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ABSTRACT The MLST scheme currently used for Enterococcus faecium typing was
designed in 2002 and is based on putative gene functions and Enterococcus faecalis gene
sequences available at that time. As a result, the original MLST scheme does not corre-
spond to the real genetic relatedness of E. faecium strains and often clusters genetically
distant strains to the same sequence types (ST). Nevertheless, typing has a significant
impact on the subsequent epidemiological conclusions and introduction of appropriate
epidemiological measures, thus it is crucial to use a more accurate MLST scheme. Based
on the genome analysis of 1,843 E. faecium isolates, a new scheme, consisting of 8 highly
discriminative loci, was created in this study. These strains were divided into 421 STs
using the new MLST scheme, as opposed to 223 STs assigned by the original MLST
scheme. The proposed MLST has a discriminatory power of D = 0.983 (CI95% 0.981 to
0.984), compared to the original scheme’s D = 0.919 (C195% 0.911 to 0.927). Moreover,
we identified new clonal complexes with our newly designed MLST scheme. The scheme
proposed here is available within the PubMLST database. Although whole genome
sequencing availability has increased rapidly, MLST remains an integral part of clinical
epidemiology, mainly due to its high standardization and excellent robustness. In this
study, we proposed and validated a new MLST scheme for E. faecium, which is based on
genome-wide data and thus reflects the tested isolates’ more accurate genetic similarity.

IMPORTANCE Enterococcus faecium is one of the most important pathogens causing
health care associated infections. One of the main reasons for its clinical importance is a
rapidly spreading resistance to vancomycin and linezolid, which significantly complicates
antibiotic treatment of infections caused by such resistant strains. Monitoring the spread
and relationships between resistant strains causing severe conditions represents an im-
portant tool for implementing appropriate preventive measures. Therefore, there is an
urgent need to establish a robust method enabling strain monitoring and comparison
at the local, national, and global level. Unfortunately, the current, extensively used MLST
scheme does not reflect the real genetic relatedness between individual strains and
thus does not provide sufficient discriminatory power. This can lead directly to incorrect
epidemiological measures due to insufficient accuracy and biased results.

KEYWORDS Enterococcus faesium, multilocus sequence typing, clonal complex,
epidemiology, whole genome sequenging

nterococcus faecium is an important opportunistic pathogen frequently causing infec-

tions associated with hospital care. The clinical importance of E. faecium is directly related
to its naturally low susceptibility to a wide range of antimicrobial agents, including penicillin
and ampicillin administered in low doses, aminoglycosides, sulfonamides, and cephalosporins,
as well as a rapid spread of strains resistant to vancomycin, linezolid, or tigecycline (1).
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Molecular typing represents one of the tools to monitor and control the spread of
multidrug-resistant or also, on the contrary, sensitive clones in hospitals. Currently, clin-
ical typing is shifting away from methods, such as PFGE and rep-PCR, due to their labo-
riousness and low to medium discriminatory power (2). Simultaneously, whole-genome
sequencing (WGS) is being widely promoted and is progressing toward becoming a
new golden standard in molecular typing. Acquired WGS data can be used for many in
silico typing analyses e.g., multilocus sequence typing (MLST). Despite its lower dis-
criminative capabilities compared to WGS, MLST still has its place in epidemiology, as it
enables easy comparison of bacterial strains’ relatedness on both a local and global
level. As for E. faecium, the currently used MLST scheme (3) is based on putative gene
functions and Enterococcus faecalis gene sequences available at that time. Even though
several previously published studies have pointed out the discrepancies between
MLST and WGS data (4-6), the MLST scheme itself has not been updated and adapted
to the current knowledge of the E. faecium genome.

The aim of this study is to propose a new MLST scheme based on whole genome data
obtained by sequencing the local E. faecium population, complemented with available
E. faecium genomes sequenced worldwide and obtained from genomic databases. As a
result, this scheme reflects the divergence of the E. faecium populations based on the differ-
ences in the whole genome as accurately as possible and can be used globally.

RESULTS

Since March 2017, prospective screening of the vancomycin resistant E. faecium popula-
tion isolated at the Department of Internal Medicine - Hematology and Oncology (University
Hospital Brno, Czech Republic) has been conducted. All vancomycin resistant E. faecium iso-
lates obtained within this screening period were typed using a high-resolution mini-MLST
based typing method (7). Based on the obtained results, where more than 90% of the strains
belonged to the same melting types (MelT), a long-lasting outbreak was suspected. This was
also indicated by the MLST results, as the majority of the strains belonged to ST80 and
ST117 (Fig. 1).

To confirm or refute the suspicion of a long-lasting outbreak, 194 E. faecium isolates
collected at the University Hospital Brno, Czech Republic were analyzed using both original
MLST scheme (3), and core genome MLST (cgMLST) analysis (a total of 1,423 analyzed gene
targets). The isolates were divided into 9 different STs using the original MLST scheme
(Fig. 1A). The distance between isolates belonging to the same ST was within the range of 0
to 367 allelic differences, which indicated that not all the isolates divided into the same STs
according to the original MLST scheme were closely related (8, 9). Concurrently, using a
threshold of 20 allelic differences (8) for a core genome, the strains were divided into 28
cgMLST clusters (Fig. 1), which were used as a default for designing a new MLST scheme.

For the new MLST scheme design, 1,174 core genes present in all 194 E. faecium
genomes were analyzed as potential targets. From those, 38 highly discriminative candidate
genes characterized by high sequence variability present in all the analyzed genomes were
forwarded to a subsequent analysis. The gene combination was selected to divide isolates
into groups corresponding as closely as possible to the cgMLST clusters. Then, the 8 most
discriminative loci, one in each of 8 genes chosen in the previous step, were selected and
once again the grouping against cgMLST clusters was checked. Finally, selected loci were
used to design the new MLST scheme. The list of alleles for each locus was obtained from
sequences available at the cgMLST.org Nomenclature server database. The individual loci
and the numbers of determined alleles are shown in Table 1. Based on the new scheme,
194 E. faecium isolates were divided into 23 new STs, which more accurately copied the dis-
tribution defined based on cgMLST data (Fig. 1B).

The MLST scheme was further validated on a set of 1,843 genomes (194 isolates from
the University Hospital Brno and 1,649 genomes from the NCBI Data sets database). A total
of 223 STs were determined using the original MLST scheme, and 421 STs according to the
new scheme. Furthermore, cgMLST was performed on all genomes, and this divided the
genomes into 551 cgMLST clusters (threshold 20 allelic differences out of a 1,423 analyzed
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FIG 1 Enterococcus faecium strain clustering based on WGS, original MLST (A) and new MLST (B) schemes. The minimum spanning tree for isolates
(n = 194) collected within University Hospital Brno was constructed using Ridom SeqSphere + version 8.5 software. Numbers listed between nodes

(Continued on next page)

July/August 2023 Volume 11 lIssue 4 10.1128/spectrum.05107-22 3

Downloaded from https://journals.asm.org/journal/spectrum on 15 February 2024 by 147.229.117.44.


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.05107-22

New MLST Scheme for E. faecium

TABLE 1 List of targets and primers used for new MLST scheme?

Microbiology Spectrum

Gene ID Amplicon No. of
(cgMLST.org) Gene Product Primer ID Sequence 5-3' length (bp) alleles
EFAU004_00397 narB Tetronasin resistance transmembrane protein narB FW GCCGGTGTTCAAATCTCGAT 403 200
narB RV GAGTCGGACGTCAAGCAAAC
EFAU004_01293  dnaE DNA polymerase Ill subunit alpha dnaE FW CGCAAATAGCAAGTTTGTGAA 568 219
dnaE RV CGATAAGCGTTGGCTGAAAT
EFAU004_01299 pbp2b  Penicillin binding protein transpeptidase Pbp2b FW  CATCCGTTTAAAGATGGTAGCAA 466 197
domain protein Pbp2b RV CCCATGTTCCTTTTCGCTTA
EFAUO04_01691 uvrA Excinuclease ABC subunit A uvrA FW TACGGCGTTCTTTTGGTACA 694 239
uvrA RV AAATGATTTTGGTGGCGTTC
EFAU004_01915 copA Copper-translocating P-type ATPase copA FW TTCTGGAGCTGCTTGATTGC 518 309
copA RV AGTCATTGCGTGTCCATGTG
EFAU004_02011 mdIA Multidrug resistance-like ATP-binding mdIA FW AGCAAAGGCAGAGGAATCAG 464 293
protein mdIA mdIA RV CGATTTTTAGAAAATTAGGCTGGT
EFAU004_02027 HP Hypothetical protein* HP FW CCGTTTGCTGCCTTGATATCA 582 282
HP RV TTCTGAGCCAGTTGATCCAAA
EFAU004_01226  rpoD RNA polymerase sigma factor RpoD rpoD FW ACGTTCCCGAGTAACACCAA 527 196

rpoD RV GGCATGCAGTTCCTTGACTT

aAccording to EggNOG 5.0.0 database (42), EFAU004_02027 hypotetical protein corresponds to a putative adhesine protein (ID M7W_985).

gene targets) and 100 isolates with no assigned cgMLST cluster. The UPGMA tree for 1,843
genomes showing the distribution of the new and original STs against whole genome
MLST is shown in Fig. S1. Simpson’s Diversity index for individual schemes was 0.919 (Cl
95% 0.911 to 0.927), 0.983 (Cl 95% 0.981 to 0.984) and 0.991 (Cl 95% 0.989 to 0.992) for
the original scheme, the new MLST scheme and cgMLST, respectively. Adjusted Wallace
values comparing the new and original and cgMLST typing schemes are shown in Table 2.
The new MLST scheme has been uploaded to the PUbMLST database (10) and run against
the collection of 3,625 E. faecium genomes to validate the MLST scheme and expand the
list of known alleles and STs. A total of 1,066 STs were determined as of March 2022.
Recombination events for all 8 loci were determined using RDP5 software (11) based on
alignments of all existing alleles. Our analysis revealed no evidence of recombination
events in copA, HP2027, mdlA, narB, pbp2, and uvrA loci. However, we identified 1 unique
recombination event in the dnaE locus and 4 unique events in the rpoD locus. Importantly,
the occurrence of recombination events did not affect the typeability of any of the
genomes used for the proposed MLST scheme validation (this included genomes from
University Hospital Brno, NCBI data sets database and PubMLST genome collection).

One of the most significant outcomes of the proposed MLST was a new ST isolate
distribution within the 3 most prevalent original STs: ST80 (n = 413, 22.41%), ST117
(n = 185, 10.04%), and ST17 (n = 170, 9.11%). Isolates grouped into the original ST80
differed in 0 to 549 core genomes alleles (n = 1423 core genes), with a median of 296
allele differences. Isolates from the original ST117 had 0 to 455 core genome allele dif-
ferences, with a median of 256. Isolates from the original ST17 differed in 0 to 507 core
genome alleles, with a median of 113 allele differences. Newly, isolates belonging to
the original ST80 have been divided into 42 new STs, isolates belonging to the original
ST117 into 14 new STs, and isolates belonging to the original ST17 into 35 new STs. A
list of the new STs within the original ST80, ST17, and ST117, and a range of allele dif-
ferences within new ST groups are listed in Table 3.

New clonal complex (CC) founders were determined based on the proposed MLST
scheme using PhyloViz 2.0 software and the eBURST algorithm. CCs were assigned to STs
using the PubMLST algorithm with the condition of at least 5 identical alleles, regarding
the founder allelic profile. The CC distribution based on the original and proposed MLST
is shown in Table 4. CC Simpson's Diversity index was 0.238 (Cl 95% 0.215 to 0.261) for

FIG 1 Legend (Continued)

represent allelic differences (only distances of 20 or more differences are displayed), while the length of the branches in this figure does not
correlate with the number of differences and therefore is not informative due to the relatedness of the strains. Core genome MLST clusters (cgMLST) are
defined as groups of strains with a maximum of 20 allelic differences. Node numbers and colors represent STs of original (A) and new (B) MLST schemes.
The node size represents the number of isolates, where the smallest size represents 1 isolate, the largest size represents 8 isolates.
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TABLE 2 Adjusted Wallace values comparing new MLST scheme, original MLST scheme and cgMLST scheme (cgMLST.org)

New MLST Original MLST cgMLST
New MLST - 0.837 (C195% 0.811-0.962) 0.367 (C1 95% 0.351-0.382)
Original MLST 0.168 (Cl 95% 0.155-.0.182) - 0.071 (Cl1 95% 0.061-0.081)
cgMLST 0.686 (Cl 95% 0.680-0.691) 0.658 (Cl 95% 0.648-0.668) -

the original MLST scheme, and 0.808 (Cl 95% 0.796 to 0.820) for the proposed MLST scheme.
Direct comparison for individual isolates is shown in Fig. S1.

DISCUSSION

Tracking bacterial strain relatedness using molecular typing is one of the fundamental
components of modern epidemiology (2, 12). Accurate description of bacterial strains and
populations is essential for early outbreak detection, ongoing infection control, monitoring
bacterial populations dynamics, and developing and implementing preventive measures
to forestall outbreak occurrence. Replacing traditionally used techniques, such as PFGE
and MLST, by introducing new, advanced molecular methods, such as WGS, changed bac-
terial strain typing and revolutionized epidemiology. Extending the classic MLST schemes
based on 7 to 8 housekeeping genes to core/whole genome MLSTSs, or even detailed evalua-
tion based on single-nucleotide variants (2) are excellent examples of diagnostics directly
improved by WGS. As a result, the discriminatory power of molecular typing greatly increases
along with the precision/accuracy of strain relatedness determination. However, the lack of
optimization and inconsistency in data processing and evaluation (unified core genome

TABLE 3 Distribution of new STs within original ST80, ST17, and ST117 and number of core genome allelic differences within individual STs

Original  New No. of No. of allelic Original  New No. of No. of allelic Original  New No. of No. of allelic
ST ST isolates  differences (median) ST ST isolates differences (median) ST ST isolates  differences (median)
ST80 413 0-549 (296) ST17 170 0-507 (113) ST117 185 0-455(113)
ST24 84 0-51(1) ST1 4 2-44 (41.5) ST17 84 0-140 (51)
ST25 2 2 ST2 19 0-283 (95) ST18 36 0-207 (148.5)
ST26 1 NA ST3 1 NA ST19 4 1-7 (3.5)
ST39 1 NA ST6 1 NA ST42 34 0-106 (3)
ST102 32 0-82(12) ST8 63 0-94 (38) ST106 1 NA
ST106 3 3-14(11) ST9 1 NA ST123 10 0-8 (4)
ST107 1 NA ST10 1 NA ST128 3 6-13(11)
ST111 3 0-2(2) ST43 3 8-24(17) ST258 2 55
ST122 13 0-97 (56) ST47 8 0-3(0) ST480 1 NA
ST130 2 8 ST49 2 3 ST558 1 NA
ST136 5 5-21(15) ST50 1 NA ST581 1 NA
ST137 1 NA ST67 4 0-3(0) ST709 5 0-5(3)
ST138 13 0-183 (168) ST100 1 NA ST839 2 5
ST139 4 0-15(7.5) ST101 1 NA ST1016 1 NA
ST140 49 0-42 (6) ST103 1 NA
ST141 1 NA ST104 1 NA
ST142 1 NA ST105 1 NA
ST143 10 0-4 (0) ST115 8 2-93 (57.5)
ST144 8 0-275 (163.5) ST117 11 0-20(10)
ST148 3 0(0) ST146 1 NA
ST149 1 NA ST160 1 NA
ST150 2 1 ST161 2 3
ST151 4 2-8(6) ST162 1 NA
ST152 88 0-153 (86) ST163 2 0
ST153 2 42 ST167 1 NA
ST154 3 1-5(4) ST251 1 NA
ST170 16 1-16 (8) ST261 2 20
ST173 18 0-64 (3) ST276 6 1-27(17)
ST174 2 0 ST544 1 NA
ST175 1 NA ST602 5 10-19 (15)
ST252 16 0-34(5) ST629 1 NA
ST482 9 0-54 (0) ST812 2 59
ST564 1 NA ST831 2 4
ST658 2 42 ST942 9 0-7 (4)
ST746 1 NA ST1006 1 NA
ST479 1 NA
ST838 1 NA
ST871 1 NA
ST1009 1 NA
ST1013 2 0
ST1026 1 NA
ST1030 3 1-4(3)
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TABLE 4 Distribution of CC based on original and new MLST schemes

Clonal complex No. of isolates

Original MLST scheme cc17 1589
no CC assigned 254

New MLST scheme cCc2 663
CC152 230
cCi128 179
cc7 178
CC36 73
CC184 45
CC73 39
CC89 37
CC60 35
CC162 32
CCe62 27
cc7 14
no CC assigned 291

schemes are not established, neither are pipelines for data processing) remains the main
bottleneck, especially in reproducing results at the interlaboratory level. Consequently,
traditional methods such as MLST must remain an integral part of epidemiological inves-
tigations, along with their limitations. Regarding MLST, it is advantageous to use the
sequencing data obtained by WGS and perform this analysis in silico. In silico MLST based
on WGS data provides inter-laboratory and even globally comparable data, while it does
not require extra costs. This approach allows us to use highly accurate WGS typing for
local epidemiological investigations and simultaneously compare the situation within
other hospitals or regions, and to track strain clonality worldwide.

The original MLST schemes were designed based on the putative gene functions, or
gene sequences in closely related bacterial species for the vast majority of clinically impor-
tant bacteria (3, 13, 14). However, at this time, WGS provides the ability to target hyper-vari-
able loci across the entire core genome to find the most appropriate loci combinations,
which maximize the discriminatory power and bring the resulting STs clustering as close as
possible to the WGS results and to the real strain distribution/divergence. E. faecium MLST
(3) is a great example of clinical typing evolution. Several studies have been published dem-
onstrating the current MLST scheme is not optimally designed (4-6). Among the main draw-
backs, the authors mention the possibility of recombining MLST genes (15), the frequent
absence of the pstS gene (16), and obvious discrepancies between MLST clustering and WGS
data (4, 5). This, in summary, shows the limited accuracy of this scheme for its use in typing.

The MLST scheme we propose in this study is based on WGS data obtained from
both local strains and online available genomes originating from various countries around
the world. The advantage of our approach is in the order of the steps in the scheme design.
First, we divided isolates into WGS clusters and then searched for variable loci based on this
clustering, so the MLST scheme proposed here reflects the individual STs true genetic relat-
edness to the maximum extent possible. As the strains classified according to the original
scheme to ST80, ST17, and ST117 belong to the most clinically significant strains (17-19), it
is likely that dividing them into the new STs can significantly affect further epidemiology
studies and epidemiological measures in relation to E. faecium. Certain E. faecium isolates
lack the pstS gene and belong to a specific group, which is assigned the pstS 0 allele for the
purpose of the MLST typing. These strains have been found in clinical environments world-
wide (4, 20). With a new MLST scheme, all isolates lacking the pstS gene became completely
typeable, providing a more accurate ST distribution, particularly for ST1421 (Fig. S2).

The new MLST scheme also groups isolates that differ in a greater number of alleles,
although there are fewer such groups than in the original scheme, and the differences
within these groups are significantly smaller. However, it is important to note that the
discriminatory power of MLST schemes is lower than that of cgMLST, which compares hun-
dreds to thousands of genes. The main disadvantage of cgMLST is the lack of interlaboratory
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standardization, leading to the utilization of various schemes across different laboratories.
This encompasses both the existence of different published schemes for the same species
(8, 21-23) and the development of schemes designed to specific populations and employed
mostly at a local level. Despite the increasing accessibility of WGS, many clinical laboratories
still lack the necessary resources to fully utilize its potential. Therefore, the highly standar-
dized MLST method remains an ideal option to monitor epidemiology, as demonstrated by
recent studies that have used only MLST or PFGE (24-27). Moreover, even studies using
WGS data might still prefer to use standard MLST schemes to interpret results (28, 29).

In addition to STs, another output of MLST analysis is CCs, which are used to monitor the
spread of clones carrying important determinants of antimicrobial resistance or virulence
(30). These CCs are still frequently used by epidemiologists despite their relatively low
discriminative power. Specifically in E. faecium, the globally widespread CC17 (the origi-
nal MLST scheme) includes a substantial part of the most widespread STs and thus unites
genetically distant strains into 1 complex (17, 31). As part of the proposed MLST scheme
design, CCs were also determined on the pilot genome group. These, as in the case of STs,
clustered isolates into more CCs than the original scheme and thus allowed more accurate
clonal spread monitoring. Despite the stronger discriminative power of the new CC spread
assessment, it is well known that origin and relatedness based on CCs alone can easily link
genetically and epidemiologically unrelated isolates together and thus be misleading.

When introducing a new typing scheme, it is crucial to anticipate the potential confusion
that may arise when comparing results with studies that utilize the old scheme. To mitigate
this confusion, 1 practical solution is to use both typing schemes simultaneously and report
the combined sequence type as a combination of the individual STs. This approach offers
several advantages, such as enabling recent and past studies to be compared, possibly
providing higher discrimination power. Furthermore, utilizing both typing schemes can be
particularly beneficial when performing MLST analysis in silico from sequencing data as it
does not require any extra costs, just a simple analysis of the same data. However, for stud-
ies using only MLST analysis per se, we suggest using only the new MLST scheme, which
has a higher discriminatory power.

In this study, we proposed and validated a new MLST scheme for E. faecium, which
is based on genome-wide data and thus reflects the tested strains’ more accurate genetic
similarity. This newly proposed scheme combines discriminatory power provided by WGS,
but also preserves MLST for routine clinical typing, which is still considered a golden stand-
ard. The proposed scheme offers a significantly higher discriminatory power than the origi-
nal MLST scheme, while it preserves the possibility of worldwide interlaboratory compari-
sons. Currently, it is advisable to use modern methods based on WGS and subsequently
perform in silico MLST on these data.

MATERIALS AND METHODS

Isolates and genomes. A total of 194 clinical isolates of E. faecium were collected at the University
Hospital Brno in the Czech Republic between June 2017 and July 2022. In addition, we downloaded 1,825
E. faecium genomes from the NCBI Data sets database (https://www.ncbi.nlm.nih.gov/) that met our selection
criteria, which included only annotated genomes released after 2005 with genome completeness at the scaf-
fold to complete level. Atypical genomes were excluded from our analysis. To ensure the accuracy of our data
set, we used high-throughput average nucleotide identity (ANI) analysis (32) against a reference E. faecium ge-
nome (GCF_009734005.1) to exclude misidentified genomes. After this process, we excluded 22 genomes due
to a low percentage (< 95%) of good targets for cgMLST, 25 genomes due to the presence of ambivalent
bases in the original MLST sequence, and 20 genomes due to the presence of ambivalent bases in the pro-
posed MLST sequence. In total, we used 1,843 genomes (194 from University Hospital Brno and 1,649 from
NCBI Data sets database) to design and validate our new MLST scheme. For reference, we have included a
complete list of genomes in a Supplementary file (Table S1), which also contains information, about the collec-
tion date, geographical location of origin, and isolation source, where available.

DNA isolation. Genomic DNA (gDNA) for mini-MLST and WGS was purified using GenElute Bacterial
Genomic DNA Kit (Sigma-Aldrich) according to the manufacturer’s instructions.

Mini-MLST. Mini-MLST was performed on a Bio-Rad CFX96 platform (Bio-Rad) using primers described by
Tong et al. (7). The reaction mixture contained 10 uL 2x SensiFAST HRM mix (Bioline Reagents), 0.5 M each
primer, 30 ng of gDNA, and PCR grade water to a final volume of 20 uL. Cycling parameters were: 95°C for
3 min, 40 cycles of 95°C for 5 s, 65°C for 10 s, and 72°C for 20 s, followed by 1 cycle of 95°C for 2 min and 50°C
for 20 s, terminated by HRM ramping from 72 to 88°C, increasing by 0.1°C at each step.
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WGS. Sequencing libraries were prepared using KAPA HyperPlus Kits (Roche). Sequencing was per-
formed on the lllumina MiSeq platform using the MiSeq reagent kit v2 (500-cycles) (lllumina). After quality con-
trol, the reads were trimmed via Trimmomatic version 0.36 (33). Burrows-Wheeler Alignment MEM (v0.7.17-r1188)
(34) was used for reference-based assembly. E. faecium seed genome NC_017022.1 was used as a reference.
Samtools version 1.7 (35) was used to remove low-quality and duplicated reads, followed by generating con-
sensus sequences.

In silico MLST. In silico MLST, cgMLST, and wgMLST analyses were performed for all clinical isolates
and database genomes using Ridom SeqSphere+ version 8 software (Ridom, DE) (36).

New MLST scheme design. Firstly, 194 E. faecium genomes obtained by sequencing strains isolated
at the University Hospital Brno, Czech Republic were used for the initial analysis. Genomes were ana-
lyzed via SeqSphere+ software (Ridom) using cgMLST.org Nomenclature server database, and WGS clus-
ters and cgMLST profiles were determined. Next, genes present in all strains were found and used for
the subsequent analysis. Among these, a combination of 8 most discriminating genes were found using
MATLAB version 2020a (The MathWorks) (37). UPGMA trees were created for the 6 most discriminating
gene combinations and compared against the WGS clusters. A final combination of 8 genes were
selected based on the highest match to the WGS clusters. Finally, all loci were scanned for recombina-
tion events using Recombination Detection program v.5.34 (RDP5) (11).

Afterwards, the most variable regions, with a length of 400 to 800 bp, were determined within the
selected genes. Primers targeting these regions were designed using the Primer3 online tool v4.1.0 (38)
(Tab. 1). A UPGMA tree based on selected loci was constructed to check the preservation of discriminatory power.
The PCR was optimized as follows: reaction mixture contained 2,5 uL of 10xPCR buffer Il (Thermo Scientific),
1 uL of 25 mM MgCl, (Thermo Scientific),, 0,3 uL of Tag DNA polymerase 5U/uL (Thermo Scientific), 0,5 uL of
10 mM dNTPs (Thermo Scientific), 0,3 wlL of 25 wM forward primer, 0,3 L of 25 wM reverse primer, 150 ng of
bacterial DNA, and PCR grade water up to final volume of 25 uL; thermocycling parameters were 94°C for 4 min,
35 cycles of 95°C for 30 s, 60°C for 1 min, and 72°C for 1 min, followed by 1 cycle of 72°C for 7 min.

New MLST scheme validation. Furthermore, 1,649 genomes downloaded from the NCBI data sets
database (https://www.ncbi.nlm.nih.gov/datasets/) were used for MLST scheme validation. New clonal
complexes were calculated using Phyloviz 2.0 software (39), and Simpson’s index of diversity (40) and
Adjusted Wallace (41) were calculated using online tools available at http://www.comparingpartitions
.info/. The new MLST scheme is available at https://pubmist.org/organisms/enterococcus-faecium (10).

Data availability. The raw sequencing data were deposited in the SRA database under the BioProject
accession number PRINA675431. Accession numbers for all genomes used in MLST scheme design, including
both those available from the NCBI database and newly sequenced ones, are listed in Table S1.
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