quality trimming and adapter removal of raw reads generated from Illumina sequencing were 

performed by trimmomatic v0.39, [24] and the quality of trimmed reads was assessed by 

fastQC v0.11.8 [25]. To ensure the quality of the PacBio assemblies, the trimmed paired 

Illumina reads were mapped on their respective PacBio assemblies. The reads were mapped 

using the mem algorithm in BWA tool v07.17 [26] and sorting was performed in SAMtools 

v1.10 [27].  

 



 6 

Variant-calling and sequence-typing  

Snippy v4.4.0 [28] was used for variant-calling between E1 and E2 isolates. Then to predict 

the effect of variants, variant annotation was carried out using the SNPeff tool v4.3t [29]. The 

minimum spanning tree (MST) was built using SeqSphere+ software v6.0.2 (Ridom GmbH, 

Münster, Germany [http://www.ridom.de/seqsphere/]). The MST was constructed based on 

1972 gene targets of the Efs cgMLST scheme. The default of ≤ seven allelic differences was 

used as a threshold for cluster formation as defined previously [30]. To identify and locate the 

mobile genetic structures in the vanE-VREfs genomes, their sequences were compared using 

BLASTn v2.6.0 and the comparison was visualized in Artemis Comparison Tool (ACT) 

v18.1.0 [31]. Additionally, Easyfig was used to visualize the comparisons between the 

sequences [32].  

 

Phylogenetic analysis 

To investigate the phylogenetic relationship of E1 and E2 to the global Efs population, all Efs 

closed genomes deposited on NCBI as of 01.08.2022 (n=458) were retrieved. A global tree 

based on the core genome SNP was generated using Parsnp v1.2 [33].  

 

Excision and transferability of MGEs 

To explore the ability of the MGE to circularize before the transfer, a PCR approach with pairs 

of primers directed outwards from their ends (Forward: 5´-TGGATTCCTGCATCAACAGA-

3´ and Reverse 5´-TTGCCAATGATAAACGCTGA-3´) was carried out. Moreover, filter-

mating method [34,35] was performed to determine the transferability of MGE harbouring 

vanE gene cluster to two vancomycin susceptible Efs strains (JH2-2 and OG1-RF) [36,37]. The 

transfer frequency (transconjugants frequency per donor cell) was calculated by counting the 

colony forming units on the BHI agar containing vancomycin (8 mg/L) and/or rifampicin 

(20 mg/L) and fusidic acid (10 mg/L). 

  

Assessment of vancomycin resistance induction  

To determine the inducibility of vancomycin resistance, the changes in the generation time (Tg) 

were calculated according to the growth rate assessment of the isolates with or without 

vancomycin. Growth rate comparison was performed for isolates cultured in sub-MIC 

concentrations (4mg/L (corresponding to ¼ of the MIC) and 10 mg/L) versus without 

vancomycin as described previously [8,9]. Three biological and technical replicates were tested 

for each strain. The optical density was measured every 30 minutes at 600 nm during the 24 



 7 

hours of incubation in Synergy H1/Biospa microplate reader (Biotek Instruments, Winooski, 

VT, USA).  

 

Assessment of vanSE gene expression 

Expression of the vanSE gene after growth of the vanE-VREfs in BHI medium overnight 

without and with vancomycin (10 mg/L) was assessed in three biological and technical 

replicates. RNA was extracted using Qiagen bacterial RNA kit (Warrington, UK) and then 

genomic DNA was removed using the Heat&Run gDNA removal kit (ArcticZymes, Tromsø, 

Norway). Next, complementary DNA (cDNA) was synthesized using Applied Biosystems™ 

High-Capacity cDNA Reverse Transcription Kit (Life Technologies Corporation, Carlsbad, 

CA, USA). The resulting cDNA was quantified by qPCR using SYBR® Green fluorescent dye 

PCR mix (Applied Biosystem, Kingsland Grange, UK) on a 7300 Real-time PCR System 

(Applied Biosystems). The gyrB was used as a reference for gene expression normalization. 

Then the mRNA levels were calculated using the 2–ΔΔCT method [38]. The qPCR primers were 

designed for the 3′ part of the vanSE gene that encodes the histidine kinase domain (forward 

5´-AGAAGAAGCTTGAGTGGGATTT-3´ and reverse 5´-

TCGTTGTATCATTGAGCGAGTAT-3´). 

 

Determining spontaneous mutation rate  

The spontaneous mutation rate of isolates was assessed in seven biological replicates by 

growing them on BHI agar containing rifampicin as previously described [39]. Additionally, 

the protein sequence of mutS and mutL genes were compared to the reference strain sequences 

using Clustal Omega online tool [40] and the promoters of these genes were predicted using 

SAPPHIRE [41]. ATCC 29212 was chosen as a reference strain for mutS and mutL genes 

comparison since its rifampicin MIC was close to that of E1 and E2 (ATCC 29212 rifampicin 

MIC= 8 mg/L). 

  

Results and Discussion 
E1 and E2 are the first Norwegian vanE-type VRE isolates recovered from the same patient, 

and to our knowledge the first vanE-type VRE in Europe as well. Since these isolates came 

from the same patient, we investigated their relatedness as well as their vanE gene cluster and 

mobile genetic context (Tn6202). None of the previously reported vanE-type VRE isolates was 

whole genome sequenced [4–6]. 
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van genotype and phenotype determination 

Initially in both strains, the vanE PCR showed presence of vanE type gene cluster which was 

confirmed by whole genome sequence data.  

Phenotypic AST showed that both strains expressed low-level resistance to vancomycin (MIC 

16 mg/L) and were susceptible to teicoplanin, ampicillin and linezolid and did not show high 

levels of gentamicin resistance (Table 1). The glycopeptide phenotype pattern is consistent 

with earlier reports on vanE [5]. Ampicillin, vancomycin and linezolid resistance in Efs are not 

common, but Efs often acquire high level gentamicin resistance (HLGR) [42]. To ensure 

correct concentration in selective media to distinguish recipients from E1 and E2 donors in 

filter-mating, AST was also performed for rifampicin and fusidic acid showing rifampicin MIC 

16 mg/L and fusidic acid MIC 8 mg/L for both strains.  

 

vanE gene cluster is harboured on Tn6202 

BLAST searches of the chromosomal region containing the vanE gene clusters of E1 and E2 

showed their similarity to the putative Integrative Conjugative Element (ICE) Tn6202 of Efs 

strain N00-0410 (FJ872411.1) covering 100% of the sequence. The only AMR genes on 

Tn6202 are those of the vanE gene cluster. Tn6202 also carries seven Type IV Secretion system 

(T4SS) genes [43], an integrase (Int410), and a putative excisionase (Figure 1A).  

In the global tree, the VSEfs strain 26975_1#118 (GCA_905120835.1) that was isolated from 

the Netherlands in 2021 was the closest closed genome to E1 and E2 isolates (supplement 

Figure 1).  However, this strain contains an MGE precisely at the integration site of Tn6202, 

therefore the second closest genome GCA_905123845.1 (strain 28157_4#211, the 

Netherlands, 2021) was chosen as a reference for genomic comparison and extraction of the 

MGE (Tn6202) sequence from E1 and E2 genomes (Figure 1B). In both strains, the MGE 

containing the vanE gene cluster was inserted 7 bp before the 3´ end of the guaA gene 

(glutamine-hydrolysing) at an 11 bp direct repeat (5´-TATTCCCACTC-3´) (Table 2). The only 

publicly available sequence that contains the Tn6202 harbouring vanE gene cluster 

(FJ872411.1) shows the same insertion site and perfect direct repeat. The insertion of two 

different MGEs in this location in the genome of E. faecalis suggests the location to be a hotspot 

for insertion of different MGEs.  

The entire vanE gene cluster is found in all genomes at NCBI of the human gut commensal 

Enterococcus caccae (n=4) [44]. The nucleotide sequence identity between the vanE gene 

clusters of E. caccae and the E1 and E2 is 91% (Supplement figure 2). Since there are no E. 
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caccae genome sequences without vanE available, we were not able to extract the MGE 

harbouring the vanE gene cluster in this species, but we found an integrase (tyrosine based site-

specific recombinase) next to the vanE gene cluster in E. caccae. 

 

Table 2. Characteristics of Tn6202 in E1 and E2 isolates 

Strain  Tn6202 size (bp) Number 

of CDSs 

Repeats in insertion site (5’-3’ strand)  

L side R side 

E1 43647 39 TATTCCCACTC TATTCCCACTC 

E2 44716 40 TATTCCCACTC TATTCCCACTC 

 

 

vanSE gene in both strains is truncated but vancomycin resistance is still low level 

inducible in E1 

The regulatory vanSE gene in both E1 and E2 isolates was truncated due to a premature stop 

codon caused by a single nucleotide deletion in E1 (362delA) and insertion of IS6770 in E2 at 

position 383 which in both resulted in two CDSs (Figure 1A), each containing different 

functional domains of the vanSE gene. The first CDS contains the two transmembrane-

associated sensor domains (123 and 117 amino acids (AAs) in E1 and E2, respectively), and 

the second contains the histidine kinase domain (209 and 229 AA in E1 and E2, respectively). 

The integrated IS6770 in the vanSE gene of E2 overlaps the last 13 nucleotides in the first CDS 

from the 3´end. The functional vanS gene in N00-140 strain (FJ872411.1) results in a 341 AA 

protein (Figure 2). In vanE-type isolates with truncated vanSE gene, inducible vancomycin 

resistance couldbe achieved by cross-talk of another two-component signal transduction 

system or by vanRE acting with a heterologous histidine kinase [13,45,46].  

IS6770 elements can be integrated at different locations of the Efs genome and it is reported as 

a common IS element in the enterococcal genomes, mostly in more than one copy [47]. Local 

BLAST on complete Efs genomes retrieved from NCBI showed that 41% (189 of 458) of the 

genomes contain one to 24 copies of IS6770. The insertion of IS30-like elements (IS6770) in 

the vanSE gene cluster has not been reported so far, but the insertion of IS elements has been 

reported before in the vanS gene of the vanA gene cluster [48]. 

Although the vanE gene cluster produces inducible vancomycin resistance, vanE-VREfs strains 

may show truncated vanSE gene and constitutively expressed resistance to vancomycin [5,6]. 

The inducibility of vancomycin resistance in E1 and E2 was tested by assessment of growth 
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curves with and without vancomycin and expression of the vanSE gene by qPCR. qPCR plots 

for pre-growth in BHI without and with subMIC (10 mg/L) of vancomycin show a 2-fold 

increase in expression of the histidine kinase part of vanSE in E1, while expression in E2 isolate 

was reduced 3-fold. These changes were not statistically significant (p= 0.62 for E1 and p= 

0.76 for E2) (Figure 3). In the vanE-type isolates with inducible resistance, the generation time 

Tg is shorter when pre-cultured in sub-MIC [9]. E1 pre-cultured in sub-MIC of vancomycin 

showed a shorter Tg (63,6 minutes) compared to E1 pre-cultured without vancomycin (66,6 

minutes) while different pre-culturing did not affect the Tg of E2 (supplement Figure 3). 

However, the change in Tg of E1 was not statistically significant (P= 0.82). Since vanR and 

vanS genes in the vanE gene cluster are controlled by one promoter [45] and the CDS that 

contains the histidine kinase domain in E1 was in the same frame as vanR it is possible that 

this domain was still controlled by the vanRE promoter. The slight decrease in Tg and increase 

in expression of the vanS gene after exposure to sub-MIC of vancomycin show low-level 

inducibility of vancomycin resistance in E1. In E2, the insertion of IS6770 (between the two 

CDSs of the vanS gene) with a transposase encoded in the opposite direction clearly disturbed 

the expression of the histidine kinase part of vanSE gene from the vanRE promoter. Still, low 

level constitutive expression of resistance to vancomycin was seen in E2 as has also been 

observed for other strains with truncated vanSE. Insertion of IS elements carrying promoters or 

partial promoters can contribute to expression of downstream genes, [49] and thus may have 

contributed to the low level constitutive expression of the histidine kinase domain of vanSE in 

E2.  

 

Activity and transferability of the Tn6202  

Tn6202 contains seven T4SS genes, as well as integrase and excisionase. So, the genes needed 

for excision and integration, as well as some putative genes for transfer, are available in the 

genome of the donor bacteria (E1 and E2 isolates). In the process of MGE transfer, after 

excision from the genome of the donor, many MGEs including Tn6202 forms a circular double-

stranded intermediate [50]. PCR for circularization of Tn6202 in E1 and E2 was negative which 

means that the active form of Tn6202 was not detected. The genome assembly of E1 isolate 

contains a contig with 100% identity to both flanking sequences of Tn6202. Mapping both 

Illumina and PacBio reads confirm the existence of this contig in the genome. This fragment 

indicates a heterogeneity in the E1 population. A possible explanation for this could be that the 

inserted MGE is not stable. Transfer of Tn6202 from E1 and E2 to JH2-2 and OG1-RF was not 

detected (n>1), which is in line with previous report on Tn6202 not being transferrable among 
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E. faecalis [50]. Thus, the putative ICE Tn6202 either lack some necessary genes, a host factor 

is necessary for transfer, or the transfer frequency was below the detection limit.  

 

The relatedness between E1 and E2 

The isolates E1 and E2 belong to the same sequence type (ST34) but have different CTs. 

According to cgMLST results, there are 32 allelic differences between E1 and E2 that result in 

two cluster types: CT3081 and CT2880.   

Variant calling (using E1 assembly as a reference for E2 reads) showed 60 variants between 

E1 and E2, including 49 SNP, three insertions and eight deletions. A total of 51 variants 

occurred in coding sequences, including a missense mutation SNP in the vanRE gene. CDS 

variants include 30 missense and nine synonymous variants. A total of 12 variants (20%) were 

deemed to have a high impact on gene function. The high impact of these variants is due to 

gaining a stop codon (n=4), loss of start codon (n=1), and frame shift (n=7). The frame shift 

variants resulted in premature stop codon (n=5) or shorter product from the 5´ end (n=2) in the 

CDS (Supplement file 1). 

Compared to the reference genome (GCA_905120835.1), E1 and E2 have 756 (454 of them on 

the chromosome) and 993 (699 of them on the chromosome) variants, respectively. As a result 

of SNPeff analysis 177 of the variants of E1 and 225 of E2 are missense SNPs while 184 and 

287 synonymous variants were found in E1 and E2, respectively. SNPeff classified 11/454 

(2%) and 24/699 (3%) variants in E1 and E2 as having high impact on the gene function.   

Exposing the isolates to high concentrations of antibiotics such as rifampicin is a useful method 

to calculate the mutation rate in pathogenic bacteria [51]. For E1 and E2 the spontaneous 

mutation rate was 1×10-7 and 8×10-10, respectively, while it was 3×10-10 for the reference strain 

used in the experiment (ATCC29212). Since E1 has 125-folds higher mutation rate, 60 variants 

between E1 and E2 in three years are not a high number. It has been shown that mutation in 

DNA mismatch repair genes (mutS and mutL) can cause elevated spontaneous mutation 

frequencies in Efs [39]. However, the difference in mutation rate cannot be explained by this 

since the DNA sequence of mutS and mutL genes and their promoters were identical in E1 and 

E2 isolates and showed 99.5% identity to the mutS and mutL genes of ATCC29212. 

Additionally, no differences in the promoter region of mutS and mutL genes between E1, E2, 

and the reference genomes (GCA_905120835.1) were observed.  

Plasmid finder identified only one replicon in E1 (rep9c), while for E2 it detected two 

additional plasmid replicons (rep9a and repUS43). E1 and E2 isolates have different plasmid 

profiles. Local BLAST search showed that the common plasmid between the E1 and E2 (rep9c) 
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has 98% identity and 39% coverage. The only AMR gene on these plasmids is a tet gene on 

rep9c of E2. The two isolates also have other differences in MGEs. E1 has a 31 kb MGE (MEG-

E1-A) integrated at the overlapping sequence of two hypothetical proteins genes, while E2 

contains a 45 kb MGE (MGE-E2-B) integrated at the 5’ end of putative tRNA sulphur 

transferase genes. Except for these MGEs, the genome organization of E1 and E2 is very 

similar (Figure 1B). 

Since the isolates were recovered from the same patient, the two isolates are epidemiologically 

related. The similar genome organization, the same ST and only 32 allelic differences in the 

cgMLST as well as only 60 variations in their entire genomic sequences despite a high mutation 

rate in E1 suggest relatedness between them. In addition, 30 months' time between their 

isolations, may have contributed to the variations between these two related isolates.  

 

Conclusion 
The first vanE-VREfs isolates (E1 and E2) reported in Norway were recovered from the same 

patient thirty months apart. Their vanE gene clusters, harboured by the previously described 

MGE Tn6202, only showed difference in the vanSE gene. In both isolates the vanSE gene was 

truncated resulting in two CDSs with different functional domains. In E1 the truncation resulted 

in the histidine kinase domain still being in frame with vanRE likely explaining why in this 

isolate vancomycin resistance was low-level inducible, while the IS element insertion in the 

vanSE gene of E2 likely explains its low-level constitutive expression of resistance to 

vancomycin. A total of 60 variants exists between the genomes of E1 and E2. Moreover, the 

accessory genomes of the isolates show different integrated MGEs and plasmid profiles. 

Similar chromosomal gene content and synteny of two isolates found in the same patient 

suggest the isolates are related. The differences in the mutation rate and long time (2,5 years) 

between isolation of E1 and E2 allowed independent genetic events and SNP differences 

between them. For the future, we suggest genomic comparison of E1 and E2 to other whole 

genome sequenced vanE-type VREfs and further experiments to determine the reason for the 

high mutation rate in E1.  
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Figures legend 
Figure 1. Comparison between Tn6202 and genomes of vanE-VREfs and their references 

using Easyfig tool. The CDSs and their directions are shown with arrows. Figure 1A illustrates 

the comparison between Tn6202 and its flanking sequences of E1 and E2 to their reference 

(N00-410). The red bars here represent 100% identity. The Tn6202 insertion site and its 

sequence are marked on the reference N00-410. Figure 1B shows similarities between the 

genomes of E1, E2, and the two closest closed Efs isolates retrieved from NCBI. The green 

rectangle marks the position of Tn6202 in the genome. The red and blue gradient bars represent 

normal and inverted matches, respectively. 

 

Figure 2. Amino acid sequence alignment of VanS in vanE-VREfs isolates using Clustal 

omega online tool compared to the reference sequence (N00-410). Cov and pid represent 

the coverage and identity percentages respectively. Since in E1 and E2, the two domains of 
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vanS were annotated as a functional CDS in Prokka, we added each of the domains 

(transmembrane and histidine kinase) as separate sequences in the alignment. 

 

Figure 3. The level of expression of vanSE histidine kinase part determined by RT-qPCR. 

The average expression levels of histidine kinase part of the vanSE gene (2-ΔΔCt) of E1 and E2. 

Data are expressed as the mean ± standard deviation. Two-tailed t-test showed no significant 

changes (p= 0.62 for E1 and p= 0.76 for E2) in expression of the histidine kinase domain in E1 

or E2 pre-grown in BHI broth without (control) and with 10 mg/L vancomycin (treated). 

 

Supplement Figure 1. Global phylogenetic tree based on the core genome SNP alignment 

of E. faecalis. This tree includes the Norwegian vanE-VREfs and the available closed genomes 

of Efs in the NCBI database as of 01.08.02022. E1 and E2 are coloured in red, and the genomes 

used as reference are in green. 

 

Supplement Figure 2. Comparison between vanE gene cluster of E. caccae (strain 

MGYG-HGUT-02468) and Efs N00-410, E1 and E2. The red gradient bars indicate normal 

matches and genes, and their directions are shown with arrows. 

 

Supplement Figure 3. Growth of the E1 and E2 isolates with and without vancomycin 

present. The cultures with vancomycin were pre-grown in BHI containing vancomycin sub-

MIC and then cultured in BHI media with the same sub-MIC of vancomycin. In S figure 3A 

sub-MIC was 4 mg/L while in S figure 3B sub-MIC was 10 mg/L. 

 

Supplement file 1. Annotation and predicted effect of variants between E1 and E2 using E1 

assembly as reference for E2 reads (Sheet 1), and GCA_905120835.1 as reference for E1 reads 

(sheet 2) and E2 reads (sheet 3).  
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Figure 1 (B).  
 
Figure 1 (A and B). Comparison between Tn6202 and genomes of vanE-VREfs and their 
references using Easyfig tool. 
 
 



 
 
Figure 2. Amino acid sequence alignment of VanS in vanE-VREfs isolates using Clustal omega 
online tool compared to the reference sequence (N00-410). 
 
 

 
 
Figure 3. The level of expression of vanSE histidine kinase part determined by RT-qPCR. 
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Global phylogenetic tree based on the core genome SNP alignment of Supplement Figure 1. 
E. faecalis.



 
 
Supplement Figure 2. Comparison between vanE gene cluster of E. caccae (strain MGYG-
HGUT-02468) and Efs N00-410, E1 and E2. 
 
 

 
Supplement Figure 3A 
 



 
 
Supplement Figure 3B 
 
Supplement Figure 3 (A and B). Growth of the E1 and E2 isolates with and without 
vancomycin present. 



Supplement file 1. Annotation and predicted effect of variants between E1 and E2 using E1 assembly as reference for E2 reads 

#Chromosome Position Reference ALT Catagory Type of variant Impact CDS

1 24355 A T snp synonymous_variant LOW sorA_1

1 163190 C G snp missense_variant MODERATE vanRE

1 233728 A G snp intergenic_region MODIFIER niaR-ALLEEMCA_00232

1 473521 AG A del frameshift_variant HIGH opuCA_1

1 477734 G A snp missense_variant MODERATE ALLEEMCA_00477

1 514407 C T snp missense_variant MODERATE ALLEEMCA_00510

1 520814 T C snp synonymous_variant LOW tig

1 551347 T A snp stop_gained HIGH ALLEEMCA_00542

1 554778 G A snp missense_variant MODERATE dap

1 673581 C T snp missense_variant MODERATE kimA

1 711138 C A snp missense_variant MODERATE artM

1 832083 C T snp synonymous_variant LOW gmuD

1 871502 G A snp intergenic_region MODIFIER sasA_1-ALLEEMCA_00853

1 949500 T C snp missense_variant MODERATE murI

1 990469 A T snp stop_gained HIGH tagB

1 997239 G A snp missense_variant MODERATE luxS

1 999121 C A snp missense_variant MODERATE dapA

1 1004199 T A snp synonymous_variant LOW yutF

1 1016816 A T snp intergenic_region MODIFIER ALLEEMCA_00985-ALLEEMCA_00986

1 1018141 T A snp intergenic_region MODIFIER ALLEEMCA_00988-ALLEEMCA_00989

1 1026026 T A snp missense_variant MODERATE tagU_2

1 1056380 A G snp missense_variant MODERATE ALLEEMCA_01022

1 1081627 T A snp missense_variant MODERATE rlmI

1 1114469 C T snp stop_gained HIGH cynR_1

1 1194971 C T snp synonymous_variant LOW ALLEEMCA_01151

1 1221250 C T snp missense_variant MODERATE moeA

1 1224990 CT C del frameshift_variant HIGH ALLEEMCA_01179

1 1281514 AT A del frameshift_variant HIGH mapZ

1 1302442 C T snp missense_variant MODERATE ALLEEMCA_01249

1 1340654 A AT ins intergenic_region MODIFIER perR-nox

1 1365561 T C snp missense_variant MODERATE clsA_2

1 1406268 C T snp missense_variant MODERATE ALLEEMCA_01345

1 1453032 T A snp synonymous_variant LOW pstS1_1

1 1516936 CT C del frameshift_variant HIGH ALLEEMCA_01457

1 1554756 A T snp synonymous_variant LOW agaS

1 1593961 A T snp missense_variant MODERATE larA

1 1627885 A T snp missense_variant MODERATE gatC_4

1 1629218 C T snp start_lost HIGH gatC_4

1 1629856 G GT ins intergenic_region MODIFIER rpiB-srlR_2

1 1632334 G A snp synonymous_variant LOW ALLEEMCA_01567

1 1654879 A T snp missense_variant MODERATE ALLEEMCA_01589

1 1683251 G A snp missense_variant MODERATE ALLEEMCA_01615

1 1708121 A C snp missense_variant MODERATE pdxK_2

1 1796384 G A snp stop_gained HIGH ybiT_2

1 1797879 C T snp intergenic_region MODIFIER ybiT_2-scmP_2

1 1818212 G A snp missense_variant MODERATE ALLEEMCA_01754



#Chromosome Position Reference ALT Catagory Type of variant Impact CDS

1 1831953 AT A del frameshift_variant HIGH ALLEEMCA_01764

1 1855406 TA T del frameshift_variant HIGH ALLEEMCA_01779

1 1881354 A G snp synonymous_variant LOW rhaR_4

1 2006548 GT G del intergenic_region MODIFIER rasP-gdh_2

1 2008188 A C snp missense_variant MODERATE ALLEEMCA_01906

1 2026700 T C snp missense_variant MODERATE glyS

1 2259602 GGTTTTTAAACAT G del intergenic_region MODIFIER spxA_2-trpS

1 2309041 A AT ins frameshift_variant HIGH ALLEEMCA_02185

1 2383261 G T snp missense_variant MODERATE ALLEEMCA_02264

1 2383499 A G snp missense_variant MODERATE ALLEEMCA_02265

1 2404792 C A snp missense_variant MODERATE ALLEEMCA_02290

1 2427962 T A snp missense_variant MODERATE liaS

1 2634607 T C snp missense_variant MODERATE sorA_4

1 2634907 C A snp missense_variant MODERATE sorA_4



Supplement file 1. Annotation and predicted effect of variants in E1 chromosome using GCA_905120835.1 as reference

#Chromosome Position Reference ALT Catagory Type of variant Impact CDS

LR961994.1 2844 C CT snp intergenic_region MODIFIER dnaN-FCKDLICC_00003

LR961994.1 21946 A G snp synonymous_variant LOW dgaR_1

LR961994.1 44147 G A snp intergenic_region MODIFIER radA-yacL

LR961994.1 52101 T A snp intergenic_region MODIFIER FCKDLICC_00045-veg

LR961994.1 57880 A G del missense_variant MODERATE glmU

LR961994.1 65059 T G snp intergenic_region MODIFIER dppE_1-FCKDLICC_00055

LR961994.1 75803 GTCAAA TTTGAC snp intergenic_region MODIFIER FCKDLICC_00065-larR_1

LR961994.1 89641 C T snp synonymous_variant LOW FCKDLICC_00081

LR961994.1 91010 A C snp missense_variant MODERATE FCKDLICC_00081

LR961994.1 98604 A G complex synonymous_variant LOW serS_1

LR961994.1 121935 A T snp intergenic_region MODIFIER FCKDLICC_00110-FCKDLICC_00111

LR961994.1 186618 G A snp missense_variant MODERATE tmpC_2

LR961994.1 202573 G A snp missense_variant MODERATE yxdL_2

LR961994.1 231227 C T complex missense_variant MODERATE scmP_1

LR961994.1 232892 A G snp synonymous_variant LOW ecfA2

LR961994.1 240320 T C complex missense_variant MODERATE mltF_1

LR961994.1 242538 T G snp missense_variant MODERATE dapH_1

LR961994.1 248554 C T snp intergenic_region MODIFIER ldh_1-pth

LR961994.1 251483 C A snp synonymous_variant LOW mfd

LR961994.1 255248 T C snp missense_variant MODERATE FCKDLICC_00260

LR961994.1 256921 A G snp missense_variant MODERATE tilS

LR961994.1 257901 C T snp synonymous_variant LOW hpt

LR961994.1 278518 C T snp synonymous_variant LOW gpmA_2

LR961994.1 296169 G GA snp intergenic_region MODIFIER gmuC-murR_1

LR961994.1 313462 G A complex missense_variant MODERATE FCKDLICC_00339

LR961994.1 324836 T C snp synonymous_variant LOW FCKDLICC_00348

LR961994.1 341535 T C snp missense_variant MODERATE atzC_1

LR961994.1 388790 T G snp intergenic_region MODIFIER FCKDLICC_00405-dtpT

LR961994.1 400489 A C snp intergenic_region MODIFIER nagB_1-fcbA2

LR961994.1 404808 A G snp missense_variant MODERATE manZ_2

LR961994.1 420028 A C snp missense_variant MODERATE nrdE2

LR961994.1 424441 C T snp intergenic_region MODIFIER FCKDLICC_00439-xerC_3

LR961994.1 426825 GG AA snp intergenic_region MODIFIER FCKDLICC_00443-FCKDLICC_00444

LR961994.1 426835 T C snp intergenic_region MODIFIER FCKDLICC_00443-FCKDLICC_00444

LR961994.1 426849 G C ins intergenic_region MODIFIER FCKDLICC_00443-FCKDLICC_00444

LR961994.1 426867 T A snp intergenic_region MODIFIER FCKDLICC_00443-FCKDLICC_00444

LR961994.1 426883 A C snp intergenic_region MODIFIER FCKDLICC_00443-FCKDLICC_00444

LR961994.1 426893 T C snp intergenic_region MODIFIER FCKDLICC_00443-FCKDLICC_00444

LR961994.1 426901 CTT TCC snp intergenic_region MODIFIER FCKDLICC_00443-FCKDLICC_00444

LR961994.1 426908 A C snp intergenic_region MODIFIER FCKDLICC_00443-FCKDLICC_00444

LR961994.1 426921 A C snp intergenic_region MODIFIER FCKDLICC_00443-FCKDLICC_00444

LR961994.1 426948 C A snp intergenic_region MODIFIER FCKDLICC_00443-FCKDLICC_00444

LR961994.1 426957 G A snp intergenic_region MODIFIER FCKDLICC_00443-FCKDLICC_00444

LR961994.1 426982 A C snp synonymous_variant LOW FCKDLICC_00444

LR961994.1 426991 C T snp synonymous_variant LOW FCKDLICC_00444

LR961994.1 427009 T A snp missense_variant MODERATE FCKDLICC_00444



#Chromosome Position Reference ALT Catagory Type of variant Impact CDS

LR961994.1 427014 G T snp missense_variant MODERATE FCKDLICC_00444

LR961994.1 427021 C T del synonymous_variant LOW FCKDLICC_00444

LR961994.1 427038 TA CG snp missense_variant MODERATE FCKDLICC_00444

LR961994.1 427045 CTCCG ACCTA snp missense_variant MODERATE FCKDLICC_00444

LR961994.1 427054 A G snp synonymous_variant LOW FCKDLICC_00444

LR961994.1 427082 ACT GCC snp missense_variant MODERATE FCKDLICC_00444

LR961994.1 427091 CT GA snp synonymous_variant LOW FCKDLICC_00444

LR961994.1 427133 T C snp missense_variant MODERATE FCKDLICC_00444

LR961994.1 427148 TGA AAG complex missense_variant MODERATE FCKDLICC_00444

LR961994.1 427155 C T snp missense_variant MODERATE FCKDLICC_00444

LR961994.1 427162 C T snp synonymous_variant LOW FCKDLICC_00444

LR961994.1 427172 GGA AGG snp missense_variant MODERATE FCKDLICC_00444

LR961994.1 427183 T C del synonymous_variant LOW FCKDLICC_00444

LR961994.1 427189 TTTGTTG AGATTTA snp missense_variant MODERATE FCKDLICC_00444

LR961994.1 427208 A C snp missense_variant MODERATE FCKDLICC_00445

LR961994.1 427213 TCCG CCCA snp missense_variant MODERATE FCKDLICC_00445

LR961994.1 427221 T C snp synonymous_variant LOW FCKDLICC_00445

LR961994.1 427239 T C snp synonymous_variant LOW FCKDLICC_00445

LR961994.1 427266 A G snp synonymous_variant LOW FCKDLICC_00445

LR961994.1 427272 G A snp synonymous_variant LOW FCKDLICC_00445

LR961994.1 427295 TATT CATC snp missense_variant MODERATE FCKDLICC_00445

LR961994.1 427329 GAC AAT snp missense_variant MODERATE FCKDLICC_00445

LR961994.1 427347 T C snp synonymous_variant LOW FCKDLICC_00445

LR961994.1 427353 A C snp missense_variant MODERATE FCKDLICC_00445

LR961994.1 427362 G T snp synonymous_variant LOW FCKDLICC_00445

LR961994.1 427367 T C snp missense_variant MODERATE FCKDLICC_00445

LR961994.1 427443 AGAGTACT GGAATACC snp missense_variant MODERATE FCKDLICC_00445

LR961994.1 427459 G T snp missense_variant MODERATE FCKDLICC_00445

LR961994.1 427469 T C snp missense_variant MODERATE FCKDLICC_00445

LR961994.1 427487 A C complex missense_variant MODERATE FCKDLICC_00445

LR961994.1 427499 T C snp missense_variant MODERATE FCKDLICC_00445

LR961994.1 427519 GTAAT TTAGC snp missense_variant MODERATE FCKDLICC_00445

LR961994.1 427545 G A snp synonymous_variant LOW FCKDLICC_00445

LR961994.1 427576 TTC ATG snp missense_variant MODERATE FCKDLICC_00445

LR961994.1 427584 A G snp synonymous_variant LOW FCKDLICC_00445

LR961994.1 427589 T G mnp missense_variant MODERATE FCKDLICC_00445

LR961994.1 427616 T TC complex intergenic_region MODIFIER FCKDLICC_00445-FCKDLICC_00446

LR961994.1 431151 A G snp missense_variant MODERATE asa1

LR961994.1 431205 TCT CCA snp missense_variant MODERATE asa1

LR961994.1 431213 AAATGGAG TAAAGGTA snp missense_variant MODERATE asa1

LR961994.1 431228 G A snp synonymous_variant LOW asa1

LR961994.1 431243 C A snp synonymous_variant LOW asa1

LR961994.1 431275 TAGG CAGA complex missense_variant MODERATE asa1

LR961994.1 431289 TCAG T ins conservative_inframe_deletion MODERATE asa1

LR961994.1 431315 A C snp synonymous_variant LOW asa1

LR961994.1 431325 G A snp missense_variant MODERATE asa1

LR961994.1 431367 A G complex missense_variant MODERATE asa1



#Chromosome Position Reference ALT Catagory Type of variant Impact CDS

LR961994.1 431378 TGCT AGCG snp missense_variant MODERATE asa1

LR961994.1 431394 ACT TCC snp missense_variant MODERATE asa1

LR961994.1 431429 C T snp synonymous_variant LOW asa1

LR961994.1 431447 G A snp synonymous_variant LOW asa1

LR961994.1 431459 G A snp synonymous_variant LOW asa1

LR961994.1 431468 TGTC CGTT snp synonymous_variant LOW asa1

LR961994.1 431485 T C snp missense_variant MODERATE asa1

LR961994.1 431492 T C del synonymous_variant LOW asa1

LR961994.1 431498 T C snp synonymous_variant LOW asa1

LR961994.1 431523 A G snp missense_variant MODERATE asa1

LR961994.1 431564 A G snp synonymous_variant LOW asa1

LR961994.1 431576 G C snp synonymous_variant LOW asa1

LR961994.1 431585 G A snp synonymous_variant LOW asa1

LR961994.1 431648 T C snp synonymous_variant LOW asa1

LR961994.1 431653 T C snp missense_variant MODERATE asa1

LR961994.1 431666 CTAC TTAT snp synonymous_variant LOW asa1

LR961994.1 431705 C T snp synonymous_variant LOW asa1

LR961994.1 431777 G T snp synonymous_variant LOW asa1

LR961994.1 431873 A G snp synonymous_variant LOW asa1

LR961994.1 432306 A G snp missense_variant MODERATE asa1

LR961994.1 432318 A G snp missense_variant MODERATE asa1

LR961994.1 432413 T A snp synonymous_variant LOW asa1

LR961994.1 432692 T C ins synonymous_variant LOW asa1

LR961994.1 432710 C T del synonymous_variant LOW asa1

LR961994.1 432749 T C snp synonymous_variant LOW asa1

LR961994.1 432773 G A snp synonymous_variant LOW asa1

LR961994.1 432902 A G snp synonymous_variant LOW asa1

LR961994.1 432935 A G snp synonymous_variant LOW asa1

LR961994.1 432977 TCTTC CCTTA snp missense_variant MODERATE asa1

LR961994.1 432989 T C snp synonymous_variant LOW asa1

LR961994.1 433001 C T snp synonymous_variant LOW asa1

LR961994.1 433031 T C snp synonymous_variant LOW asa1

LR961994.1 433124 AG GC snp missense_variant MODERATE asa1

LR961994.1 433133 C T snp synonymous_variant LOW asa1

LR961994.1 433139 T C snp synonymous_variant LOW asa1

LR961994.1 433154 T C del synonymous_variant LOW asa1

LR961994.1 433160 GATTAAC TATCAAT snp synonymous_variant LOW asa1

LR961994.1 433176 G A complex missense_variant MODERATE asa1

LR961994.1 433181 TAAT CAAC snp synonymous_variant LOW asa1

LR961994.1 433196 T C snp synonymous_variant LOW asa1

LR961994.1 433244 C T snp synonymous_variant LOW asa1

LR961994.1 433262 G A snp synonymous_variant LOW asa1

LR961994.1 433346 C G snp synonymous_variant LOW asa1

LR961994.1 433403 T C snp synonymous_variant LOW asa1

LR961994.1 433490 T G snp synonymous_variant LOW asa1

LR961994.1 433586 T C snp synonymous_variant LOW asa1

LR961994.1 433640 T G snp synonymous_variant LOW asa1



#Chromosome Position Reference ALT Catagory Type of variant Impact CDS

LR961994.1 433687 C T snp missense_variant MODERATE asa1

LR961994.1 433692 GCC TCT snp missense_variant MODERATE asa1

LR961994.1 433769 T G snp synonymous_variant LOW asa1

LR961994.1 433802 C T snp synonymous_variant LOW asa1

LR961994.1 433853 T C snp synonymous_variant LOW asa1

LR961994.1 433874 T C snp synonymous_variant LOW asa1

LR961994.1 433901 T C snp synonymous_variant LOW asa1

LR961994.1 433921 A G snp missense_variant MODERATE asa1

LR961994.1 433937 A T snp synonymous_variant LOW asa1

LR961994.1 433964 GATT AATC snp synonymous_variant LOW asa1

LR961994.1 434018 G A snp synonymous_variant LOW asa1

LR961994.1 434027 ACTCCCT TTTACCA snp synonymous_variant LOW asa1

LR961994.1 434042 C T snp synonymous_variant LOW asa1

LR961994.1 434048 TG CA snp missense_variant MODERATE asa1

LR961994.1 434060 G T snp synonymous_variant LOW asa1

LR961994.1 434066 T G snp synonymous_variant LOW asa1

LR961994.1 434096 C T snp synonymous_variant LOW asa1

LR961994.1 434117 T C snp synonymous_variant LOW asa1

LR961994.1 434144 T C snp synonymous_variant LOW asa1

LR961994.1 434153 GGAT AGAC snp synonymous_variant LOW asa1

LR961994.1 434162 C T snp synonymous_variant LOW asa1

LR961994.1 434171 T C snp synonymous_variant LOW asa1

LR961994.1 434195 TGCC CGCT snp synonymous_variant LOW asa1

LR961994.1 434219 G A snp synonymous_variant LOW asa1

LR961994.1 434267 A T snp synonymous_variant LOW asa1

LR961994.1 434286 A C snp missense_variant MODERATE asa1

LR961994.1 434291 CGAT TGAC snp synonymous_variant LOW asa1

LR961994.1 434327 A C snp synonymous_variant LOW asa1

LR961994.1 434369 T C snp synonymous_variant LOW asa1

LR961994.1 434393 C T snp synonymous_variant LOW asa1

LR961994.1 434426 CA AC snp missense_variant MODERATE asa1

LR961994.1 434465 G A snp synonymous_variant LOW asa1

LR961994.1 434493 A C snp missense_variant MODERATE asa1

LR961994.1 434501 A G snp synonymous_variant LOW asa1

LR961994.1 434542 C T complex missense_variant MODERATE asa1

LR961994.1 434723 G A snp synonymous_variant LOW asa1

LR961994.1 434738 AC GA snp missense_variant MODERATE asa1

LR961994.1 434771 A G snp synonymous_variant LOW asa1

LR961994.1 434783 C T snp synonymous_variant LOW asa1

LR961994.1 434788 TTA CCG complex missense_variant MODERATE asa1

LR961994.1 434869 A G snp intergenic_region MODIFIER asa1-FCKDLICC_00450

LR961994.1 435087 C T snp synonymous_variant LOW FCKDLICC_00450

LR961994.1 435099 TATA CATT del synonymous_variant LOW FCKDLICC_00450

LR961994.1 435108 T C snp synonymous_variant LOW FCKDLICC_00450

LR961994.1 435118 T C complex synonymous_variant LOW FCKDLICC_00450

LR961994.1 435219 GATT AGTA snp missense_variant MODERATE FCKDLICC_00450

LR961994.1 435246 T G snp synonymous_variant LOW FCKDLICC_00450



#Chromosome Position Reference ALT Catagory Type of variant Impact CDS

LR961994.1 435253 T G mnp missense_variant MODERATE FCKDLICC_00450

LR961994.1 435259 A G snp intergenic_region MODIFIER FCKDLICC_00450-FCKDLICC_00451

LR961994.1 457336 T C snp missense_variant MODERATE FCKDLICC_00475

LR961994.1 457343 C T snp synonymous_variant LOW FCKDLICC_00475

LR961994.1 457463 C T snp synonymous_variant LOW FCKDLICC_00475

LR961994.1 457469 C T snp synonymous_variant LOW FCKDLICC_00475

LR961994.1 457481 G A snp synonymous_variant LOW FCKDLICC_00475

LR961994.1 457544 C T snp synonymous_variant LOW FCKDLICC_00475

LR961994.1 457556 G A snp synonymous_variant LOW FCKDLICC_00475

LR961994.1 457688 A T snp synonymous_variant LOW FCKDLICC_00475

LR961994.1 457735 A G snp synonymous_variant LOW FCKDLICC_00475

LR961994.1 457757 A G snp synonymous_variant LOW FCKDLICC_00475

LR961994.1 457769 C T snp synonymous_variant LOW FCKDLICC_00475

LR961994.1 457781 T C snp missense_variant MODERATE FCKDLICC_00475

LR961994.1 457808 G A snp synonymous_variant LOW FCKDLICC_00475

LR961994.1 457814 T C snp synonymous_variant LOW FCKDLICC_00475

LR961994.1 457847 C T complex synonymous_variant LOW FCKDLICC_00475

LR961994.1 458017 T C snp missense_variant MODERATE FCKDLICC_00475

LR961994.1 458198 G A snp synonymous_variant LOW FCKDLICC_00475

LR961994.1 458204 T C complex synonymous_variant LOW FCKDLICC_00475

LR961994.1 458222 G A snp synonymous_variant LOW FCKDLICC_00475

LR961994.1 458264 G A mnp synonymous_variant LOW FCKDLICC_00475

LR961994.1 458537 G C complex synonymous_variant LOW FCKDLICC_00475

LR961994.1 458573 T C snp synonymous_variant LOW FCKDLICC_00475

LR961994.1 458623 G C snp intergenic_region MODIFIER FCKDLICC_00475-FCKDLICC_00476

LR961994.1 515091 T TA snp frameshift_variant HIGH FCKDLICC_00542

LR961994.1 517497 T TA snp frameshift_variant HIGH ytrE

LR961994.1 524022 T A snp missense_variant MODERATE clsA_1

LR961994.1 532536 G T snp intergenic_region MODIFIER nhaC_2-FCKDLICC_00553

LR961994.1 545233 G A snp missense_variant MODERATE FCKDLICC_00569

LR961994.1 549960 T G snp synonymous_variant LOW mepA

LR961994.1 569950 C T snp intergenic_region MODIFIER csn2-FCKDLICC_00592

LR961994.1 574637 T C complex synonymous_variant LOW argR_3

LR961994.1 616669 A G complex missense_variant MODERATE FCKDLICC_00634

LR961994.1 617119 C A snp missense_variant MODERATE FCKDLICC_00634

LR961994.1 625795 T C complex intergenic_region MODIFIER srlR_1-clcA

LR961994.1 627338 A G snp synonymous_variant LOW clcA

LR961994.1 643744 G A snp missense_variant MODERATE aguA

LR961994.1 660918 G T snp stop_gained HIGH FCKDLICC_00672

LR961994.1 661884 T C snp synonymous_variant LOW FCKDLICC_00673

LR961994.1 689899 C T complex missense_variant MODERATE FCKDLICC_00695

LR961994.1 696162 T G snp intergenic_region MODIFIER metK-bmr3

LR961994.1 703391 C A snp intergenic_region MODIFIER FCKDLICC_00705-FCKDLICC_00706

LR961994.1 711543 A G snp missense_variant MODERATE FCKDLICC_00714

LR961994.1 721813 A G snp intergenic_region MODIFIER FCKDLICC_00722-FCKDLICC_00723

LR961994.1 735381 C T snp missense_variant MODERATE rplY

LR961994.1 736535 G C snp missense_variant MODERATE rsuA_2



#Chromosome Position Reference ALT Catagory Type of variant Impact CDS

LR961994.1 779726 G A complex missense_variant MODERATE queA

LR961994.1 799604 C T snp missense_variant MODERATE FCKDLICC_00790

LR961994.1 803977 C G snp missense_variant MODERATE arnC_1

LR961994.1 839110 T G snp stop_lost&splice_region_variant HIGH FCKDLICC_00828

LR961994.1 852797 G GT snp intergenic_region MODIFIER niaX-msmX_1

LR961994.1 854595 C T snp intergenic_region MODIFIER mgsA-folT

LR961994.1 864272 A G snp missense_variant MODERATE ung

LR961994.1 871876 T C mnp missense_variant MODERATE malP

LR961994.1 873833 C T snp synonymous_variant LOW ptsG_1

LR961994.1 913901 T C snp synonymous_variant LOW ileS

LR961994.1 924932 A G snp synonymous_variant LOW dgaR_2

LR961994.1 928397 A G snp missense_variant MODERATE FCKDLICC_00920

LR961994.1 986601 G A snp synonymous_variant LOW dppE_5

LR961994.1 1001928 G GA snp frameshift_variant HIGH dinB_1

LR961994.1 1007069 A C snp intergenic_region MODIFIER FCKDLICC_01005-FCKDLICC_01006

LR961994.1 1008555 C T snp intergenic_region MODIFIER FCKDLICC_01006-FCKDLICC_01007

LR961994.1 1033348 T C snp missense_variant MODERATE addB

LR961994.1 1043806 T C snp missense_variant MODERATE pheT

LR961994.1 1044990 C A snp missense_variant MODERATE glnP

LR961994.1 1047589 T C snp missense_variant MODERATE glnQ_4

LR961994.1 1049004 T C mnp missense_variant MODERATE rph

LR961994.1 1049251 G C snp missense_variant MODERATE rph

LR961994.1 1068258 C T snp synonymous_variant LOW gpsB

LR961994.1 1072485 T C snp missense_variant MODERATE dnaD

LR961994.1 1080468 G A snp synonymous_variant LOW dinG_1

LR961994.1 1082789 T C snp synonymous_variant LOW FCKDLICC_01070

LR961994.1 1089212 T C snp intergenic_region MODIFIER rpmE2-tagB

LR961994.1 1128322 C CA snp intergenic_region MODIFIER aldC-FCKDLICC_01118

LR961994.1 1134378 C T mnp missense_variant MODERATE spuD

LR961994.1 1149632 AT A complex frameshift_variant HIGH FCKDLICC_01138

LR961994.1 1155782 G C snp missense_variant MODERATE FCKDLICC_01142

LR961994.1 1158048 C T snp missense_variant MODERATE exuR

LR961994.1 1170838 G A complex missense_variant MODERATE FCKDLICC_01157

LR961994.1 1172033 C T complex intergenic_region MODIFIER FCKDLICC_01158-FCKDLICC_01159

LR961994.1 1186428 A G complex intergenic_region MODIFIER FCKDLICC_01169-rimP

LR961994.1 1193201 G A snp intergenic_region MODIFIER FCKDLICC_01178-FCKDLICC_01179

LR961994.1 1198061 C T snp missense_variant MODERATE FCKDLICC_01189

LR961994.1 1200106 G A snp missense_variant MODERATE FCKDLICC_01189

LR961994.1 1206670 ATAAAAG CTTTTAT complex intergenic_region MODIFIER FCKDLICC_01194-truB

LR961994.1 1218553 C T complex missense_variant MODERATE hemW

LR961994.1 1245496 G T snp missense_variant MODERATE FCKDLICC_01232

LR961994.1 1246673 A T snp missense_variant MODERATE FCKDLICC_01232

LR961994.1 1257719 A T snp missense_variant MODERATE trxB

LR961994.1 1275293 G T complex intergenic_region MODIFIER mgtA-pdhA

LR961994.1 1284584 G A snp missense_variant MODERATE dhaK

LR961994.1 1285355 C T snp intergenic_region MODIFIER dhaL-FCKDLICC_01265

LR961994.1 1285414 GTAACAAAAAA G mnp intergenic_region MODIFIER dhaL-FCKDLICC_01265



#Chromosome Position Reference ALT Catagory Type of variant Impact CDS

LR961994.1 1298837 T A snp missense_variant MODERATE nrnA

LR961994.1 1303673 T G snp intergenic_region MODIFIER cshB-FCKDLICC_01281

LR961994.1 1310846 T C snp synonymous_variant LOW FCKDLICC_01286

LR961994.1 1328762 TA T snp intergenic_region MODIFIER cadA-zapA

LR961994.1 1350325 T C snp missense_variant MODERATE ntpK

LR961994.1 1377002 A G snp missense_variant MODERATE dnaG

LR961994.1 1377462 T G snp missense_variant MODERATE dnaG

LR961994.1 1386307 T C snp synonymous_variant LOW FCKDLICC_01353

LR961994.1 1392879 C T snp missense_variant MODERATE xerD

LR961994.1 1405691 C T complex intergenic_region MODIFIER hup-FCKDLICC_01374

LR961994.1 1419699 G A snp synonymous_variant LOW aroA

LR961994.1 1424476 T C snp synonymous_variant LOW FCKDLICC_01394

LR961994.1 1429163 G T snp missense_variant MODERATE ettA

LR961994.1 1436490 T A snp intergenic_region MODIFIER FCKDLICC_01404-FCKDLICC_01405

LR961994.1 1439861 G A snp missense_variant MODERATE nox

LR961994.1 1441920 A G snp missense_variant MODERATE paiA_1

LR961994.1 1459207 T A snp missense_variant MODERATE degA_2

LR961994.1 1468810 T A snp missense_variant MODERATE clsA_2

LR961994.1 1468861 A C snp missense_variant MODERATE clsA_2

LR961994.1 1483986 CA C complex intergenic_region MODIFIER FCKDLICC_01442-pduA

LR961994.1 1487314 T C snp missense_variant MODERATE eutC

LR961994.1 1517534 T C snp missense_variant MODERATE bfmBAB

LR961994.1 1546750 C A snp missense_variant MODERATE FCKDLICC_01508

LR961994.1 1552135 T G snp missense_variant MODERATE FCKDLICC_01516

LR961994.1 1586374 T C snp missense_variant MODERATE yheI

LR961994.1 1587575 G A snp missense_variant MODERATE nfo

LR961994.1 1608514 G T snp missense_variant MODERATE FCKDLICC_01569

LR961994.1 1620218 A G snp intergenic_region MODIFIER FCKDLICC_01579-celA_3

LR961994.1 1628987 C T snp missense_variant MODERATE purH

LR961994.1 1635969 G A snp missense_variant MODERATE purC

LR961994.1 1636114 C CA complex intergenic_region MODIFIER purC-purK_1

LR961994.1 1638733 CATAA C snp frameshift_variant HIGH FCKDLICC_01602

LR961994.1 1659351 G A snp intergenic_region MODIFIER nagR_3-gspA_1

LR961994.1 1661492 A G snp intergenic_region MODIFIER gspA_2-ltaS1_2

LR961994.1 1677168 A T snp missense_variant MODERATE FCKDLICC_01633

LR961994.1 1683386 C T snp missense_variant MODERATE adhA

LR961994.1 1701880 T G ins missense_variant MODERATE sorC

LR961994.1 1712764 G C ins missense_variant MODERATE xerC_5

LR961994.1 1715398 T G snp synonymous_variant LOW FCKDLICC_01666

LR961994.1 1725450 T C snp missense_variant MODERATE gatC_4

LR961994.1 1729110 C T snp synonymous_variant LOW hxlB_2

LR961994.1 1732516 TG T snp intergenic_region MODIFIER rpiB-srlR_2

LR961994.1 1739619 T C snp intergenic_region MODIFIER manR_3-FCKDLICC_01695

LR961994.1 1742160 T G snp synonymous_variant LOW FCKDLICC_01697

LR961994.1 1745527 G A complex synonymous_variant LOW FCKDLICC_01700

LR961994.1 1752075 T C snp missense_variant MODERATE FCKDLICC_01707

LR961994.1 1774745 C T snp missense_variant MODERATE glpO



#Chromosome Position Reference ALT Catagory Type of variant Impact CDS

LR961994.1 1799647 A G complex intergenic_region MODIFIER dgaR_3-FCKDLICC_01753

LR961994.1 1832300 T C complex intergenic_region MODIFIER rlmN-yxdM

LR961994.1 1870555 A C snp intergenic_region MODIFIER FCKDLICC_01814-FCKDLICC_01816

LR961994.1 1916148 T A snp missense_variant MODERATE FCKDLICC_01849

LR961994.1 1927650 T C snp missense_variant MODERATE FCKDLICC_01860

LR961994.1 1965488 G T snp missense_variant MODERATE FCKDLICC_01892

LR961994.1 1967768 T C snp missense_variant MODERATE FCKDLICC_01892

LR961994.1 1969749 C A complex synonymous_variant LOW FCKDLICC_01894

LR961994.1 1972044 C A snp intergenic_region MODIFIER ngcF-FCKDLICC_01897

LR961994.1 2001182 T C snp missense_variant MODERATE FCKDLICC_01919

LR961994.1 2001229 T G snp missense_variant MODERATE FCKDLICC_01919

LR961994.1 2016412 T G snp missense_variant MODERATE aspB

LR961994.1 2019099 C T snp synonymous_variant LOW dinG_2

LR961994.1 2021297 G A snp stop_gained HIGH FCKDLICC_01934

LR961994.1 2033006 G A snp missense_variant MODERATE gdh_2

LR961994.1 2038805 A G snp synonymous_variant LOW FCKDLICC_01944

LR961994.1 2048135 A G snp missense_variant MODERATE FCKDLICC_01954

LR961994.1 2055955 G A snp synonymous_variant LOW dgkA

LR961994.1 2062908 G T snp missense_variant MODERATE thrB

LR961994.1 2067722 G A snp synonymous_variant LOW pgcA

LR961994.1 2075872 T A snp intergenic_region MODIFIER guaD-FCKDLICC_01982

LR961994.1 2077658 T G snp missense_variant MODERATE ybbH_3

LR961994.1 2077761 C A snp missense_variant MODERATE ybbH_3

LR961994.1 2080014 C T snp missense_variant MODERATE murQ_2

LR961994.1 2085700 C T snp missense_variant MODERATE FCKDLICC_01992

LR961994.1 2087089 T C snp intergenic_region MODIFIER FCKDLICC_01994-panE_2

LR961994.1 2090742 A G snp stop_lost&splice_region_variant HIGH comEC_2

LR961994.1 2095730 A C snp missense_variant MODERATE FCKDLICC_02005

LR961994.1 2103162 A G complex synonymous_variant LOW recQ_2

LR961994.1 2145116 A G snp synonymous_variant LOW metN2

LR961994.1 2163543 A G complex synonymous_variant LOW prmC

LR961994.1 2167433 C T complex intergenic_region MODIFIER FCKDLICC_02066-ntpJ_2

LR961994.1 2174691 C A snp missense_variant MODERATE FCKDLICC_02070

LR961994.1 2183361 A T snp missense_variant MODERATE FCKDLICC_02079

LR961994.1 2191006 C T snp missense_variant MODERATE dpaL

LR961994.1 2252647 T C snp missense_variant MODERATE FCKDLICC_02146

LR961994.1 2270738 TC T snp frameshift_variant HIGH pspA_1

LR961994.1 2273616 A C snp synonymous_variant LOW cutC

LR961994.1 2309187 CAAAGT ACTTTG snp intergenic_region MODIFIER FCKDLICC_02197-FCKDLICC_02198

LR961994.1 2317394 C T snp missense_variant MODERATE ebgA

LR961994.1 2329674 G A snp intergenic_region MODIFIER sdhA_2-dppA

LR961994.1 2335288 A G snp missense_variant MODERATE nusG

LR961994.1 2337698 T C ins missense_variant MODERATE FCKDLICC_02227

LR961994.1 2342547 T C snp intergenic_region MODIFIER polC_2-FCKDLICC_02232

LR961994.1 2348864 G A snp synonymous_variant LOW FCKDLICC_02237

LR961994.1 2355342 A G snp synonymous_variant LOW dltA

LR961994.1 2370389 A G snp missense_variant MODERATE tenA



#Chromosome Position Reference ALT Catagory Type of variant Impact CDS

LR961994.1 2374821 A G snp intergenic_region MODIFIER FCKDLICC_02264-emrB_2

LR961994.1 2381645 G T snp missense_variant MODERATE FCKDLICC_02273

LR961994.1 2384760 T A snp missense_variant MODERATE galE_2

LR961994.1 2389844 C A snp missense_variant MODERATE glcK

LR961994.1 2398227 G T snp synonymous_variant LOW FCKDLICC_02291

LR961994.1 2398238 CTTGA TTTGG snp missense_variant MODERATE FCKDLICC_02291

LR961994.1 2398254 T A snp synonymous_variant LOW FCKDLICC_02291

LR961994.1 2398266 AGC TGT snp missense_variant MODERATE FCKDLICC_02291

LR961994.1 2398284 C A complex synonymous_variant LOW FCKDLICC_02291

LR961994.1 2398290 CG TC snp missense_variant MODERATE FCKDLICC_02291

LR961994.1 2398299 ATC GTT snp missense_variant MODERATE FCKDLICC_02291

LR961994.1 2398314 G A snp synonymous_variant LOW FCKDLICC_02291

LR961994.1 2398323 A G snp synonymous_variant LOW FCKDLICC_02291

LR961994.1 2398350 TACGTGTGTT CACATGAGTC snp synonymous_variant LOW FCKDLICC_02291

LR961994.1 2398371 C T snp synonymous_variant LOW FCKDLICC_02291

LR961994.1 2398383 T A snp synonymous_variant LOW FCKDLICC_02291

LR961994.1 2398389 T C snp synonymous_variant LOW FCKDLICC_02291

LR961994.1 2398398 T C snp synonymous_variant LOW FCKDLICC_02291

LR961994.1 2398458 C T snp synonymous_variant LOW FCKDLICC_02291

LR961994.1 2399031 G A ins synonymous_variant LOW FCKDLICC_02291

LR961994.1 2399040 G A snp synonymous_variant LOW FCKDLICC_02291

LR961994.1 2399258 T C ins missense_variant MODERATE FCKDLICC_02291

LR961994.1 2399289 C T snp synonymous_variant LOW FCKDLICC_02291

LR961994.1 2399411 A G snp synonymous_variant LOW FCKDLICC_02292

LR961994.1 2399460 T G snp synonymous_variant LOW FCKDLICC_02292

LR961994.1 2399713 C G snp synonymous_variant LOW FCKDLICC_02293

LR961994.1 2399816 T C snp synonymous_variant LOW FCKDLICC_02294

LR961994.1 2399831 A G ins synonymous_variant LOW FCKDLICC_02294

LR961994.1 2400329 A G snp missense_variant MODERATE FCKDLICC_02296

LR961994.1 2400450 T C snp missense_variant MODERATE FCKDLICC_02296

LR961994.1 2400592 CCCAT ACCAC snp missense_variant MODERATE FCKDLICC_02296

LR961994.1 2427816 ACGA GCGG snp synonymous_variant LOW FCKDLICC_02337

LR961994.1 2427828 A T snp synonymous_variant LOW FCKDLICC_02337

LR961994.1 2427860 A G snp synonymous_variant LOW FCKDLICC_02337

LR961994.1 2427867 C T snp synonymous_variant LOW FCKDLICC_02337

LR961994.1 2427903 T A snp synonymous_variant LOW FCKDLICC_02337

LR961994.1 2427912 TACTTCGATA AACATCAATC snp missense_variant MODERATE FCKDLICC_02337

LR961994.1 2427927 A G snp synonymous_variant LOW FCKDLICC_02337

LR961994.1 2428427 CATCTCTAAT TATTTTTAAA complex intergenic_region MODIFIER FCKDLICC_02339-FCKDLICC_02340

LR961994.1 2428462 C T snp intergenic_region MODIFIER FCKDLICC_02339-FCKDLICC_02340

LR961994.1 2428471 T C complex intergenic_region MODIFIER FCKDLICC_02339-FCKDLICC_02340

LR961994.1 2428541 A T snp intergenic_region MODIFIER FCKDLICC_02339-FCKDLICC_02340

LR961994.1 2428571 C T snp intergenic_region MODIFIER FCKDLICC_02339-FCKDLICC_02340

LR961994.1 2428583 A G ins intergenic_region MODIFIER FCKDLICC_02339-FCKDLICC_02340

LR961994.1 2428662 CA TG snp intergenic_region MODIFIER FCKDLICC_02339-FCKDLICC_02340

LR961994.1 2428691 G A complex intergenic_region MODIFIER FCKDLICC_02339-FCKDLICC_02340

LR961994.1 2428712 T A complex intergenic_region MODIFIER FCKDLICC_02339-FCKDLICC_02340



#Chromosome Position Reference ALT Catagory Type of variant Impact CDS

LR961994.1 2428726 T C snp synonymous_variant LOW FCKDLICC_02340

LR961994.1 2428942 C T ins synonymous_variant LOW FCKDLICC_02340

LR961994.1 2442668 C T snp synonymous_variant LOW aadK

LR961994.1 2451141 A G ins synonymous_variant LOW yqeH

LR961994.1 2455150 A G snp missense_variant MODERATE accC

LR961994.1 2489750 A C snp intergenic_region MODIFIER FCKDLICC_02404-greA

LR961994.1 2493239 G GCTT snp conservative_inframe_insertion MODERATE mnaA

LR961994.1 2513889 G A snp synonymous_variant LOW pbuG

LR961994.1 2522524 A C snp missense_variant MODERATE ulaA

LR961994.1 2529461 T G snp synonymous_variant LOW strB1

LR961994.1 2560282 T C snp intergenic_region MODIFIER ybbW-paiA_2

LR961994.1 2577179 T C snp missense_variant MODERATE FCKDLICC_02481

LR961994.1 2601249 C T snp synonymous_variant LOW pepA

LR961994.1 2606657 T TCATGATTGG snp conservative_inframe_insertion MODERATE nagA

LR961994.1 2608247 T C snp missense_variant MODERATE FCKDLICC_02508

LR961994.1 2613414 G A snp synonymous_variant LOW thiT

LR961994.1 2630013 G T snp missense_variant MODERATE FCKDLICC_02533

LR961994.1 2677885 A G snp missense_variant MODERATE pknD

LR961994.1 2693059 T C snp missense_variant MODERATE manX_5

LR961994.1 2694831 C T snp missense_variant MODERATE sorA_4

LR961994.1 2696268 A G snp missense_variant MODERATE hcxA_2

LR961994.1 2699528 T TA snp frameshift_variant HIGH hexR

LR961994.1 2746745 T G snp synonymous_variant LOW FCKDLICC_02642

LR961994.1 2748083 C CA complex intergenic_region MODIFIER FCKDLICC_02642-aes

LR961994.1 2767209 A G snp synonymous_variant LOW dgaR_5

LR961994.1 2783177 T A ins missense_variant MODERATE xylB

LR961994.1 2791633 A G snp synonymous_variant LOW rpoB

LR961994.1 2800928 T C snp missense_variant MODERATE FCKDLICC_02687

LR961994.1 2832117 A G del missense_variant MODERATE licC_6

LR961994.1 2840661 C T snp synonymous_variant LOW phoP_2

LR961994.1 2878169 A G snp missense_variant MODERATE citC

LR961994.1 2880686 A C snp missense_variant MODERATE FCKDLICC_02760



Supplement file 1. Annotation and predicted effect of variants in E2 chromosome using GCA_905120835.1 as reference
#Chromosome Position Reference ALT Catagory Type of variant Impact CDS
LR961994.1 2844 C CT ins intergenic_region MODIFIER dnaN-FCKDLICC_00003
LR961994.1 21946 A G snp synonymous_variant LOW dgaR_1
LR961994.1 24354 A T snp synonymous_variant LOW sorA_1
LR961994.1 44147 G A snp intergenic_region MODIFIER radA-yacL
LR961994.1 52101 T A snp intergenic_region MODIFIER FCKDLICC_00045-veg
LR961994.1 57880 A G snp missense_variant MODERATE glmU
LR961994.1 65059 T G snp intergenic_region MODIFIER dppE_1-FCKDLICC_00055
LR961994.1 75803 GTCAAA TTTGAC complex intergenic_region MODIFIER FCKDLICC_00065-larR_1
LR961994.1 89641 C T snp synonymous_variant LOW FCKDLICC_00081
LR961994.1 91010 A C snp missense_variant MODERATE FCKDLICC_00081
LR961994.1 98604 A G snp synonymous_variant LOW serS_1
LR961994.1 121935 A T snp intergenic_region MODIFIER FCKDLICC_00110-FCKDLICC_00111
LR961994.1 128239 A G snp intergenic_region MODIFIER rep-FCKDLICC_00115
LR961994.1 128268 T C snp intergenic_region MODIFIER rep-FCKDLICC_00115
LR961994.1 128293 CTCTCCCCC TTCCCCACT complex intergenic_region MODIFIER rep-FCKDLICC_00115
LR961994.1 128308 A G snp intergenic_region MODIFIER rep-FCKDLICC_00115
LR961994.1 128316 CACAAATAAG AAC complex intergenic_region MODIFIER rep-FCKDLICC_00115
LR961994.1 128335 AACATA GCCAAT complex intergenic_region MODIFIER rep-FCKDLICC_00115
LR961994.1 128345 C A snp intergenic_region MODIFIER rep-FCKDLICC_00115
LR961994.1 128378 ATGTC TTGTG complex missense_variant MODERATE FCKDLICC_00115
LR961994.1 142141 G T snp intergenic_region MODIFIER FCKDLICC_00129-tet(M)
LR961994.1 142149 ATAC CTAT complex intergenic_region MODIFIER FCKDLICC_00129-tet(M)
LR961994.1 142163 T C snp intergenic_region MODIFIER FCKDLICC_00129-tet(M)
LR961994.1 142171 T C snp intergenic_region MODIFIER FCKDLICC_00129-tet(M)
LR961994.1 142230 GA AT complex intergenic_region MODIFIER FCKDLICC_00129-tet(M)
LR961994.1 142296 A G snp intergenic_region MODIFIER FCKDLICC_00129-tet(M)
LR961994.1 142310 A G snp intergenic_region MODIFIER FCKDLICC_00129-tet(M)
LR961994.1 142387 A G snp intergenic_region MODIFIER FCKDLICC_00129-tet(M)
LR961994.1 142411 A G snp intergenic_region MODIFIER FCKDLICC_00129-tet(M)
LR961994.1 142444 A G snp intergenic_region MODIFIER FCKDLICC_00129-tet(M)
LR961994.1 142480 T C snp intergenic_region MODIFIER FCKDLICC_00129-tet(M)
LR961994.1 142991 A G snp missense_variant MODERATE tet(M)
LR961994.1 143956 C T snp synonymous_variant LOW tet(M)
LR961994.1 143968 A G snp synonymous_variant LOW tet(M)
LR961994.1 143989 T C snp synonymous_variant LOW tet(M)
LR961994.1 144010 CGGT TGGC complex synonymous_variant LOW tet(M)
LR961994.1 144037 T C snp synonymous_variant LOW tet(M)
LR961994.1 144059 A G snp missense_variant MODERATE tet(M)
LR961994.1 144071 C T snp synonymous_variant LOW tet(M)
LR961994.1 144076 G A snp synonymous_variant LOW tet(M)
LR961994.1 144081 CCTTTAG TCTTAAA complex missense_variant MODERATE tet(M)
LR961994.1 144131 G A snp missense_variant MODERATE tet(M)
LR961994.1 144139 A G snp synonymous_variant LOW tet(M)
LR961994.1 144160 G A snp synonymous_variant LOW tet(M)
LR961994.1 144166 T C snp synonymous_variant LOW tet(M)
LR961994.1 144178 C T snp synonymous_variant LOW tet(M)
LR961994.1 144190 AAAT GAAC complex synonymous_variant LOW tet(M)
LR961994.1 144200 AAT GAC complex missense_variant MODERATE tet(M)
LR961994.1 144209 C T snp synonymous_variant LOW tet(M)
LR961994.1 144230 ATTAT CTTAG complex missense_variant MODERATE tet(M)
LR961994.1 144244 T C snp synonymous_variant LOW tet(M)
LR961994.1 144253 A G snp synonymous_variant LOW tet(M)
LR961994.1 144265 T A snp missense_variant MODERATE tet(M)
LR961994.1 144271 CAA TAG complex missense_variant MODERATE tet(M)
LR961994.1 144286 T C snp synonymous_variant LOW tet(M)
LR961994.1 144298 GCT ACG complex missense_variant MODERATE tet(M)
LR961994.1 144314 G A snp missense_variant MODERATE tet(M)
LR961994.1 144320 C T snp synonymous_variant LOW tet(M)
LR961994.1 144328 ATATCAG GTACCAT complex missense_variant MODERATE tet(M)
LR961994.1 144340 CACTGGC TACCGGT complex synonymous_variant LOW tet(M)
LR961994.1 144362 A C snp missense_variant MODERATE tet(M)
LR961994.1 144372 T C snp missense_variant MODERATE tet(M)
LR961994.1 144395 A C snp synonymous_variant LOW tet(M)
LR961994.1 144424 CG TA complex intergenic_region MODIFIER tet(M)-FCKDLICC_00131
LR961994.1 144456 A G snp intergenic_region MODIFIER tet(M)-FCKDLICC_00131
LR961994.1 144476 C T snp intergenic_region MODIFIER tet(M)-FCKDLICC_00131
LR961994.1 144484 T A snp intergenic_region MODIFIER tet(M)-FCKDLICC_00131
LR961994.1 144502 G T snp intergenic_region MODIFIER tet(M)-FCKDLICC_00131
LR961994.1 144855 T C snp synonymous_variant LOW FCKDLICC_00131
LR961994.1 144860 C T snp missense_variant MODERATE FCKDLICC_00131
LR961994.1 144867 CCTTCGA TCGTCGG complex synonymous_variant LOW FCKDLICC_00131



#Chromosome Position Reference ALT Catagory Type of variant Impact CDS
LR961994.1 144882 AATCAAA TACCAAG complex missense_variant MODERATE FCKDLICC_00131
LR961994.1 144893 CTGT TAGC complex missense_variant MODERATE FCKDLICC_00131
LR961994.1 144917 TAGAT CGGAA complex missense_variant MODERATE FCKDLICC_00131
LR961994.1 144927 G A snp synonymous_variant LOW FCKDLICC_00131
LR961994.1 144933 T C snp synonymous_variant LOW FCKDLICC_00131
LR961994.1 144942 A G snp synonymous_variant LOW FCKDLICC_00131
LR961994.1 144948 CAGC AAGA complex synonymous_variant LOW FCKDLICC_00131
LR961994.1 144958 GTACTT ATGCTG complex missense_variant MODERATE FCKDLICC_00131
LR961994.1 144972 T C snp synonymous_variant LOW FCKDLICC_00131
LR961994.1 144978 G A snp synonymous_variant LOW FCKDLICC_00131
LR961994.1 144984 T A snp synonymous_variant LOW FCKDLICC_00131
LR961994.1 144990 T A snp synonymous_variant LOW FCKDLICC_00131
LR961994.1 144996 ATAA GTAC complex synonymous_variant LOW FCKDLICC_00131
LR961994.1 145019 TTGT ATGC complex missense_variant MODERATE FCKDLICC_00131
LR961994.1 145041 GAGACCC TAAACCT complex synonymous_variant LOW FCKDLICC_00131
LR961994.1 145055 T A snp missense_variant MODERATE FCKDLICC_00131
LR961994.1 145062 C T snp synonymous_variant LOW FCKDLICC_00131
LR961994.1 145071 C G snp synonymous_variant LOW FCKDLICC_00131
LR961994.1 145082 C A snp missense_variant MODERATE FCKDLICC_00131
LR961994.1 145095 G A snp synonymous_variant LOW FCKDLICC_00131
LR961994.1 145120 CTAAAT GTAGAC complex intergenic_region MODIFIER FCKDLICC_00131-FCKDLICC_00132
LR961994.1 145143 C T snp intergenic_region MODIFIER FCKDLICC_00131-FCKDLICC_00132
LR961994.1 146522 AATTCGAAAGT GATCCGAGAAGC complex intergenic_region MODIFIER FCKDLICC_00133-FCKDLICC_00134
LR961994.1 146549 G GC ins intergenic_region MODIFIER FCKDLICC_00133-FCKDLICC_00134
LR961994.1 146554 CATGACT AACGACA complex intergenic_region MODIFIER FCKDLICC_00133-FCKDLICC_00134
LR961994.1 146586 GTATAGCC ATACAGTCA complex intergenic_region MODIFIER FCKDLICC_00133-FCKDLICC_00134
LR961994.1 146607 TAGAAG GATAAAAC complex intergenic_region MODIFIER FCKDLICC_00133-FCKDLICC_00134
LR961994.1 146617 A G snp intergenic_region MODIFIER FCKDLICC_00133-FCKDLICC_00134
LR961994.1 146627 GGTAC AGTAT complex intergenic_region MODIFIER FCKDLICC_00133-FCKDLICC_00134
LR961994.1 146653 AAGTGAAATTCCT GGGTGGAACTCCC complex intergenic_region MODIFIER FCKDLICC_00133-FCKDLICC_00134
LR961994.1 146679 G A snp intergenic_region MODIFIER FCKDLICC_00133-FCKDLICC_00134
LR961994.1 151595 C T snp synonymous_variant LOW FCKDLICC_00140
LR961994.1 151604 A G snp synonymous_variant LOW FCKDLICC_00140
LR961994.1 151625 T A snp synonymous_variant LOW FCKDLICC_00140
LR961994.1 151635 GCATTC ACTTTT complex missense_variant MODERATE FCKDLICC_00140
LR961994.1 151661 A G snp synonymous_variant LOW FCKDLICC_00140
LR961994.1 151670 TTTG CTTA complex synonymous_variant LOW FCKDLICC_00140
LR961994.1 151700 TGTAAAA GGTTAAG complex synonymous_variant LOW FCKDLICC_00140
LR961994.1 151724 T C snp synonymous_variant LOW FCKDLICC_00140
LR961994.1 151761 C T snp synonymous_variant LOW FCKDLICC_00140
LR961994.1 151766 G A snp synonymous_variant LOW FCKDLICC_00140
LR961994.1 151772 C A snp synonymous_variant LOW FCKDLICC_00140
LR961994.1 151796 G A snp synonymous_variant LOW FCKDLICC_00140
LR961994.1 151818 TAGCAGTAAT AGTTAATAAG complex stop_lost&splice_region_variant HIGH FCKDLICC_00140
LR961994.1 151833 C T snp intergenic_region MODIFIER FCKDLICC_00140-FCKDLICC_00141
LR961994.1 151840 T A snp intergenic_region MODIFIER FCKDLICC_00140-FCKDLICC_00141
LR961994.1 151858 GTT ATG complex intergenic_region MODIFIER FCKDLICC_00140-FCKDLICC_00141
LR961994.1 151865 G A snp intergenic_region MODIFIER FCKDLICC_00140-FCKDLICC_00141
LR961994.1 151872 TTTTATAA ATTTTTGTAT complex intergenic_region MODIFIER FCKDLICC_00140-FCKDLICC_00141
LR961994.1 151888 AT G complex intergenic_region MODIFIER FCKDLICC_00140-FCKDLICC_00141
LR961994.1 151903 G T snp intergenic_region MODIFIER FCKDLICC_00140-FCKDLICC_00141
LR961994.1 151940 C T snp synonymous_variant LOW FCKDLICC_00141
LR961994.1 152000 G A snp synonymous_variant LOW FCKDLICC_00141
LR961994.1 152012 AGTGAGAGGA TGTTCGTGGT complex synonymous_variant LOW FCKDLICC_00141
LR961994.1 152027 TTTTACT GTTCACC complex synonymous_variant LOW FCKDLICC_00141
LR961994.1 152039 T A snp synonymous_variant LOW FCKDLICC_00141
LR961994.1 152048 A G snp synonymous_variant LOW FCKDLICC_00141
LR961994.1 152063 A G snp synonymous_variant LOW FCKDLICC_00141
LR961994.1 152081 GA AC mnp synonymous_variant LOW FCKDLICC_00141
LR961994.1 152105 T C snp synonymous_variant LOW FCKDLICC_00141
LR961994.1 152117 T A snp synonymous_variant LOW FCKDLICC_00141
LR961994.1 152144 TAACGTG CAATGTA complex synonymous_variant LOW FCKDLICC_00141
LR961994.1 152168 T A snp synonymous_variant LOW FCKDLICC_00141
LR961994.1 152239 GTTAA ATTAT complex missense_variant MODERATE FCKDLICC_00142
LR961994.1 152257 TACA CACG complex synonymous_variant LOW FCKDLICC_00142
LR961994.1 152279 CA GT mnp missense_variant MODERATE FCKDLICC_00142
LR961994.1 152317 G T snp synonymous_variant LOW FCKDLICC_00142
LR961994.1 152350 C G snp synonymous_variant LOW FCKDLICC_00142
LR961994.1 152359 A T snp missense_variant MODERATE FCKDLICC_00142
LR961994.1 152377 G A snp synonymous_variant LOW FCKDLICC_00142
LR961994.1 152467 TGAA CGAG complex synonymous_variant LOW FCKDLICC_00142
LR961994.1 152485 GACT AACG complex synonymous_variant LOW FCKDLICC_00142



#Chromosome Position Reference ALT Catagory Type of variant Impact CDS
LR961994.1 152497 T G snp synonymous_variant LOW FCKDLICC_00142
LR961994.1 152507 ACTTTC GCTTAT complex missense_variant MODERATE FCKDLICC_00142
LR961994.1 152518 C T snp synonymous_variant LOW FCKDLICC_00142
LR961994.1 152542 G A snp synonymous_variant LOW FCKDLICC_00142
LR961994.1 152548 T A snp synonymous_variant LOW FCKDLICC_00142
LR961994.1 152557 ACGTTCAGCA CCGTGCAGTG complex missense_variant MODERATE FCKDLICC_00142
LR961994.1 152578 G A snp synonymous_variant LOW FCKDLICC_00142
LR961994.1 152584 G A snp synonymous_variant LOW FCKDLICC_00142
LR961994.1 154291 T C snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 154310 C T snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 154351 A T snp missense_variant MODERATE FCKDLICC_00147
LR961994.1 154363 G C snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 154385 A C snp missense_variant MODERATE FCKDLICC_00147
LR961994.1 154390 TCCTTTA CCCATTG complex synonymous_variant LOW FCKDLICC_00147
LR961994.1 154402 T C snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 154411 G A snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 154426 ATACA TTATG complex missense_variant MODERATE FCKDLICC_00147
LR961994.1 154444 GATA AATC complex synonymous_variant LOW FCKDLICC_00147
LR961994.1 154457 A G snp missense_variant MODERATE FCKDLICC_00147
LR961994.1 154462 T G snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 154493 A G snp missense_variant MODERATE FCKDLICC_00147
LR961994.1 154498 A G snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 154510 T C snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 154516 GGGG AGGC complex synonymous_variant LOW FCKDLICC_00147
LR961994.1 154534 G A snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 154555 ACA GCG complex missense_variant MODERATE FCKDLICC_00147
LR961994.1 154573 CGGG TGGC complex synonymous_variant LOW FCKDLICC_00147
LR961994.1 154582 CACAAAAAAA TACGAAGAAG complex synonymous_variant LOW FCKDLICC_00147
LR961994.1 154604 AGTGACGGC TCTGATGGT complex synonymous_variant LOW FCKDLICC_00147
LR961994.1 154620 A G snp missense_variant MODERATE FCKDLICC_00147
LR961994.1 154630 T C snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 154675 T C snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 154693 GGGT AGGA complex synonymous_variant LOW FCKDLICC_00147
LR961994.1 154708 G A snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 154714 A G snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 154745 A G snp missense_variant MODERATE FCKDLICC_00147
LR961994.1 154771 G A snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 154786 TTTTG CTTTA complex missense_variant MODERATE FCKDLICC_00147
LR961994.1 154802 T C snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 154807 AACA TTCT complex missense_variant MODERATE FCKDLICC_00147
LR961994.1 154816 G T snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 154825 G A snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 154833 GG CC complex missense_variant MODERATE FCKDLICC_00147
LR961994.1 154839 AG GA complex missense_variant MODERATE FCKDLICC_00147
LR961994.1 154855 CG TA complex missense_variant MODERATE FCKDLICC_00147
LR961994.1 154861 C T snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 155317 T A snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 155335 A T snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 155342 CGT AGA complex synonymous_variant LOW FCKDLICC_00147
LR961994.1 155353 AGAATTTTTA CGAGTTTATC complex missense_variant MODERATE FCKDLICC_00147
LR961994.1 155368 A G snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 155375 CGTGAC AGAGAT complex synonymous_variant LOW FCKDLICC_00147
LR961994.1 155395 C T snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 155401 T G snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 155407 ACGTC CCGTT complex synonymous_variant LOW FCKDLICC_00147
LR961994.1 155416 T A snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 155422 A T snp synonymous_variant LOW FCKDLICC_00147
LR961994.1 156475 A C snp missense_variant MODERATE FCKDLICC_00149
LR961994.1 156486 ATTA GTCT complex missense_variant MODERATE FCKDLICC_00149
LR961994.1 156495 AAT GAC complex missense_variant MODERATE FCKDLICC_00149
LR961994.1 156502 G A snp missense_variant MODERATE FCKDLICC_00149
LR961994.1 156520 A T snp missense_variant MODERATE FCKDLICC_00149
LR961994.1 156525 C T snp synonymous_variant LOW FCKDLICC_00149
LR961994.1 156541 A G snp missense_variant MODERATE FCKDLICC_00149
LR961994.1 156558 T C snp synonymous_variant LOW FCKDLICC_00149
LR961994.1 156606 T G snp missense_variant MODERATE FCKDLICC_00149
LR961994.1 156637 AA GG mnp missense_variant MODERATE FCKDLICC_00149
LR961994.1 156651 GAAA AAGC complex intergenic_region MODIFIER FCKDLICC_00149-FCKDLICC_00150
LR961994.1 156659 A T snp missense_variant MODERATE FCKDLICC_00150
LR961994.1 156670 C G snp missense_variant MODERATE FCKDLICC_00150
LR961994.1 156683 AGC CGT complex missense_variant MODERATE FCKDLICC_00150
LR961994.1 156690 C T snp synonymous_variant LOW FCKDLICC_00150
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LR961994.1 156700 G T snp missense_variant MODERATE FCKDLICC_00150
LR961994.1 156705 G A snp synonymous_variant LOW FCKDLICC_00150
LR961994.1 157240 GC AT complex intergenic_region MODIFIER FCKDLICC_00150-FCKDLICC_00151
LR961994.1 157269 C T snp intergenic_region MODIFIER FCKDLICC_00150-FCKDLICC_00151
LR961994.1 157289 GTAA ATGT complex intergenic_region MODIFIER FCKDLICC_00150-FCKDLICC_00151
LR961994.1 157308 TTAAATG AGTAGATA complex intergenic_region MODIFIER FCKDLICC_00150-FCKDLICC_00151
LR961994.1 157323 C CT ins intergenic_region MODIFIER FCKDLICC_00150-FCKDLICC_00151
LR961994.1 157339 TTTGAAA GTTAAAT complex intergenic_region MODIFIER FCKDLICC_00150-FCKDLICC_00151
LR961994.1 157352 A G snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 157494 ATGACAA GTGGAAG complex missense_variant MODERATE FCKDLICC_00151
LR961994.1 157505 AA GC complex missense_variant MODERATE FCKDLICC_00151
LR961994.1 157511 C T snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 157520 A T snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 157541 GATCGATTTTT AATTGACTTTC complex synonymous_variant LOW FCKDLICC_00151
LR961994.1 157556 GATTCGT AATACGA complex synonymous_variant LOW FCKDLICC_00151
LR961994.1 157568 GACT AACA complex synonymous_variant LOW FCKDLICC_00151
LR961994.1 157582 AA GG complex missense_variant MODERATE FCKDLICC_00151
LR961994.1 157595 A G snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 157607 T C snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 157619 T C snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 157625 C T snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 157637 A G snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 157649 C T snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 157658 T A snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 157664 T A snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 157973 A G snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 157987 ATGGT GTGGG complex missense_variant MODERATE FCKDLICC_00151
LR961994.1 158007 CATC AATA complex missense_variant MODERATE FCKDLICC_00151
LR961994.1 158015 G A snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 158021 G A snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 158033 A G snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 158060 TCCTTTG GCCATTA complex synonymous_variant LOW FCKDLICC_00151
LR961994.1 158084 G A snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 158090 C T snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 158096 ATTG GTTA complex synonymous_variant LOW FCKDLICC_00151
LR961994.1 158108 G A snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 158113 ATATGAGCGTCGAA GTGTAAGTGTTGAG complex missense_variant MODERATE FCKDLICC_00151
LR961994.1 158132 TCGAA AAGAG complex missense_variant MODERATE FCKDLICC_00151
LR961994.1 158142 C T snp missense_variant MODERATE FCKDLICC_00151
LR961994.1 158177 C T snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 158183 G A snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 158195 G A snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 158201 A C snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 158211 T C snp synonymous_variant LOW FCKDLICC_00151
LR961994.1 159109 T A snp synonymous_variant LOW FCKDLICC_00152
LR961994.1 159118 G A snp synonymous_variant LOW FCKDLICC_00152
LR961994.1 159129 A G snp missense_variant MODERATE FCKDLICC_00152
LR961994.1 159139 T C snp synonymous_variant LOW FCKDLICC_00152
LR961994.1 159148 A T snp synonymous_variant LOW FCKDLICC_00152
LR961994.1 159154 C T snp synonymous_variant LOW FCKDLICC_00152
LR961994.1 159169 A T snp synonymous_variant LOW FCKDLICC_00152
LR961994.1 159182 GT AC complex missense_variant MODERATE FCKDLICC_00152
LR961994.1 159198 TTGCTTTG CTGGATTA complex missense_variant MODERATE FCKDLICC_00152
LR961994.1 159211 GC AT complex synonymous_variant LOW FCKDLICC_00152
LR961994.1 159217 TAGCATT CAGTGTA complex missense_variant MODERATE FCKDLICC_00152
LR961994.1 159229 T A snp synonymous_variant LOW FCKDLICC_00152
LR961994.1 167163 A G snp intergenic_region MODIFIER FCKDLICC_00161-FCKDLICC_00162
LR961994.1 167199 ATC GTT complex intergenic_region MODIFIER FCKDLICC_00161-FCKDLICC_00162
LR961994.1 167292 T C snp intergenic_region MODIFIER FCKDLICC_00161-FCKDLICC_00162
LR961994.1 167331 GGCGC AGCGT complex intergenic_region MODIFIER FCKDLICC_00161-FCKDLICC_00162
LR961994.1 167346 T C snp intergenic_region MODIFIER FCKDLICC_00161-FCKDLICC_00162
LR961994.1 167378 A G snp intergenic_region MODIFIER FCKDLICC_00161-FCKDLICC_00162
LR961994.1 167399 T C snp intergenic_region MODIFIER FCKDLICC_00161-FCKDLICC_00162
LR961994.1 167404 GA CT complex intergenic_region MODIFIER FCKDLICC_00161-FCKDLICC_00162
LR961994.1 167492 CCCA TCCG complex synonymous_variant LOW FCKDLICC_00162
LR961994.1 167507 G A snp synonymous_variant LOW FCKDLICC_00162
LR961994.1 167531 T A snp synonymous_variant LOW FCKDLICC_00162
LR961994.1 167564 T G snp synonymous_variant LOW FCKDLICC_00162
LR961994.1 167579 G A snp synonymous_variant LOW FCKDLICC_00162
LR961994.1 167625 C A snp missense_variant MODERATE FCKDLICC_00162
LR961994.1 167643 TACG CACT complex intergenic_region MODIFIER FCKDLICC_00162-FCKDLICC_00163
LR961994.1 167679 ATTG TTTA complex intergenic_region MODIFIER FCKDLICC_00162-FCKDLICC_00163
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LR961994.1 176385 T C snp
splice_region_variant&stop_retained_vari

ant LOW guaA
LR961994.1 177447 G T snp missense_variant MODERATE guaA
LR961994.1 186618 G A snp missense_variant MODERATE tmpC_2
LR961994.1 202573 G A snp missense_variant MODERATE yxdL_2
LR961994.1 231227 C T snp missense_variant MODERATE scmP_1
LR961994.1 232892 A G snp synonymous_variant LOW ecfA2
LR961994.1 240320 T C snp missense_variant MODERATE mltF_1
LR961994.1 242538 T G snp missense_variant MODERATE dapH_1
LR961994.1 243901 A G snp intergenic_region MODIFIER niaR-FCKDLICC_00253
LR961994.1 248554 C T snp intergenic_region MODIFIER ldh_1-pth
LR961994.1 251483 C A snp synonymous_variant LOW mfd
LR961994.1 255248 T C snp missense_variant MODERATE FCKDLICC_00260
LR961994.1 256921 A G snp missense_variant MODERATE tilS
LR961994.1 257901 C T snp synonymous_variant LOW hpt
LR961994.1 278518 C T snp synonymous_variant LOW gpmA_2
LR961994.1 296169 G GA ins intergenic_region MODIFIER gmuC-murR_1
LR961994.1 313462 G A snp missense_variant MODERATE FCKDLICC_00339
LR961994.1 324836 T C snp synonymous_variant LOW FCKDLICC_00348
LR961994.1 341535 T C snp missense_variant MODERATE atzC_1
LR961994.1 388790 T G snp intergenic_region MODIFIER FCKDLICC_00405-dtpT
LR961994.1 400489 A C snp intergenic_region MODIFIER nagB_1-fcbA2
LR961994.1 404808 A G snp missense_variant MODERATE manZ_2
LR961994.1 420028 A C snp missense_variant MODERATE nrdE2
LR961994.1 426883 A C snp intergenic_region MODIFIER FCKDLICC_00443-FCKDLICC_00444
LR961994.1 426893 T C snp intergenic_region MODIFIER FCKDLICC_00443-FCKDLICC_00444
LR961994.1 426901 CTT TCC complex intergenic_region MODIFIER FCKDLICC_00443-FCKDLICC_00444
LR961994.1 426908 A C snp intergenic_region MODIFIER FCKDLICC_00443-FCKDLICC_00444
LR961994.1 426921 A C snp intergenic_region MODIFIER FCKDLICC_00443-FCKDLICC_00444
LR961994.1 426957 G A snp intergenic_region MODIFIER FCKDLICC_00443-FCKDLICC_00444
LR961994.1 426982 A C snp synonymous_variant LOW FCKDLICC_00444
LR961994.1 426991 C T snp synonymous_variant LOW FCKDLICC_00444
LR961994.1 427009 T A snp missense_variant MODERATE FCKDLICC_00444
LR961994.1 427014 G T snp missense_variant MODERATE FCKDLICC_00444
LR961994.1 427021 C T snp synonymous_variant LOW FCKDLICC_00444
LR961994.1 427038 TA CG complex missense_variant MODERATE FCKDLICC_00444
LR961994.1 427045 CTCCG ACCTA complex missense_variant MODERATE FCKDLICC_00444
LR961994.1 427054 A G snp synonymous_variant LOW FCKDLICC_00444
LR961994.1 427082 ACT GCC complex missense_variant MODERATE FCKDLICC_00444
LR961994.1 427091 CT GA complex synonymous_variant LOW FCKDLICC_00444
LR961994.1 427133 T C snp missense_variant MODERATE FCKDLICC_00444
LR961994.1 427148 TGA AAG complex missense_variant MODERATE FCKDLICC_00444
LR961994.1 427155 C T snp missense_variant MODERATE FCKDLICC_00444
LR961994.1 427162 C T snp synonymous_variant LOW FCKDLICC_00444
LR961994.1 427172 GGA AGG complex missense_variant MODERATE FCKDLICC_00444
LR961994.1 427183 T C snp synonymous_variant LOW FCKDLICC_00444
LR961994.1 427189 TTTGTTG AGATTTA complex missense_variant MODERATE FCKDLICC_00444
LR961994.1 427208 A C snp missense_variant MODERATE FCKDLICC_00445
LR961994.1 427213 TCCG CCCA complex missense_variant MODERATE FCKDLICC_00445
LR961994.1 427221 T C snp synonymous_variant LOW FCKDLICC_00445
LR961994.1 427239 T C snp synonymous_variant LOW FCKDLICC_00445
LR961994.1 427266 A G snp synonymous_variant LOW FCKDLICC_00445
LR961994.1 427272 G A snp synonymous_variant LOW FCKDLICC_00445
LR961994.1 427295 TATT CATC complex missense_variant MODERATE FCKDLICC_00445
LR961994.1 427329 GAC AAT complex missense_variant MODERATE FCKDLICC_00445
LR961994.1 427347 T C snp synonymous_variant LOW FCKDLICC_00445
LR961994.1 427353 A C snp missense_variant MODERATE FCKDLICC_00445
LR961994.1 427362 G T snp synonymous_variant LOW FCKDLICC_00445
LR961994.1 427367 T C snp missense_variant MODERATE FCKDLICC_00445
LR961994.1 427443 AGAGTACT GGAATACC complex missense_variant MODERATE FCKDLICC_00445
LR961994.1 427459 G T snp missense_variant MODERATE FCKDLICC_00445
LR961994.1 427469 T C snp missense_variant MODERATE FCKDLICC_00445
LR961994.1 427487 A C snp missense_variant MODERATE FCKDLICC_00445
LR961994.1 427499 T C snp missense_variant MODERATE FCKDLICC_00445
LR961994.1 427519 GTAAT TTAGC complex missense_variant MODERATE FCKDLICC_00445
LR961994.1 427545 G A snp synonymous_variant LOW FCKDLICC_00445
LR961994.1 427576 TTC ATG complex missense_variant MODERATE FCKDLICC_00445
LR961994.1 427584 A G snp synonymous_variant LOW FCKDLICC_00445
LR961994.1 427589 T G snp missense_variant MODERATE FCKDLICC_00445
LR961994.1 427616 T TC ins intergenic_region MODIFIER FCKDLICC_00445-FCKDLICC_00446
LR961994.1 427644 G A snp intergenic_region MODIFIER FCKDLICC_00445-FCKDLICC_00446
LR961994.1 431205 TCT CCA complex missense_variant MODERATE asa1
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LR961994.1 431213 AAATGGAG TAAAGGTA complex missense_variant MODERATE asa1
LR961994.1 431228 G A snp synonymous_variant LOW asa1
LR961994.1 431243 C A snp synonymous_variant LOW asa1
LR961994.1 431275 TAGG CAGA complex missense_variant MODERATE asa1
LR961994.1 431289 TCAG T del conservative_inframe_deletion MODERATE asa1
LR961994.1 431315 A C snp synonymous_variant LOW asa1
LR961994.1 431325 G A snp missense_variant MODERATE asa1
LR961994.1 431367 A G snp missense_variant MODERATE asa1
LR961994.1 431378 TGCT AGCG complex missense_variant MODERATE asa1
LR961994.1 431394 ACT TCC complex missense_variant MODERATE asa1
LR961994.1 431429 C T snp synonymous_variant LOW asa1
LR961994.1 431447 G A snp synonymous_variant LOW asa1
LR961994.1 431459 G A snp synonymous_variant LOW asa1
LR961994.1 431468 TGTC CGTT complex synonymous_variant LOW asa1
LR961994.1 431492 T C snp synonymous_variant LOW asa1
LR961994.1 431498 T C snp synonymous_variant LOW asa1
LR961994.1 431523 A G snp missense_variant MODERATE asa1
LR961994.1 431564 A G snp synonymous_variant LOW asa1
LR961994.1 431576 G C snp synonymous_variant LOW asa1
LR961994.1 431585 G A snp synonymous_variant LOW asa1
LR961994.1 431648 T C snp synonymous_variant LOW asa1
LR961994.1 431653 T C snp missense_variant MODERATE asa1
LR961994.1 431873 A G snp synonymous_variant LOW asa1
LR961994.1 432306 A G snp missense_variant MODERATE asa1
LR961994.1 432318 A G snp missense_variant MODERATE asa1
LR961994.1 432710 C T snp synonymous_variant LOW asa1
LR961994.1 432749 T C snp synonymous_variant LOW asa1
LR961994.1 432773 G A snp synonymous_variant LOW asa1
LR961994.1 432902 A G snp synonymous_variant LOW asa1
LR961994.1 432935 A G snp synonymous_variant LOW asa1
LR961994.1 432977 TCTTC CCTTA complex missense_variant MODERATE asa1
LR961994.1 432989 T C snp synonymous_variant LOW asa1
LR961994.1 433001 C T snp synonymous_variant LOW asa1
LR961994.1 433031 T C snp synonymous_variant LOW asa1
LR961994.1 433133 C T snp synonymous_variant LOW asa1
LR961994.1 433139 T C snp synonymous_variant LOW asa1
LR961994.1 433490 T G snp synonymous_variant LOW asa1
LR961994.1 433586 T C snp synonymous_variant LOW asa1
LR961994.1 433874 T C snp synonymous_variant LOW asa1
LR961994.1 434096 C T snp synonymous_variant LOW asa1
LR961994.1 434117 T C snp synonymous_variant LOW asa1
LR961994.1 434144 T C snp synonymous_variant LOW asa1
LR961994.1 434171 T C snp synonymous_variant LOW asa1
LR961994.1 434195 TGCC CGCT complex synonymous_variant LOW asa1
LR961994.1 434219 G A snp synonymous_variant LOW asa1
LR961994.1 434267 A T snp synonymous_variant LOW asa1
LR961994.1 434286 A C snp missense_variant MODERATE asa1
LR961994.1 434291 CGAT TGAC complex synonymous_variant LOW asa1
LR961994.1 434327 A C snp synonymous_variant LOW asa1
LR961994.1 434369 T C snp synonymous_variant LOW asa1
LR961994.1 434393 C T snp synonymous_variant LOW asa1
LR961994.1 434426 CA AC mnp missense_variant MODERATE asa1
LR961994.1 434465 G A snp synonymous_variant LOW asa1
LR961994.1 434493 A C snp missense_variant MODERATE asa1
LR961994.1 434501 A G snp synonymous_variant LOW asa1
LR961994.1 434542 C T snp missense_variant MODERATE asa1
LR961994.1 434723 G A snp synonymous_variant LOW asa1
LR961994.1 434738 AC GA mnp missense_variant MODERATE asa1
LR961994.1 434771 A G snp synonymous_variant LOW asa1
LR961994.1 434783 C T snp synonymous_variant LOW asa1
LR961994.1 434788 TTA CCG mnp missense_variant MODERATE asa1
LR961994.1 434869 A G snp intergenic_region MODIFIER asa1-FCKDLICC_00450
LR961994.1 435087 C T snp synonymous_variant LOW FCKDLICC_00450
LR961994.1 435099 TATA CATT complex synonymous_variant LOW FCKDLICC_00450
LR961994.1 435108 T C snp synonymous_variant LOW FCKDLICC_00450
LR961994.1 435118 T C snp synonymous_variant LOW FCKDLICC_00450
LR961994.1 435219 GATT AGTA complex missense_variant MODERATE FCKDLICC_00450
LR961994.1 435246 T G snp synonymous_variant LOW FCKDLICC_00450
LR961994.1 435253 T G snp missense_variant MODERATE FCKDLICC_00450
LR961994.1 435259 A G snp intergenic_region MODIFIER FCKDLICC_00450-FCKDLICC_00451
LR961994.1 457336 T C snp missense_variant MODERATE FCKDLICC_00475
LR961994.1 457343 C T snp synonymous_variant LOW FCKDLICC_00475



#Chromosome Position Reference ALT Catagory Type of variant Impact CDS
LR961994.1 457463 C T snp synonymous_variant LOW FCKDLICC_00475
LR961994.1 457469 C T snp synonymous_variant LOW FCKDLICC_00475
LR961994.1 457481 G A snp synonymous_variant LOW FCKDLICC_00475
LR961994.1 457544 C T snp synonymous_variant LOW FCKDLICC_00475
LR961994.1 457556 G A snp synonymous_variant LOW FCKDLICC_00475
LR961994.1 457688 A T snp synonymous_variant LOW FCKDLICC_00475
LR961994.1 457735 A G snp synonymous_variant LOW FCKDLICC_00475
LR961994.1 457757 A G snp synonymous_variant LOW FCKDLICC_00475
LR961994.1 457769 C T snp synonymous_variant LOW FCKDLICC_00475
LR961994.1 457781 T C snp missense_variant MODERATE FCKDLICC_00475
LR961994.1 457808 G A snp synonymous_variant LOW FCKDLICC_00475
LR961994.1 457814 T C snp synonymous_variant LOW FCKDLICC_00475
LR961994.1 457847 C T snp synonymous_variant LOW FCKDLICC_00475
LR961994.1 458017 T C snp missense_variant MODERATE FCKDLICC_00475
LR961994.1 458198 G A snp synonymous_variant LOW FCKDLICC_00475
LR961994.1 458204 T C snp synonymous_variant LOW FCKDLICC_00475
LR961994.1 458222 G A snp synonymous_variant LOW FCKDLICC_00475
LR961994.1 458264 G A snp synonymous_variant LOW FCKDLICC_00475
LR961994.1 458537 G C snp synonymous_variant LOW FCKDLICC_00475
LR961994.1 458573 T C snp synonymous_variant LOW FCKDLICC_00475
LR961994.1 515091 T TA ins frameshift_variant HIGH FCKDLICC_00542
LR961994.1 517497 T TA ins frameshift_variant HIGH ytrE
LR961994.1 524022 T A snp missense_variant MODERATE clsA_1
LR961994.1 532536 G T snp intergenic_region MODIFIER nhaC_2-FCKDLICC_00553
LR961994.1 545233 G A snp missense_variant MODERATE FCKDLICC_00569
LR961994.1 549960 T G snp synonymous_variant LOW mepA
LR961994.1 569950 C T snp intergenic_region MODIFIER csn2-FCKDLICC_00592
LR961994.1 572409 AG A del frameshift_variant HIGH opuCA_1
LR961994.1 574637 T C snp synonymous_variant LOW argR_3
LR961994.1 576622 G A snp missense_variant MODERATE FCKDLICC_00597
LR961994.1 613295 C T snp missense_variant MODERATE FCKDLICC_00630
LR961994.1 616669 A G snp missense_variant MODERATE FCKDLICC_00634
LR961994.1 617119 C A snp missense_variant MODERATE FCKDLICC_00634
LR961994.1 619702 T C snp synonymous_variant LOW tig
LR961994.1 625795 T C snp intergenic_region MODIFIER srlR_1-clcA
LR961994.1 627338 A G snp synonymous_variant LOW clcA
LR961994.1 643744 G A snp missense_variant MODERATE aguA
LR961994.1 650235 T A snp stop_gained HIGH FCKDLICC_00662
LR961994.1 653666 G A snp missense_variant MODERATE dap
LR961994.1 660918 G T snp stop_gained HIGH FCKDLICC_00672
LR961994.1 661884 T C snp synonymous_variant LOW FCKDLICC_00673
LR961994.1 689899 C T snp missense_variant MODERATE FCKDLICC_00695
LR961994.1 696162 T G snp intergenic_region MODIFIER metK-bmr3
LR961994.1 703391 C A snp intergenic_region MODIFIER FCKDLICC_00705-FCKDLICC_00706
LR961994.1 711543 A G snp missense_variant MODERATE FCKDLICC_00714
LR961994.1 721813 A G snp intergenic_region MODIFIER FCKDLICC_00722-FCKDLICC_00723
LR961994.1 735381 C T snp missense_variant MODERATE rplY
LR961994.1 736535 G C snp missense_variant MODERATE rsuA_2
LR961994.1 772469 C T snp missense_variant MODERATE kimA
LR961994.1 779726 G A snp missense_variant MODERATE queA
LR961994.1 799604 C T snp missense_variant MODERATE FCKDLICC_00790
LR961994.1 803977 C G snp missense_variant MODERATE arnC_1
LR961994.1 810026 C A snp missense_variant MODERATE artM
LR961994.1 839110 T G snp stop_lost HIGH FCKDLICC_00828
LR961994.1 852797 G GT ins intergenic_region MODIFIER niaX-msmX_1
LR961994.1 854595 C T snp intergenic_region MODIFIER mgsA-folT
LR961994.1 864272 A G snp missense_variant MODERATE ung
LR961994.1 871876 T C snp missense_variant MODERATE malP
LR961994.1 873833 C T snp synonymous_variant LOW ptsG_1
LR961994.1 913901 T C snp synonymous_variant LOW ileS
LR961994.1 924932 A G snp synonymous_variant LOW dgaR_2
LR961994.1 928397 A G snp missense_variant MODERATE FCKDLICC_00920
LR961994.1 930970 C T snp synonymous_variant LOW gmuD
LR961994.1 970389 G A snp intergenic_region MODIFIER sasA_1-FCKDLICC_00972
LR961994.1 986601 G A snp synonymous_variant LOW dppE_5
LR961994.1 1001928 G GA ins frameshift_variant HIGH dinB_1
LR961994.1 1007069 A C snp intergenic_region MODIFIER FCKDLICC_01005-FCKDLICC_01006
LR961994.1 1008555 C T snp intergenic_region MODIFIER FCKDLICC_01006-FCKDLICC_01007
LR961994.1 1033348 T C snp missense_variant MODERATE addB
LR961994.1 1043806 T C snp missense_variant MODERATE pheT
LR961994.1 1044990 C A snp missense_variant MODERATE glnP
LR961994.1 1047589 T C snp missense_variant MODERATE glnQ_4



#Chromosome Position Reference ALT Catagory Type of variant Impact CDS
LR961994.1 1048386 T C snp missense_variant MODERATE murI
LR961994.1 1049004 T C snp missense_variant MODERATE rph
LR961994.1 1049251 G C snp missense_variant MODERATE rph
LR961994.1 1068258 C T snp synonymous_variant LOW gpsB
LR961994.1 1072485 T C snp missense_variant MODERATE dnaD
LR961994.1 1080468 G A snp synonymous_variant LOW dinG_1
LR961994.1 1082789 T C snp synonymous_variant LOW FCKDLICC_01070
LR961994.1 1089212 T C snp intergenic_region MODIFIER rpmE2-tagB
LR961994.1 1089355 A T snp stop_gained HIGH tagB
LR961994.1 1096125 G A snp missense_variant MODERATE luxS
LR961994.1 1098007 C A snp missense_variant MODERATE dapA
LR961994.1 1103085 T A snp synonymous_variant LOW yutF
LR961994.1 1115702 A T snp intergenic_region MODIFIER FCKDLICC_01105-FCKDLICC_01106
LR961994.1 1117027 T A snp intergenic_region MODIFIER FCKDLICC_01108-FCKDLICC_01109
LR961994.1 1124912 T A snp missense_variant MODERATE tagU_2
LR961994.1 1128322 C CA ins intergenic_region MODIFIER aldC-FCKDLICC_01118
LR961994.1 1134378 C T snp missense_variant MODERATE spuD
LR961994.1 1149632 AT A del frameshift_variant HIGH FCKDLICC_01138
LR961994.1 1155266 A G snp missense_variant MODERATE FCKDLICC_01142
LR961994.1 1155782 G C snp missense_variant MODERATE FCKDLICC_01142
LR961994.1 1158048 C T snp missense_variant MODERATE exuR
LR961994.1 1170838 G A snp missense_variant MODERATE FCKDLICC_01157
LR961994.1 1172033 C T snp intergenic_region MODIFIER FCKDLICC_01158-FCKDLICC_01159
LR961994.1 1180334 T A snp missense_variant MODERATE rlmI
LR961994.1 1186428 A G snp intergenic_region MODIFIER FCKDLICC_01169-rimP
LR961994.1 1193201 G A snp intergenic_region MODIFIER FCKDLICC_01178-FCKDLICC_01179
LR961994.1 1198061 C T snp missense_variant MODERATE FCKDLICC_01189
LR961994.1 1200106 G A snp missense_variant MODERATE FCKDLICC_01189
LR961994.1 1206670 ATAAAAG CTTTTAT complex intergenic_region MODIFIER FCKDLICC_01194-truB
LR961994.1 1213176 C T snp stop_gained HIGH cynR_1
LR961994.1 1218553 C T snp missense_variant MODERATE hemW
LR961994.1 1245496 G T snp missense_variant MODERATE FCKDLICC_01232
LR961994.1 1246673 A T snp missense_variant MODERATE FCKDLICC_01232
LR961994.1 1257719 A T snp missense_variant MODERATE trxB
LR961994.1 1275293 G T snp intergenic_region MODIFIER mgtA-pdhA
LR961994.1 1284584 G A snp missense_variant MODERATE dhaK
LR961994.1 1285355 C T snp intergenic_region MODIFIER dhaL-FCKDLICC_01265
LR961994.1 1285414 GTAACAAAAAA G del intergenic_region MODIFIER dhaL-FCKDLICC_01265
LR961994.1 1293688 C T snp synonymous_variant LOW FCKDLICC_01271
LR961994.1 1298837 T A snp missense_variant MODERATE nrnA
LR961994.1 1303673 T G snp intergenic_region MODIFIER cshB-FCKDLICC_01281
LR961994.1 1310846 T C snp synonymous_variant LOW FCKDLICC_01286
LR961994.1 1319967 C T snp missense_variant MODERATE moeA
LR961994.1 1323707 CT C del frameshift_variant HIGH FCKDLICC_01299
LR961994.1 1328762 TA T del intergenic_region MODIFIER cadA-zapA
LR961994.1 1350325 T C snp missense_variant MODERATE ntpK
LR961994.1 1377002 A G snp missense_variant MODERATE dnaG
LR961994.1 1377462 T G snp missense_variant MODERATE dnaG
LR961994.1 1380232 AT A del frameshift_variant HIGH mapZ
LR961994.1 1386307 T C snp synonymous_variant LOW FCKDLICC_01353
LR961994.1 1392879 C T snp missense_variant MODERATE xerD
LR961994.1 1401160 C T snp missense_variant MODERATE FCKDLICC_01369
LR961994.1 1405691 C T snp intergenic_region MODIFIER hup-FCKDLICC_01374
LR961994.1 1419699 G A snp synonymous_variant LOW aroA
LR961994.1 1424476 T C snp synonymous_variant LOW FCKDLICC_01394
LR961994.1 1429163 G T snp missense_variant MODERATE ettA
LR961994.1 1436490 T A snp intergenic_region MODIFIER FCKDLICC_01404-FCKDLICC_01405
LR961994.1 1439372 A AT ins intergenic_region MODIFIER perR-nox
LR961994.1 1439861 G A snp missense_variant MODERATE nox
LR961994.1 1441920 A G snp missense_variant MODERATE paiA_1
LR961994.1 1459207 T A snp missense_variant MODERATE degA_2
LR961994.1 1468218 T C snp missense_variant MODERATE clsA_2
LR961994.1 1468810 T A snp missense_variant MODERATE clsA_2
LR961994.1 1468861 A C snp missense_variant MODERATE clsA_2
LR961994.1 1483986 CA C del intergenic_region MODIFIER FCKDLICC_01442-pduA
LR961994.1 1487314 T C snp missense_variant MODERATE eutC
LR961994.1 1508926 C T snp missense_variant MODERATE FCKDLICC_01467
LR961994.1 1517534 T C snp missense_variant MODERATE bfmBAB
LR961994.1 1546750 C A snp missense_variant MODERATE FCKDLICC_01508
LR961994.1 1552135 T G snp missense_variant MODERATE FCKDLICC_01516
LR961994.1 1555690 T A snp synonymous_variant LOW pstS1_1
LR961994.1 1586374 T C snp missense_variant MODERATE yheI
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LR961994.1 1587575 G A snp missense_variant MODERATE nfo
LR961994.1 1608514 G T snp missense_variant MODERATE FCKDLICC_01569
LR961994.1 1619594 CT C del frameshift_variant HIGH FCKDLICC_01579
LR961994.1 1620218 A G snp intergenic_region MODIFIER FCKDLICC_01579-celA_3
LR961994.1 1628987 C T snp missense_variant MODERATE purH
LR961994.1 1635969 G A snp missense_variant MODERATE purC
LR961994.1 1636114 C CA ins intergenic_region MODIFIER purC-purK_1
LR961994.1 1638733 CATAA C del frameshift_variant HIGH FCKDLICC_01602
LR961994.1 1657417 A T snp synonymous_variant LOW agaS
LR961994.1 1659351 G A snp intergenic_region MODIFIER nagR_3-gspA_1
LR961994.1 1677168 A T snp missense_variant MODERATE FCKDLICC_01633
LR961994.1 1683386 C T snp missense_variant MODERATE adhA
LR961994.1 1696622 A T snp missense_variant MODERATE larA
LR961994.1 1701880 T G snp missense_variant MODERATE sorC
LR961994.1 1712764 G C snp missense_variant MODERATE xerC_5
LR961994.1 1715398 T G snp synonymous_variant LOW FCKDLICC_01666
LR961994.1 1725450 T C snp missense_variant MODERATE gatC_4
LR961994.1 1729110 C T snp synonymous_variant LOW hxlB_2
LR961994.1 1730546 A T snp missense_variant MODERATE gatC_5
LR961994.1 1731879 C T snp start_lost HIGH gatC_5
LR961994.1 1732518 G T snp intergenic_region MODIFIER rpiB-srlR_2
LR961994.1 1734996 G A snp synonymous_variant LOW FCKDLICC_01690
LR961994.1 1739619 T C snp intergenic_region MODIFIER manR_3-FCKDLICC_01695
LR961994.1 1742160 T G snp synonymous_variant LOW FCKDLICC_01697
LR961994.1 1752075 T C snp missense_variant MODERATE FCKDLICC_01707
LR961994.1 1757541 A T snp missense_variant MODERATE FCKDLICC_01712
LR961994.1 1774745 C T snp missense_variant MODERATE glpO
LR961994.1 1785913 G A snp missense_variant MODERATE FCKDLICC_01738
LR961994.1 1799647 A G snp intergenic_region MODIFIER dgaR_3-FCKDLICC_01753
LR961994.1 1810783 A C snp missense_variant MODERATE pdxK_2
LR961994.1 1832300 T C snp intergenic_region MODIFIER rlmN-yxdM
LR961994.1 1862316 G A snp stop_gained HIGH ybiT_2
LR961994.1 1863811 C T snp intergenic_region MODIFIER ybiT_2-scmP_2
LR961994.1 1870555 A C snp intergenic_region MODIFIER FCKDLICC_01814-FCKDLICC_01816
LR961994.1 1885212 G A snp missense_variant MODERATE FCKDLICC_01828
LR961994.1 1898953 AT A del frameshift_variant HIGH FCKDLICC_01838
LR961994.1 1916148 T A snp missense_variant MODERATE FCKDLICC_01849
LR961994.1 1921890 TA T del frameshift_variant HIGH FCKDLICC_01853
LR961994.1 1927650 T C snp missense_variant MODERATE FCKDLICC_01860
LR961994.1 1947838 A G snp synonymous_variant LOW rhaR_4
LR961994.1 1965488 G T snp missense_variant MODERATE FCKDLICC_01892
LR961994.1 1967768 T C snp missense_variant MODERATE FCKDLICC_01892
LR961994.1 1969749 C A snp synonymous_variant LOW FCKDLICC_01894
LR961994.1 1972044 C A snp intergenic_region MODIFIER ngcF-FCKDLICC_01897
LR961994.1 2001182 T C snp missense_variant MODERATE FCKDLICC_01919
LR961994.1 2001229 T G snp missense_variant MODERATE FCKDLICC_01919
LR961994.1 2016412 T G snp missense_variant MODERATE aspB
LR961994.1 2019099 C T snp synonymous_variant LOW dinG_2
LR961994.1 2021297 G A snp stop_gained HIGH FCKDLICC_01934
LR961994.1 2032146 GT G del intergenic_region MODIFIER rasP-gdh_2
LR961994.1 2033006 G A snp missense_variant MODERATE gdh_2
LR961994.1 2033786 A C snp missense_variant MODERATE FCKDLICC_01940
LR961994.1 2038805 A G snp synonymous_variant LOW FCKDLICC_01944
LR961994.1 2048135 A G snp missense_variant MODERATE FCKDLICC_01954
LR961994.1 2052298 T C snp missense_variant MODERATE glyS
LR961994.1 2055955 G A snp synonymous_variant LOW dgkA
LR961994.1 2062908 G T snp missense_variant MODERATE thrB
LR961994.1 2067722 G A snp synonymous_variant LOW pgcA
LR961994.1 2075872 T A snp intergenic_region MODIFIER guaD-FCKDLICC_01982
LR961994.1 2077658 T G snp missense_variant MODERATE ybbH_3
LR961994.1 2077761 C A snp missense_variant MODERATE ybbH_3
LR961994.1 2080014 C T snp missense_variant MODERATE murQ_2
LR961994.1 2085700 C T snp missense_variant MODERATE FCKDLICC_01992
LR961994.1 2087089 T C snp intergenic_region MODIFIER FCKDLICC_01994-panE_2
LR961994.1 2090742 A G snp stop_lost HIGH comEC_2
LR961994.1 2095730 A C snp missense_variant MODERATE FCKDLICC_02005
LR961994.1 2103162 A G snp synonymous_variant LOW recQ_2
LR961994.1 2145116 A G snp synonymous_variant LOW metN2
LR961994.1 2163543 A G snp synonymous_variant LOW prmC
LR961994.1 2167433 C T snp intergenic_region MODIFIER FCKDLICC_02066-ntpJ_2
LR961994.1 2174691 C A snp missense_variant MODERATE FCKDLICC_02070
LR961994.1 2183361 A T snp missense_variant MODERATE FCKDLICC_02079
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LR961994.1 2191006 C T snp missense_variant MODERATE dpaL
LR961994.1 2252647 T C snp missense_variant MODERATE FCKDLICC_02146
LR961994.1 2270738 TC T del frameshift_variant HIGH pspA_1
LR961994.1 2273616 A C snp synonymous_variant LOW cutC
LR961994.1 2285201 GGTTTTTAAACAT G del intergenic_region MODIFIER spxA_2-trpS
LR961994.1 2309187 CAAAGT ACTTTG complex intergenic_region MODIFIER FCKDLICC_02197-FCKDLICC_02198
LR961994.1 2317394 C T snp missense_variant MODERATE ebgA
LR961994.1 2329674 G A snp intergenic_region MODIFIER sdhA_2-dppA
LR961994.1 2334640 A AT ins frameshift_variant HIGH FCKDLICC_02221
LR961994.1 2335288 A G snp missense_variant MODERATE nusG
LR961994.1 2337698 T C snp missense_variant MODERATE FCKDLICC_02227
LR961994.1 2342547 T C snp intergenic_region MODIFIER polC_2-FCKDLICC_02232
LR961994.1 2348864 G A snp synonymous_variant LOW FCKDLICC_02237
LR961994.1 2355342 A G snp synonymous_variant LOW dltA
LR961994.1 2370389 A G snp missense_variant MODERATE tenA
LR961994.1 2374821 A G snp intergenic_region MODIFIER FCKDLICC_02264-emrB_2
LR961994.1 2381645 G T snp missense_variant MODERATE FCKDLICC_02273
LR961994.1 2384760 T A snp missense_variant MODERATE galE_2
LR961994.1 2389844 C A snp missense_variant MODERATE glcK
LR961994.1 2442668 C T snp synonymous_variant LOW aadK
LR961994.1 2443497 G T snp missense_variant MODERATE FCKDLICC_02355
LR961994.1 2443735 A G snp missense_variant MODERATE FCKDLICC_02356
LR961994.1 2451141 A G snp synonymous_variant LOW yqeH
LR961994.1 2455150 A G snp missense_variant MODERATE accC
LR961994.1 2465028 C A snp missense_variant MODERATE FCKDLICC_02380
LR961994.1 2488198 T A snp missense_variant MODERATE liaS
LR961994.1 2489750 A C snp intergenic_region MODIFIER FCKDLICC_02404-greA
LR961994.1 2493239 G GCTT ins conservative_inframe_insertion MODERATE mnaA
LR961994.1 2513889 G A snp synonymous_variant LOW pbuG
LR961994.1 2522524 A C snp missense_variant MODERATE ulaA
LR961994.1 2529461 T G snp synonymous_variant LOW strB1
LR961994.1 2560282 T C snp intergenic_region MODIFIER ybbW-paiA_2
LR961994.1 2577179 T C snp missense_variant MODERATE FCKDLICC_02481
LR961994.1 2601249 C T snp synonymous_variant LOW pepA
LR961994.1 2606657 T TCATGATTGG ins conservative_inframe_insertion MODERATE nagA
LR961994.1 2608247 T C snp missense_variant MODERATE FCKDLICC_02508
LR961994.1 2613414 G A snp synonymous_variant LOW thiT
LR961994.1 2630013 G T snp missense_variant MODERATE FCKDLICC_02533
LR961994.1 2677885 A G snp missense_variant MODERATE pknD
LR961994.1 2693059 T C snp missense_variant MODERATE manX_5
LR961994.1 2695131 C A snp missense_variant MODERATE sorA_4
LR961994.1 2696268 A G snp missense_variant MODERATE hcxA_2
LR961994.1 2699528 T TA ins frameshift_variant HIGH hexR
LR961994.1 2746745 T G snp synonymous_variant LOW FCKDLICC_02642
LR961994.1 2748083 C CA ins intergenic_region MODIFIER FCKDLICC_02642-aes
LR961994.1 2767209 A G snp synonymous_variant LOW dgaR_5
LR961994.1 2783177 T A snp missense_variant MODERATE xylB
LR961994.1 2791633 A G snp synonymous_variant LOW rpoB
LR961994.1 2800928 T C snp missense_variant MODERATE FCKDLICC_02687
LR961994.1 2832117 A G snp missense_variant MODERATE licC_6
LR961994.1 2840661 C T snp synonymous_variant LOW phoP_2
LR961994.1 2878169 A G snp missense_variant MODERATE citC
LR961994.1 2880686 A C snp missense_variant MODERATE FCKDLICC_02760
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Repositories:  

Illumina and PacBio reads, and their assemblies are available under the following project numbers 

PRJNA858233, PRJNA407052, PRJNA393251, and PRJNA306646. Biosample ID and metadata 

have been provided in Supplement file 1. All other supporting data have been provided within the 

article. 

 

Abstract 

The incidence of vancomycin resistant enterococci (VRE) increased dramatically between 2010 

and 2015 in Norway. Thus, we examined the population structure of Norwegian vancomycin 

susceptible Enterococcus faecium (VSEfm) and resistant enterococci (VRE) and global E. faecium 

strains to explore the emergence of VRE. VSEfm bacteraemia isolates collected in 2008 and 2014 

(n=261) through the Norwegian surveillance programme for antimicrobial resistance as well as a 

randomly selected subset of VRE recovered from 2010 to July 2015 underwent phenotypic 

susceptibility testing and Illumina whole genome sequencing. The genomic data were used for 

typing and in-depth molecular analyses of van gene clusters, mobile genetic elements, and 

virulome of E. faecium. All Norwegian VRE faecium (VREfm) and most of the VSEfm belonged 

to globally prominent hospital associated sequence types (STs). The vanB2 subtype carried by 

variants of the Tn1549 integrative conjugative element was the dominant van-type. The major 

cluster types (CTs) of VREfm have been reported concurrently in other European countries. The 

dominant vanB-type VREfm CTs, ST192-CT3/26 and ST117-CT24, were mostly linked to a single 

hospital in Norway and had acquired Tn1549 independently. Although the total number of vanA 

was lower compared to vanB VRE, their CTs were more diverse. The vanA gene clusters were 

carried by either Inc18 or RepA_N plasmids which harboured toxin-antitoxin systems that support 

their persistence. Only 5% of the VRE were Enterococcus faecalis which all contained vanB. 

While the Norwegian VREfm and VSEfm isolates are overloaded with virulence factors (VFs) 

supporting biofilm formation and colonization, each CT has specific VF profiles. Successful 

VREfm CTs generally harbour more virulence determinants than VSEfm and clade A more VFs 

than clade B isolates which is in line with clade A occurring much more frequently in infections. 

In conclusion, globally prevalent clones and particularly European CTs influence the population 

structure of E. faecium in a low prevalence antimicrobial resistance setting like Norway. Prevalent 

VREfm CTs contain more VFs than VSEfm. 
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Impact statement  

This is the first comprehensive study on the population structure of E. faecium in Norway in which 

241 VRE and 261 VSE were sequenced. The inclusion of invasive and representative outbreak 

related isolates gave a clear picture of the population structure of VREfm and VSEfm in Norway. 

Most enterococcal studies are biased by antibiotic resistant outbreak isolates thus both vancomycin 

resistant and susceptible isolates were included to reveal the dominant STs, circulating MGE 

harbouring van clusters in the Norwegian hospitals, as well as differences in the virulome profiles. 

This study provides new insights into the dominant STs, the circulating MGEs harbouring van 

clusters in the Norwegian hospitals, as well as the virulome profiles of VREfm and VSEfm. To the 

best of our knowledge, this is the first population study on enterococci in which the virulomes of 

concurrent VREfm and VSEfm were compared. The findings contribute to our understanding of 

the genomic evolution of clinical strains of VREfm and VSEfm. 
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INTRODUCTION 

Enterococcus faecium and Enterococcus faecalis are commensals in the human gut 

microbiota and may cause severe infections, especially in immunocompromised and hospitalized 

patients [1]. The flexibility of enterococcal genomes and the ability to acquire antimicrobial 

resistance (AMR) genes have contributed to their development into first-class opportunistic 

pathogens [2–4]. While E. faecalis causes most infections, the expected E. faecium phenotype is 

more resistant and more often acquires resistance to vancomycin [3]. The global phylogeny of E. 

faecium is dominated by two separate phylogenetic clades (A and B). Clade A can be divided into 

two sub-clades, A1 comprising mainly clinical strains, and A2 strains mainly recovered from 

animals but also non-hospitalized persons. Clade B encompasses community isolates [3,5,6], and 

genomic analyses have suggested reclassification as new enterococcal species (Enterococcus 

lactis) [7].  

The treatment of enterococcal infections is challenging due to intrinsic and acquired 

antimicrobial resistance. Vancomycin is used in the treatment of infections with multidrug resistant 

(MDR) enterococci [1]. The increasing prevalence of enterococcal infections is associated with 

the rise of vancomycin resistance among enterococci [8]. Ten different van gene clusters (vanA, 

vanB, vanC, vanD, vanE, vanG, vanL, vanM, vanN, and vanP) are responsible for vancomycin 

resistance in enterococci [9]. The vanC gene cluster is intrinsic in Enterococcus casseliflavus and 

Enterococcus gallinarum, but may rarely be acquired by E. faecium and E. faecalis [3,10]. The 

other van-types have only been associated with acquired vancomycin resistance in enterococci 

[9,11]. The van gene clusters contain three types of genes encoding; 1) enzymes that remove the 

inherent D-Ala-D-Ala-ending precursors, 2) enzymes acting to synthesize new peptidoglycan 

precursors, and 3) a two-component signal transduction system for inducible resistance [3].  

VanA-type VRE has been the most prevalent VRE worldwide [3], but in recent years vanB 

has repeatedly caused hospital associated outbreaks, particularly across Europe. The successful 

spread of vanA and vanB is partly due to their linkage to promiscuous mobile genetic elements 

(MGEs) [12]. The vanA gene cluster is usually part of the Tn1546 transposon often found on 

plasmids [13]. In contrast, the widespread vanB2 subtype gene cluster is associated with Tn1549 

integrative conjugative elements (ICE) acquired from gut anaerobes [14]. However, the 

mechanisms driving the dissemination of VREfm are complex and both clonal spread and MGE 

exchange likely play important roles [15].  
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Virulence factors (VFs) have been divided into two main groups, (i) those enhancing 

colonization and (ii) those mediating invasion and host tissue damage [16]. Although E. faecium 

and E. faecalis are not considered highly virulent, both species have VFs associated with 

colonization and host invasion and/or tissue damage [3,17] Some of these VFs have a key role in 

bypassing the host immune system [18]. In E. faecium most of the VFs are involved in interactions 

with extracellular matrix proteins which is vital in biofilm formation and colonization [19].  

Genomic analyses are important in understanding pathogen evolution and epidemiology  

[20,21]. Whole genome sequencing (WGS) has become the most widely used method in outbreak 

investigation and surveillance of bacterial pathogens [22] allowing core genome MLST (cgMLST) 

analyses for high-resolution typing, variant calling, and drawing phylogenetic trees based on SNP 

alignment [23–25].  

Clinical infections and carriage of VRE have been notifiable in Norway since 1996. The 

annual number of reported VRE cases was less than ten before 2010. After 2010 the prevalence of 

VRE increased significantly and peaked up until 2015, before ceasing, though never returning to 

the situation before 2010 [26]. The majority of VRE were acquired in hospitals and 85% of them 

were associated with outbreaks [26]. The Norwegian monitoring system for antibiotic resistance 

in microbes (NORM/NORM-VET) monitors the overall use of antibiotics and the prevalence of 

antimicrobial resistance in human and animal pathogens including E. faecium and E. faecalis [27]. 

The program involves all diagnostic laboratories which collect, perform standardized 

antimicrobial susceptibility testing, store strains, and make them available for research.  

In the current study, we aimed to investigate the molecular epidemiology of Norwegian 

VRE and compare them to invasive VSE isolates collected through the NORM-program, as well 

as global strain genomes. We describe the dominant outbreak clones, their MGEs harbouring van 

gene clusters, and the VF-profile of E. faecium.  

 

MATERIALS AND METHODS  

Samples size, collections description and data collection 

 

A total of E. faecium (n=490) and E. faecalis (n=12) isolates from three different 

collections are included in this study: VSE 2008 from NORM 2008 [28], VSE 2014 from NORM 

2014 and VRE (2010-throughout June 2015) (Table 1) [29,30]. The study period was chosen 
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because of a sudden increase in the VRE incidence from 2010 (0,12 in 2009 to 1,10 in 2010 and 

5,87 in 2011 per 100,000 person years), which then gradually decreased to 1,5 in 2015 

(Supplement Fig. 1). Inclusion of two VSE collections allowed us to compare vancomycin 

susceptible E. faecium (VSEfm) and vancomycin resistant E. faecium (VREfm) genomes before 

and after the increase of VRE. All VSE isolates were VSEfm recovered from blood culture samples 

in the nine first months of the year [29,30]. A total of 99/110 (90%) and 162 out of 174 (93%) 

VSEfm isolates were available for inclusion from 2008 and 2014, respectively. The third collection 

encompassed a random selection of 239 isolates out of 783 (31%) VRE reported between 2010 

and 2015, VREfm (n=227) and E. faecalis VRE (VREfs; n=12). A total of 87/783 (11%) VRE 

were clinical isolates. The random selection included all clinical isolates (blood, urine, wounds, 

other) and up to three carrier isolates (faeces) per clinical isolate if available, weighted across 

geography and time (n = 261) [31]. Twenty-two isolates were excluded (5 wrong ID, 14 not 

available for sequencing, 3 with repeated low quality of assemblies). Thus, a total of 227 VREfm 

and 12 VREfs were included in the study. The relative proportion of included VRE compared to 

the total numbers of VRE reported in Norway is illustrated in Supplement Fig. 1. In addition we 

also included two VREfm isolates recovered in 1996 from the first VRE outbreak reported in 

Norway [32] for phylogenetic analyses. All the isolates of the study are listed in supplement file 1 

with anonymized IDs, and the name of hospitals was changed to the ID of a letter (N, M, SE, and 

W) which refer to Northern, Middle, South-Eastern, and Western health regions of Norway 

respectively, and a digit. Moreover, an overview of sequence types (STs) for VRE from 2019-20 

was obtained from the Norwegian National Advisory Unit on Detection of Antimicrobial 

Resistance (K-res) to compare the ST distribution to more recent data.   
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Table 1. Isolates included in the study and occurrence of resistance to vancomycin, ampicillin, 

and high levels of gentamicin 

Collection and year Isolates 

n 

Ampicillin resistant 

n (%) 

High-level gentamicin resistant n 

(%) 

VRE    

      E. faecium 2010-2015 227 226 (99.5) 85 (37) 

      E. faecalis 2010-2015 12 0 8 (67) 

      E. faecium 1996 2 2 (100) 0 

VSE    

      E. faecium 2008 99 83 (84) 56 (55) 

      E. faecalis 2014 162 162 (100) 71 (44) 

 

Species identification and antimicrobial susceptibility testing (AST) 

A single colony of each blood agar culture sample was used for subculturing and 

subsequent antimicrobial susceptibility testing (AST), genomic DNA extraction for WGS, and 

species identification by MALDI-TOF (Bruker Daltonik GmbH, Bremen, Germany).  

For the VSE isolates, AST data were collected as part of the NORM program. 

Susceptibility testing within NORM follows a standard protocol defined in the yearly surveillance 

reports (appendix 5) [30]. For the VRE collection AST were performed at K-res using the same 

methods as in NORM. Briefly, gentamicin, linezolid, and ampicillin susceptibility testing was 

performed and interpreted according to the EUCAST disc diffusion method [33], and EUCAST 

clinical breakpoints [34], respectively. The CLSI agar screening method was used for detection of 

reduced susceptibility to vancomycin[35]. 

 

Whole genome sequencing 

Initially, all samples were subjected to short-read sequencing. First, DNeasy Blood and 

tissue kit (Qiagen, Hilden, Germany) was used to extract the genomic DNA. Next, Qubit 

fluorometer (Invitrogen) was used to quantify the concentration of total genomic DNA. The 

Genomic support center TromsøTM sequenced the samples using Illumina NextSeq550 system as 

described previously [21]. A selection of 21 isolates was subsequently chosen for long-read 

sequencing to use as reference genomes. The selection was based on their position in the 

phylogenetic tree. Wizard Genomic DNA Purification Kit (Promega, Madison, USA) was used to 
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extract a large quantity of genomic DNA for long read sequencing. Then, the genomic DNA 

concentration was quantified with Qubit fluorometer. Long-read sequencing was performed at the 

Norwegian Sequencing Centre (University of Oslo). To prepare multiplexed microbial libraries, 

SMRTbell Express Template prep Kit 2.0 was used according to pacific biosciences protocol. 

Fragmentation of DNA was carried out using g-tubes (Covaries) resulting in 10-16 kb sized 

fragments. To select the final library, BluePippin with an 8 kb cut-off was used. Libraries were 

sequenced on ~90% of 8M SMRT cell on Sequel II using Sequel II Banding kit 2.0 and sequencing 

chemistry v2.0. Demultiplex Barcodes pipeline was carried out using SMRT Tools (SMRT Link 

v9.0.0.92188) to demultiplex the reads (Minimum barcode score 26). Finally, the circular 

consensus sequencing (CCS) sequences were produced for demultiplexed data using CCS pipeline 

(SMRT Link v9.0.0.92188). The resulting PacBio reads length ranged from 10 to 20 kb. 

 

Genomic analyses  

For Illumina sequenced samples Trimmomatic v0.39 was used to perform quality trimming 

and adaptor removal [36] before output reads files were assessed using FastQC [37]. Next, 

Unicycler v0.39 was used for genome assembly [38], and finally, quality assessment of the genome 

assemblies was performed using Quast v5.0.2 [39]. A cut-off maximum of 400 contigs and 

minimum of 40x genome coverage was used for Illumina sequenced samples to consider the 

assemblies as eligible to be included in the analyses (with exception of three samples in coverage 

30-37x). Moreover, the genome size, should not show more than ± 10% fluctuation compared to 

the smallest and biggest complete E. Faecium or E. faecalis genome assemblies in National Center 

for Biotechnology Information (NCBI)’s Refseq database.  

For PacBio sequenced samples, Unicycler was used to assemble the CCS reads. The 

assemblies that Unicycler was unable to circularize were reassembled using Canu v2.2 [40], 

corrected with Pilon v1.23 [41] and circularized using circulator v1.5.5 [42]. Finally, we performed 

quality assessment using QUAST. The prokaryotic genome annotation pipeline (PGAP) of NCBI 

was used to annotate the assemblies, MGEs, and plasmids [43]. Snippy v3.1 was used for variant 

calling between sequences [44]. 
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Multilocus sequence typing 

Multilocus sequence typing (MLST) was carried out for all samples using MLST v2.19.0 

[45]. To generate minimum spanning trees, cgMLST was performed using SeqSphere+ software 

V6.0.2 (Ridom GmbH, Münster, Germany [http://www.ridom.de/seqsphere/]). For E. faecium 

isolates,  the scheme included 1423 core genes and a threshold of ≤ 20 allelic differences for cluster 

calculation and determination of clonal relatedness [23]. The scheme of 1,972 gene targets with ≤ 

seven allelic differences was set up for cluster calculation and clonal relatedness of E. faecalis 

genomes [46]. Novel sequence types (STs) and cluster types (CTs) were obtained by submission 

of assemblies for allelic profiling to PubMLST [47] and Ridom SeqSphere+, respectively. 

 

Phylogenetic trees 

Phylogenetic trees based on the core genome of the Norwegian E. faecium, were 

constructed using Parsnp v1.2 [25]. The global tree included all Norwegian E. faecium isolates of 

the study (n=490) as well as all publicly available complete genomes of E. faecium retrieved from 

NCBI as of 29.11.2021 (n=237). In addition, a local tree which included the 490 Norwegian 

isolates was built. A tree for VREfs (n=12) isolates, was generated by core genome phylogeny 

using Parsnp. Finally, Interactive Tree Of Life (iTOL) was applied to display metadata in the trees 

[48].  

 

MGEs harbouring the vanB gene cluster  

To identify the van-type in VRE assemblies, NCBI bacterial AMR reference gene database 

(PRJNA313047) was used in the ABRicate tool v1.0.1 [49]. To locate and extract the sequences 

of MGEs harbouring vanB gene clusters in individual isolates, the closest PacBio closed VSE 

genome was used as a reference. The contigs of the Illumina assemblies were sorted according to 

the references using Mauve [50]. Next, sorted Illumina assemblies were concatenated and 

BLASTed against their reference genomes using BLASTn tool v2.6.0 [51]. Artemis Comparison 

Tool (ACT) [52] was used to visualize the BLASTs and locate the MGEs harbouring the vanB 

gene cluster. Finally, one representative from each MGE type was chosen to perform a BLAST 

and visualize the results using Easyfig v2.2.2 [53]. 

 

Plasmids harbouring the vanA gene cluster 
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Mob-suite was used to reconstruct plasmids in VanA-type VREfm isolates [54]. Plasmid-

typing was performed using PlasmidFinder v2.0.1 online database 

(https://cge.food.dtu.dk/services/PlasmidFinder/). Then plasmids were BLASTed against NCBI 

bacterial AMR reference gene database (PRJNA313047) in ABRicate tool v1.0 to find those 

containing the vanA gene cluster. To compare the plasmids and determine the identity between 

them, a closed Pacbio sequenced vanA plasmid of each cluster type was utilized as a reference for 

reads mapping. The mem algorithm in BWA tool v07.17 [55] was used to map the reads against 

the reference sequence. Indexing and sorting were performed in SAMtools v1.10 [56] and the 

resulting BAM file was visualized using Artemis v18.1.0 [52]. Samples whose reads fully covered 

the reference vanA plasmid were considered to contain plasmids similar to the reference. EasyFig 

v2.2.2 was used to BLAST the closed plasmids and generate a comparison figure.  

 

Virulence factor profile 

All E. faecium genomes were investigated for the presence of the determinants of 30 

experimentally confirmed VFs (Supplement file 2) [19,57–65]. The coding sequences of all 30 

VFs were used to build a database in ABRicate v1.0.1 [49]. BLASTing the E. faecium genomes 

against the database was performed using the minimum cut-off for identity and coverage at 90%. 

Next, the local phylogenetic tree of E. faecium was annotated using iTOL [48]. Since the esp gene 

contains several repeats which make trouble in the assembly process in the Illumina sequencing 

technology [66], only the conserved part of this gene (2190 bp) was used to BLAST against the 

assemblies. For scm, a new allele was found in our samples which is 173 bp longer than the 

reference allele. These extra nucleotides are in the linker region and between the two conserved 

domains of the gene. For scm, both alleles were used for BLAST searches. 

 

RESULTS AND DISCUSSION 

Norwegian VREfm are dominated by prominent global STs 

The VREfm 2010-15 isolates (n=227) were dominated by ST192 (55%), ST117 (15%), 

ST203 (14%), ST80 (7%), and ST17 (3%). Non-prevalent STs (npSTs) including ST18, ST78 and 

ST202, added 6% (Fig. 1A). A marked shift in the relative proportions of STs was observed when 

compared to Norwegian VRE-data of 2019-20 [27,67] (Fig. 1B). While VREfm ST192 was most 

dominant during 2010-12 it was not observed in 2019-20. In contrast, the prevalence of VREfm 
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ST17 and ST80 increased. All the prevalent STs have been or still are among the dominant STs in 

European countries. For instance, ST192 was a globally dominant ST mostly related to vanB type 

VRE in the 2010s [68–70]. ST117 was a dominant ST in Germany over 1990s and its prevalence 

increased again after 2010 [68,71]. ST80 was responsible for the largest VRE outbreak recorded 

in Germany between 2015 to 2017 with 2900 (vanB-type) cases [68]. ST203, ST17, and ST18 

were among the most common STs in Germany from 2000-9, but they began to fade away after a 

decade (2010-19) [68]. STs most prevalent in Norway at the beginning of the 2010s were gradually 

replaced by other STs over time showing clonal sweeps of new STs and reintroduction of some 

STs (Fig. 1B) which has also been observed in other countries like Germany and Denmark [68,72].  

 

Norwegian VREfm are dominated by concurrent major European clusters  

Among VREfm 2010-15 and 1996, vanB-type (n=167) were recovered from patients in 

nine hospitals mainly in Western and South-Eastern Norway while vanA-type VREfm isolates 

(n=62) were recovered from patients in eleven hospitals all around Norway. In total, 25 vanA-type 

CTs (including 19 singletons) and 19 vanB-type CTs (12 of these singletons) were detected among 

the VREfm (n=229) (Supplement Fig. 2 and Supplement file 3). Although vanB was dominant, the 

diversity of vanA-type CTs was slightly higher, consistent with smaller outbreaks. We identified 

four major clusters associated with Norwegian hospital VRE outbreaks during the study period. 

ST192-CT3/CT26 and ST117-CT24 associated with vanB-type VRE (Table 2), and ST203-CT20, 

and ST80-CT3097 associated with vanA-type (Table 3)  

ST192-CT3/CT26 vanB-type VRE (n=113) caused the largest VRE outbreak affecting 

hospital W1 (109/113) and W2 (n=4) in Western Norway during 2010-13. The mixed ST192-

CT3/CT26 is an artifact due to a combination of some of the alleles in the cgMLST scheme not 

being detected and the allelic profiles of the two chosen CT static founders being similar [73]. 

During the study period (2010-15), several outbreaks of vanB-type ST192 occurred in other 

countries such as Germany (2008-2009), Denmark (2012-13), and Sweden (2007-2011) [74]. In 

the global tree, two vanB-type VREfm isolates from the Netherlands in 2019 (GCA_900639515.1 

(E7654), and GCA_900639525.1 (E7663)) cluster with the Norwegian vanB-type ST192 clade 

(Supplement Fig. 3). These two strains have only fifteen allelic differences to the closest 

Norwegian ST192-CT3 (data not shown). In 2013 there was a shift towards the ST117-CT24 vanB-

type VRE. This second largest VRE cluster was also mostly recovered from hospital W1 (28/31) 
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but belonged to a mixed VRE-VSE cluster encompassing 31/51 (61%) vanB-type VRE isolates. 

ST117-CT24 vanB-type VRE has been reported to cause outbreaks in the Netherlands from 2011-

2017[15,75]. This CT was also linked to outbreaks of vanA in Denmark and Germany [68,76] and 

linezolid in Austria [77]. 

The ST203-CT20 vanA VREfm cluster (n=19) was recovered from hospitals in Mid, South-

Eastern and Northern Norway in 2013-15 while the ST80-CT3097 vanA VREfm cluster (n=10) 

was found in three hospitals in the South-Eastern Norway in 2010-11 (Supplement Fig. 2 and 

Supplement file 3). The ST80-CT3097 vanA VREfm cluster has not been reported elsewhere yet. 

An ST203-CT20 vanA VREfm cluster has been reported in Ireland with only seven allelic 

differences from the Norwegian ST203-CT20 [78]. The vanA-type ST203-CT20 was also 

prevalent in Germany in 2015-18 among blood culture isolates and was even reported as a 

vancomycin variable isolate from Sweden [79]. Additionally, vanA-type ST203-CT20 isolates are 

reported from The Netherlands, Denmark, Belgium, and Australia [78]. 

 

vanB gene clusters in VREfm were carried on de novo acquired variants of ICE Tn1549  

MGE-analyses revealed that vanB was carried on variants of the dominant ICE Tn1549 

(Table 2 and Fig. 2) in all VREfm from 2010-15 and 1996 [74]. In ST192-CT3/CT26 all but one 

isolate had an ISL3 element integrated inside the vanB gene cluster in the intergenic region 

between the vanSB and vanYB genes (variant A in Fig. 2). The Tn1549 in ST17, ST80, and ST203 

were larger, mainly due to different IS element insertions (variants B, C, and E in Fig. 2).  

Acquisitions of Tn1549 have been shown to occur de novo from anaerobic gut microbiota 

to enterococci but may also occur through exchange of Tn1549 between VRE and VSE [80,81]. It 

has been confirmed that Tn1549 can transfer between enterococci as part of large chromosomal 

elements (90-250 kb), in which case the flanking region of Tn1549 should be identical in the donor 

and recipient isolates [80,82]. If only Tn1549 transfers between or into enterococci, this should be 

associated with the transfer of a short coupling sequence from the donor into the recipient genome 

(5 - 6 bp) on either the left or right flank of Tn1549 [83]. Since the identical prototypic Tn1549 

was found in both one isolate of ST192-CT3/CT26 and ST117-CT24 that took over as the 

dominant clone in the same hospital, we investigated whether the ICE could have been transferred 

directly between the two E. faecium clusters. Tn1549 was integrated into different genomic 

locations with different flanking sequences in ST192-CT3/CT26 compared to ST117-CT24. This 
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difference reflects that they both have different coupling sequences, as well as are not transferred 

as part of a larger chromosomal element and suggests two independent ICE Tn1549 acquisitions 

in ST192-CT3/CT26 and ST117-CT24. A high prevalence of Tn1549 has been demonstrated in 

the non-enterococcal gut flora of patients at hospital W1, which also supports this interpretation 

[84]. 

The integration site of Tn1549 in ST192-CT3/CT26, was identified in an AT rich sequence 

in the sir gene of the tirE operon (Table 2) [58]. Tn1549 insertion in the exact same position in sir 

was also reported in ST192 as well as other STs from Germany [80] indicating this is a preferred 

sequence site. E7654 and E7663, the two Dutch isolates closest to the Norwegian ST192-

CT3/CT26 in the global tree, have ISL3 insertion in the vanB cluster and Tn1549 inserted at the 

identical AT rich sequence inside the sir gene. The high sequence identity, a vanB gene cluster 

with identical ISL3 and insertion site and the same Tn1549 insertion sequence support the idea of 

a common ancestor of vanB-type ST192-CT3 from Norway and the Netherlands.  

The integration site of Tn1549 in cluster ST117-CT24 occurred in another AT rich 

sequence in the overlapping 3´end of btuD and 5´end of ndvA (Table 2). Among the closed 

genomes retrieved from NCBI, six ST117-CT24 exist (Supplement Fig. 3); One VSE from Spain 

(GCF_001886635.1), one vanB-type VRE from Norway isolated in 2017 in hospital W1, as well 

as one vanB-type VRE (GCA_900639505.1_E7356) and three VSE (GCA_900639465.1, 

GCA_900639535.1, and GCA_900639565.1) from the Netherlands. The insertion site of Tn1549 

in this Dutch VRE is different and inside a hypothetical protein gene. Moreover, this Dutch vanB-

type isolate has IS30 family transposase (IS1062) integrated just upstream of the vanRB gene, 

which the Norwegian ST117-CT24 lack. Additionally, Tn1549 show yet other insertion sites on 

the chromosome in other Dutch ST117-CT24 vanB-type VREfm outbreak samples from 2014 and 

2017 [75]. Thus, the overall genetic differences between the ST117-CT24 isolates of Norway and 

the Netherlands do not support relatedness between them. 
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Table 2. Characteristics of Norwegian VREfm clusters and their vanB gene harbouring MGEs. 

Singleton VREfs isolates and 15 VREfm isolates with low quality assembly in the insertion site of 

Tn1549 are not included in this table. 

 

 

vanA gene clusters and toxin-antitoxin systems were carried by different plasmids in 

unrelated CTs  

In ST203-CT20 VREfm an Inc18 plasmid of 55 kb with multiple IS-integrations carried 

the vanA gene cluster. Mapping vanA-type VRE isolate reads from this CT against the PacBio 

sequenced ST203-CT20 isolates showed that 17 out of 19 vanA plasmids have 100% coverage to 

our reference Inc18 plasmid. Characteristics of the different vanA containing plasmids are 

summarized in Table 3 and Fig. 3. The vanA gene cluster in this Inc18 plasmid was not part of 

Tn1546 while other vanA-type clusters like ST80-CT3097, ST192-CT188, and ST202-CT3079 

were associated with Tn1546. In the second largest cluster ST80-CT3097 vanA was carried by a 

RepA_N (rep17) plasmid of 32 kb. Other clusters showed variants of Inc18 and RepA-N with 

different sizes (Fig. 3 and Table 3). 

Cluster Isolates 

n 

MGE MGE insertion location Insertion sequence on 

reference genome (5’ - 3’) 

E. faecium 

      ST192-CT3/CT26 

 

113 

 

Tn1549 

 

sir gene of tirE operon 

 

AATATTAAAGGAA 

      ST117-CT24 31 Tn1549 btuD gene encoding vitamin B12 import 

ATP-binding protein 

AAAAGTTTTT  

      ST203-CT3061 3 Tn1549 Between two CDSs encoding hypothetical 

proteins (HPs) 

TTTTTATAAAAAAA 

      ST17-CT1709  2 Tn1549 Between CDSs encoding ribonucleoside-

diphosphate reductase 2 subunit beta and HP 

TTCAAAAATTTT 

      ST17-CT6207 1 Tn1549 IS3 family transposase gene TTTTTTCTTAAAA 

      ST80-CT16 1 Tn1549 Between tRNA-Gly and CDS encoding HP ATTTTACT 

E. faecalis 

      ST6-CT107 

 

4 

  

Plasmid 

 

CDS encoding HP 

 

GATGATGT 

      ST6-CT1160 3 Tn1549 Between peptidase propeptide and 

oligopeptide-binding protein (oppA) genes  

TTTTGACA 

      ST28-CT1162 2 Tn1549  CDS encoding catechol-2,3-dioxygenase TTTTAT 
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Both plasmid types found carrying vanA in the Norwegian VREfm are typically associated 

with vanA and may confer increased fitness costs. The maintenance of such plasmids has been 

linked to loss of phenotypic resistance, partial plasmid deletions, decreased copy number and 

toxin-antitoxin systems [74,79,85]. The partial homology and different sizes of the RepA_N vanA 

containing plasmids in our study (Fig. 3) suggest rearrangements have occurred. Moreover, all the 

Norwegian VREfm vanA plasmids encoded at least one putative toxin-antitoxin system (Table 3). 

The vanA RepA_N plasmids all contained Axe-Txe typically found in rep17 (pRUM) plasmids 

while the two vanA Inc18 plasmids contained Epsilon-Zeta typically associated with different 

Inc18 replicons [86,87].  

 

Table 3. Characteristics of vanA gene clusters and plasmids in the PacBio sequenced Norwegian 

VREfm 

CT  

(Reference 

isolate) 

Isolates 

n 

Plasmid 

size 

CDSs 

n 

Plasmid type Toxin-antitoxin 

systems 

Transposon 

in plasmid 

ST203-CT20 

(51271218) 

19 55 kb 73 Inc18  Epsilon-Zeta Tn552 

ST80-CT3097 

(51271936) 

10 32 kb 42 RepA_N (rep17) Axe-Txe Tn1546 

ST192-CT188 

(51271057) 

4 62 kb 72 Inc18 Epsilon-Zeta Tn1546 

ST18-CT3042 

(51276509) 

2 43 kb 51 RepA_N (rep17) Axe-Txe  

ST17-CT3037 

(51271928) 

2 38 kb 47 RepA_N (rep17) Axe-Txe & 

Epsilon-Zeta  

 

ST202-CT3079 

(51271933)  

1 35 kb 43 RepA_N (rep17) Axe-Txe Tn1546 

 

Successful VREfm CTs generally have a high number of virulence determinants genes 

Fig. 4 illustrates the distribution of 26 out of 30 virulence determinants genes in the  
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Norwegian E. faecium. Local BLAST of the isolates against our VF database showed that 

all isolates were negative for boNT/En and epx2 genes while positive for fnm and lysM4. E. faecium 

contain a variety of cell surface components, many of them involved in colonization and biofilm 

formation [19]. Apart from boNT/En and epx2 which are exotoxins [61,63], most of the mentioned 

genes encode products involved in biofilm formation and colonization. Esp encodes a surface 

protein involved in biofilm formation [88]. Acm, capD, ecbA, fms15, fmn, lysM, pilA2, prpA, ptsD 

and scm encode VFs supporting adherence and colonization [57,89] (supplement file 2).  

In vanB-type ST192 isolates, the insertion of the MGE harbouring the vanB gene cluster 

occurred in the second gene of the tirE operon, associated with increased blood survival [58], 

which may affect the functional expression of this operon. Some of the other VFs are also encoded 

by a gene cluster. Thus, lacking one gene can affect the overall function. For instance, empA, 

empB, and empC are encoded by one operon coding for the pilus subunits. Deletion in empA and 

empB causes a reduction in biofilm formation while empC seems to be dispensable [90]. In the 

Norwegian VREfm, if an isolate was positive for the empABC operon, the entire operon was 

present with all three genes (Supplement file 4). For STs containing a mix of VRE and VSE 

isolates, some VSE lacked empA or empB. In clade B, 5/21 (24%) of the isolates lacked the entire 

empABC operon (Fig. 4 and Supplement file 4).  

A total of 484/490 (99%) E. faecium isolates, including all VREfm, contained bepA, which 

is associated with biofilm formation and endocarditis [91]. Globally more than 80% of all clinical 

E. faecium isolates have been shown to carry this VF determinant [91]. Other genes encoding VFs 

involved in biofilm formation are also highly prevalent in the Norwegian VREfm; sagA 99%, 

atlAEfm 99%, sgrA 91%, and esp 80%. Thus, several VFs associated with biofilm formation are 

highly prevalent in the Norwegian VREfm, and the successful VREfm CTs generally have a high 

but slightly variable number of virulence determinants (Table 4 and Fig. 4). 
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Table 4. VF genes and their distributions (%) in dominant Norwegian E. faecium CTs  

Virulence 

factor 

gene 

Percent containing VF within major CTs 
Percent with 

VF in all Efm 

(n=490) 

ST192-CT3/26 ST117-CT24 ST203-CT20 ST80-CT16 ST80-CT3097 

(n=113) (n=51) (n=19) (n=23) (n=10)  

VRE VRE/VSE VRE VRE/VSE VRE 

atlAEfm 99 98 100 100 100 99 

bepA 100 100 100 100 100 99 

ccpA 100 98 100 100 100 99 

empA 100 100 100 100 100 98 

empB 100 98 100 100 100 98 

empC 100 98 100 100 100 98 

sgrA 100 100 100 100 100 91 

fnm 100 100 100 100 100 100 

ptsD 99 100 100 100 100 93 

sagA 100 100 100 100 90 99 

gls20 100 100 94 91 100 96 

gls33 100 100 94 91 100 95 

glsB 100 100 94 91 100 95 

glsB1 100 100 94 91 100 96 

lysM1 71 68 89 69 90 70 

lysM2 100 100 100 100 100 99 

lysM3 84 86 42 43 50 45 

lysM4 100 100 100 100 100 100 

acm 97 100 100 10 100 94 

ecbA 0 100 100 0 100 41 

fms15 31 45 15 34 70 34 

pilA2 99 13 89 100 50 68 

scm 61 72 94 65 50 51 

esp 99 100 68 0 10 80 

capD 0 80 94 0 0 48 

prpA 100 0 100 0 0 65 

tirE1 94 0 0 0 0 46 

tirE2 83 0 0 0 0 42 

bonT/En 0 0 0 0 0 0 

epx2 0 0 0 0 0 0 
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VREfs incidence is much lower than VREfm 

Only 5% of the Norwegian VRE 2010-15 isolates were VREfs. Previous VRE studies also 

in Norway have shown that VREfm is more prevalent than VREfs [26]. The VREfs isolates (n=12), 

all vanB-type, clustered in ST6 (n=10) and ST28 (n=2), and nine of them formed three clusters, 

ST6-CT107 (n=4) and ST6-CT1160 (n=3), ST28-CT1162 (n=2) (Supplement Fig. 4). ST6 and 

ST28 are among the most prevalent clinical STs of E. faecalis [92]. ARE and linezolid resistant 

enterococci (LRE) were not observed among VREfs isolates but most of them were HLGR (n=8) 

(Table 1). The Norwegian VREfs are mainly associated with Tn1549 (8/12), while in ST6-CT107 

VREfs (n=4), the vanB gene cluster was on a pTEF1 plasmid which is integrated in a hypothetical 

protein in the chromosome (Table 2). The latter gene cluster has 100% identity and coverage to 

the typical vanB1-type VRE isolates of V583 (AE016830.1) [93]. A BLAST search showed that 

this integrated plasmid was also found in the genomes of four other VREfs with 100% identity and 

100% coverage to isolates from France (CP039296.1, CP039548.1, and CP039549.1) [94] and the 

Netherlands (LR961935.1). Although the incidence of VREfs in Norway was low compared to the 

VREfm, it showed more diversity in vanB-subtypes and MGEs harbouring the vanB gene clusters. 

On the other side, the much more frequent occurrence of VREfm than VREfs indicate that E. 

faecium more prone to acquire and maintain vancomycin resistance and also being a hub for further 

spread by horizontal gene transfer or clonal expansion. Transfer of vanB ICE Tn1549 has been 

shown to occur from anaerobes to E. faecium [83]. ICE Tn1549 has not been shown to transfer on 

its own between enterococci and is only occasionally integrated plasmids. 

How vanA enters enterococci is less clear. E. faecalis probably mostly acquire vancomycin 

resistance from E. faecium [11,95] which require yet another conjugative transfer by plasmids or 

ICEs. In addition, successful hospital associated clones of E. faecium ensure further spread of 

VREfm [5] and toxin-antitoxin systems linked to VREfm plasmids support their maintenance [96]. 

Moreover, integration of the vanB containing pTEF1 plasmid in the genome of E. faecalis has been 

shown to be involved in increased fitness cost [94]. All this is adding to our understanding of why 

the frequency of occurrence of VREfs is lower than VREfm.  

 

Both VSEfm and VREfm are dominated by globally prevalent STs 

The main STs in the VSEfm collections are the same as in VRE 2010-15 but in a different 

order of prevalence; ST203 (26%), ST17 (13%), ST117 (10%), ST192 (10%), ST80 (9%), and 
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ST18 (5%). npSTs in the VSEfm collection accounted for 27% of the isolates including ST32, 

ST78 and ST202 (Fig. 1A). The presence of each ST varies over time and between VREfm and 

VSEfm. For instance, ST80 and ST117 were absent in VSE 2008 but appeared in VRE in 2010 

and 2013, respectively, and were prevalent STs in VSE 2014 (Fig. 1). ST117 and ST203, the 

dominant STs in VREfm in 2014, were also present in VSE 2014. In contrast, ST17, ST18, ST32, 

and ST202 were present in VSE 2014 but absent in VRE of the same year. Moreover, in VRE 

2014, only two isolates out of 47 belonged to npSTs, while in VSE 2014, 29 out of 162 isolates 

have npSTs. Thus, the VSEfm is much more diverse in STs while the VREfm is dominated by 

typical global STs. 

The most prevalent VSE CTs are from the mixed vanB VRE-VSE clusters, ST117-CT24, 

ST203-CT3061, and ST80-CT16. While the VRE isolates of ST117-CT24 are mainly from one 

hospital in western Norway, the corresponding VSE isolates (n=21) were recovered from 9 

different hospitals covering all four health regions in the VSE 2014 collection. Thus, this clone 

has been successful in spreading but only picked up the vanB ICE Tn1549 in hospital W1 where 

we know there has been a high prevalence of Tn1549 in the non-enterococcal gut flora of patients 

[84] . The pure VSE clusters, ST203-CT3056 (n=12), ST203-CT3067 (n=9), and ST203-CT3062 

(n=9), are smaller than the mixed clusters and are only present in either VSE 2008 or 2014 

(supplement file 3) indicating the VSE population structure is dynamic.  

 

Norwegian VREfm and successful CTs have enriched virulomes compared to the more 

diverse VSEfm population 

The main VREfm clusters (ST192-CT3/26, ST117-CT24, ST203-CT20, and ST80-

CT3097) have enriched VF profiles compared to VSE isolates although all VSE are from blood 

cultures and VRE are a mix of carrier and clinical isolates. ST192-CT3/26 (n=113) is the VREfm 

most overloaded with VFs, while in the ST80/CT16 cluster (containing only one VRE out of 23 

isolates) all the isolates lack the eight VFs capD, ecbA, esp, prpA, tirE1, tirE2, boNT/En, and epx2 

and between 34 to 69% of them lack fms15, lysM1, lysm3, and scm, thereby being the least virulent 

cluster. The prevalence of VFs in the five main clusters is depicted in Table 4.  

In general, similar VF profiles were observed within a CT irrespective of presence of a van 

gene cluster. Interestingly, the clinical VSEfm isolates may contain fewer VFs than VRE isolates 

belonging to the same CT and npST isolates have fewer VF genes compared to predominant STs 
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(Fig. 4). For instance, the third largest cluster ST203-CT3061 (n=25) included three vanB-type 

VRE isolates. The VSEfm isolates (n=22) of this cluster were from both VSE 2008 and 2014 

collections. The three VRE isolates lack fms15, lysM3, tirE1, tirE2, epx2 and boNT/En genes, 

while two of them lack one more gene (scm). Three of the VSE ST203-CT3061 isolates lacked 

fms15, gls20, gls33, glsB, glsB1, lysM1/3, tirE1, tirE2, epx2 and boNT/En genes, and two of them 

lacked one (scm) or two more genes (capD and sgrA). Since the virulome of mixed VRE/VSE 

clusters was highly variable, it was impossible to confirm the significance of the differences 

statistically. 

 

Trends in antimicrobial susceptibility patterns in E. faecium 

Regarding antimicrobial resistance, there is a trend toward increasing ampicillin resistance 

over the years. ARE increased from 84% (VSE 2008) to 99.5% among VRE (2010-15) and 100% 

among VSE 2014. HLGR on the other hand, showed a slightly decreasing trend over collections 

and years. 56 % and 44 % of VSE 2008 and 2014 were HLGR, but only 37% of VREfm isolates 

are HLGR (Table 1). The only linezolid resistant isolate in this study was a VREfm isolate from 

2011 that harboured a G2576T mutation in the 23S rRNA gene. The co-resistance pattern of 

ampicillin and gentamicin in the Norwegian VREfm and VSEfm coincide with the proportions 

observed in EU/EEA between 2012 and 2018 [97]. In the European study, 99% and 49% of the 

VREfm showed resistance to ampicillin and gentamicin, respectively, while the corresponding 

proportions were 49% and 43% in VSEfm. 

 

Clade B is less resistant and has fewer known VFs than clade A 

The A and B clades are illustrated in the phylogenetic tree of local E. faecium (n=490) (Fig. 

5). Clade A is mainly formed by globally dominant STs, and no clear separation within clade A 

(A1 and A2 sub-clades) was observed. Sub-clades in clade A are still a disputable topic in the E. 

faecium population structure [4] and may be affected by geographical context. For instance, in E. 

faecium isolates from Latin America, further subclading of A1 was proposed [98]. Globally clade 

A isolates have shown to be more prone to acquire resistance (ampicillin, vancomycin, and 

aminoglycosides), while clade B isolates usually are susceptible [4,6]. 

All the clade B (n=21) isolates (Fig. 4 and 5) in this study were npST VSE from 2008/2014 

(black colour in ST ring of Fig. 4 and 5). Recently it has been suggested that clade B strains belong 
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to a different enterococcal species, E. lactis [7]. Our results confirm that there are clear differences 

between clade B and clade A isolates. For instance, clade B isolates were all susceptible to 

vancomycin (Fig. 5), aminoglycosides and linezolid, and only two isolates were ampicillin 

resistant (Supplement file 1). Clade B VRE isolates are rarely reported, however, clade B vanN-

type VREfm has been observed in Japan (ST669) and the US (ST240) [99]. 

None of the samples in clade B contain ISL3. However, the sample numbers are not large 

enough to draw any conclusions of ISL3 being absent from clade B in general. Moreover, the lower 

number of VFs is especially pronounced in clade B isolates (n=21) that lack from 13 to 19 of the 

investigated VF genes. None of the clade B isolates were shown to harbour ecbA, esp, fms15, prpA, 

ptsD, scm, tirE1, tirE2, boNT/En, or epx2 (Fig. 4 and Supplement file 4).  

 

Strengths and limitations of the study 

One of the main issues in the global molecular epidemiology of enterococci is the bias 

caused by the skewed geographical representation. Most of the examined VRE and VSE genomes 

are submitted from Europe followed by Japan, Australia, and the US. Thus, the epidemiology of 

VRE is less known in other parts of the world (Africa, the Middle East, and south Asia). Moreover, 

most of the studies are biased by antibiotic resistant outbreak isolates. In this study, the sample 

selection of VRE was done randomly across time and region, including different types of infection 

sources and carriers. Additionally, we included VSE isolates for genomic comparison. Thus, the 

current strain collections are representative of the VSE and VRE in a low prevalence AMR setting.  

In the global trees and genomic comparisons, we used the closed genomes of the 

enterococci which barely includes 2% of the available E. faecium genomes in (NCBI) [100]. 

Excluding 98% of the genomes as well as missing data from the rest of the world can introduce a 

new concept of “missing link” in the identification of globally related enterococci.  

In some recent studies, several putative VFs are included in the E. faecium virulome 

[98,101]. All VF genes included in this study have been confirmed as virulence determinants 

experimentally (references listed in Supplement file 2) which we believe is most appropriate.  
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CONCLUSIONS 

To our knowledge this study is the first comprehensive genomic study on the population structure 

of enterococci in a low prevalence AMR setting. Our study shows that globally prevalent clones 

and particularly concurrent European CTs influence the population structure of Norwegian E. 

faecium, with similar dynamic ST sweeps. The prevalent VREfm CTs have acquired more 

virulence determinants than the more diverse local VSEfm population.  
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Legends 

 

Fig. 1. The frequencies of STs based on collection and year. 1A. Frequencies of sequence types 

per sample collection. The chart illustrates the STs containing at least 1% of the total number of 

isolates in this study. STs with less than 1% are shown together as non-prevalent STs (npSTs). 1B. 

The prevalence of STs per year for VREfm. Data for 2019 and 2020 was added to compare shifts 

of STs from the period of the study (2010-2015) to more recent data (2019-2020).  
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Fig. 2. Comparison of the MGEs harbouring a vanB gene cluster. The red and blue gradient 

bars represent direct and reverted sequence matches, respectively. One representative from each 

variant of MGE harbouring vanB gene cluster is shown in the Figure. Arrows symbolise the coding 

sequences (CDSs) and indicate the direction of transcription. Genes with different functions are 

shown in different colours according to the legend beside the figure. Genes of vanB cluster and 

the IS elements are marked in green and red, respectively.  

 

Fig. 3. Comparison of E. faecium plasmids carrying the vanA gene cluster. Red shows the 

direct and blue the inverted sequence matches. In ST80, ST202, and ST192, the vanA gene cluster 

is carried by Tn1546 integrated into the plasmids. Genes with different functions are shown in 

different colours according to the legend beside the figure. The transposase gene in ST192 is larger 

than the transposase gene in ST202 and ST80 by 268 amino acids. 

 

Fig. 4. Core genome SNP tree of Norwegian VREfm annotated with 26 virulence factor genes 

of E. faecium. Genes of one operon or some genes with similar functional categories are marked 

with same colours and red is for remaining genes. All the Norwegian isolates in this study were 

positive for fnm and LysM4 and negative for BonT/En and epx2, which are not shown in the tree. 

Annotations shown from the inner layer are sample collection, ST, CT, and VF genes. Clade B is 

highlighted with red-coloured branches. 

 

Fig. 5. Norwegian E. faecium core genome SNP tree. Metadata added from the inner layer are 

year of isolation, sample collection, ST, van-type (vanA or vanB), and information about which 

isolates were sequenced by long read (PacBio) technology. The nine most prevalent STs are 

highlighted in different colours, while all non-prevalent STs are marked in black. Clade B is 

highlighted with red-coloured branches. 

 

Supplement Fig 1. Norwegian VRE total numbers per year versus the number of VRE 

included in this study. The total numbers of resistant enterococci collected from the Norwegian 

Surveillance System for Communicable Diseases (MSIS) included linezolid resistant isolates 

which were subtracted to get the total VRE numbers.  
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Supplement Fig 2. Minimum spanning tree of the 490 Norwegian E. faecium isolates based 

on the cgMLST target gene scheme. Samples are double-labelled (van-type and cluster type) and 

the colour of the leaves is based on van-type. In each cluster, the isolates are connected by a grey 

area. The number of allelic differences is shown next to the black lines. 

 

Supplement Fig 3. Global core genome SNP tree. The midpoint rooted tree includes all complete 

E. faecium assemblies from NCBI (n=272) as of 11.05.2022 in addition to the Norwegian isolates 

of our study (n=490). Annotations shown from the inner layer are ST, sample collection, and van-

type. The eight most prevalent STs are highlighted in different colours, while all non-prevalent 

STs are marked in black. Clade B is highlighted with red-coloured branches. 

 

Supplement Fig 4. Minimum spanning tree of the 12 Norwegian E. faecalis vanB-type VRE 

isolates based on the cgMLST target gene scheme. A grey area connects isolates belonging to 

the same cluster. The number of allelic differences is shown next to the black lines. 

 

Supplement file 1. Excel file with assembly quality, metadata and repository numbers for each 

sample included in this study.  

 

Supplement file 2. Table with 30 experimentally confirmed VFs in E. faecium including a short 

description of the VFs and the accession number of the sequence that was used to build our VF 

database. 

 

Supplement file 3. Table showing the prevalence of the Norwegian E. faecium cluster types, 

which collection they belong to, their van-types and geographical region.  

 

Supplement file 4. Excel file showing the VF gene profile of all E. faecium (n=490) in this study 

which was used to annotate the local phylogenetic tree. 
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Fig. 1 (A and B). The frequencies of STs based on collection and year. 



 
 
Fig. 2. Comparison of the MGEs harbouring a vanB gene cluster. 
 
 
 

 
 

Fig. 3. Comparison of E. faecium plasmids carrying the vanA gene cluster. 
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Supplement Fig 1. Norwegian VRE total numbers per year versus the number of VRE included 
in this study. 
 



Service
                                 Minimum spanning tree of the 490 Norwegian                       isolates based on the cgMLST target gene scheme.
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Supplement Fig 2.
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E. faecium
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Supplement Fig 3. Global core genome SNP tree.



 

 
 
 
Supplement Fig 4. Minimum spanning tree of the 12 Norwegian E. faecalis vanB-type VRE 
isolates based on the cgMLST target gene scheme. 
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Supplement file 3. Prevalence of the Norwegian E. faecium cluster types (CT), strain collection, 
van-types, and geographical region. 
 

CT Number of isolates Strain collection van-type Geographical region 

ST192-CT3/26 113 VRE 2010-15  vanB (n=113) West 

ST117-CT24 51 VRE 2010-15, 
VSE 2014 vanB (n=31) VRE; West, East, Midle 

VSE; All health regions 

ST203-CT3061 25 All collections vanB (n=3) VRE; West, East 
VSE; All health regions 

ST80-CT16 23 VRE 2010-15,  
VSE 2014 vanB (n=1) West, North, East 

ST203-CT20 19 VRE 2010-15 vanA (n=19) East, Midle, North 

ST203-CT3056 12 VSE 2014  East, West 

ST80-CT3097 10 VRE 2010-15 vanA (n=10) East 

ST203-CT3067 9 VSE 2008  East, West, Midle 

ST203-CT3062 8 VSE 2014, VSE 2008  Middle, East 

ST17-CT3031 8 VSE 2008  East 

ST202-CT3076 8 VSE 2008  East 

ST203-CT191 7 VRE 2010-15,  
VSE 2014 vanA (n=6) East, West 

ST17-CT3037 7 VRE 2010-15,  
VSE 2014 vanA (n=2) East, North 

ST192-CT3081 6 VSE 2014  East 

ST117-CT3054 5 VSE 2014  East, North 

ST203-CT3069 4 VSE 2008  East, North 

ST192-CT188 4 VRE 2010-15 vanA (n=4) North 

ST17-CT3030 4 VSE 2008  East, West 

ST192-CT1217 4 VSE 2008, VSE 2014  East, Midle, North 

ST192_CT397 4 VSE 2008  East 

ST17-CT1709 2 VRE 1996 vanB (n=2) West 

ST192-CT3080 2 VRE 2010-15 vanB (n=2) West, East 

ST192-CT3082 2 VRE 2010-15 vanB (n=2) West 

ST17-CT159 2 VRE 2010-15 vanB (n=2) East 

ST18-CT3042 2 VRE 2010-15 vanA (n=2) East 
Singleton VREfms 
and CTs with ≤ 3 
isolates 

149 All collections vanA (n=19) 
vanB (n=11) All health regions 
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