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Abstract

The methicillin-resistant Staphylococcus aureus (MRSA) sequence type (ST) 8 Panton-Valentine toxin (PVL)-positive USA300
clone has a worldwide distribution. The USA300 North American (NA) variant, harbouring the arginine catabolic mobile
element (ACME), is predominant in the USA while the Latin American (LV) variant is predominant in Northern South
America. Both variants have failed to become endemic in Europe. We examined here the epidemiology of the USA300 clone
in Belgium from 2006 to 2019. A total of 399 clonal complex 8 PVL-positive MRSA isolates received between 2006 and 2019
by the Belgian National Reference Laboratory for S. aureus were investigated for the presence of ACME. Selected ACME-
positive (n=102) and ACME-negative (n=16) isolates were sequenced, characterized for the presence of several resistance and
virulence molecular markers and subjected to phylogenetic analysis. A total of 300 isolates were USA300-NA (ACME-positive),
while only 99 were ACME-negative. Most USA300-NA interspersed in the phylogeny analysis with isolates from other coun-
tries, suggesting multiple introductions. However, two big clades were maintained and spread over a decade, peaking between
2010 and 2017 to finally decrease. Few ACME-negative isolates, mainly related to trips to South America, were identified as
USA300-LV. The remaining ACME-negative isolates were ST8 SCCmec IVb or ST923 SCCmec IVa (COL923). Two clades of
the USA300-NA clone have successfully spread in Belgium, but seem to currently decrease. Related South American variants
have been detected for the first time in Belgium, including the emerging COL923 clone.
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Introduction

Methicillin-resistant Staphylococcus aureus (MRSA) first
emerged in the early 60s and rapidly became a leading cause
of nosocomial infections. Since the mid-90s, MRSA has also
increasingly been identified as a cause of community-acquired
(CA) skin and soft tissue infections and pneumonia, in pa-
tients lacking health-care associated risk factors [1]. CA-
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MRSA usually differ from hospital-acquired (HA) MRSA
by the fact that they carry small staphylococcal cassette chro-
mosome mec (SCCmec) types (type IV or V), and a phage
encoded toxin called Panton-Valentine Leucocidin (PVL).
Several CA-MRSA clones have been identified worldwide,
mainly belonging to clonal complexes (CC) 8, 30 and 80 by
multilocus sequence typing (MLST) [1]. Nevertheless, their
epidemiology varies largely. In some parts of the world, CA-
MRSA remained, at a relatively low prevalence, associated
with small community outbreaks. In other regions, such as
the USA, CA-MRSA became endemic, even spreading in
the healthcare setting, blurring thereby the lines between
HA- and CA-MRSA [2].

First reported in 1999, in a Mississippi jail [2], the USA300
is a particularly successful PVL-positive CA-MRSA clone
that rapidly became endemic in North America (USA300-
NA), accounting for up to 90% of MRSA infections in some
areas [3]. This clone, originally defined on the basis of its
pulsed-field gel electrophoresis (PFGE) pattern, is character-
ized by specific genetic features: spa-types associated to the
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ST8/CCS8, possession of SCCmec IVa, PVL, the arginine cat-
abolic mobile element (ACME), a specific mutation in capsu-
lar polysaccharide gene cap5E (leading to the lack of a func-
tional capsular polysaccharide) and the pathogenicity island
SaPI5 (carrying the enterotoxin-like genes selk and selg) [2,
4]. In 2005, a variant called USA300 Latin American Variant
(LV), as opposed to the original USA300-NA emerged in the
Northern region of South America (Colombia). USA300-LV
shares common genetic features with USA300-NA such as
spa-types associated to ST8/CCS8 and the possession of
PVL. Nevertheless, the USA300-LV carries SCCmec IVc
and, instead of the ACME, harbours a copper and mercury
resistance mobile element known as COMER [2, 5].

Epidemiological data revealed that USA300 has a great
potential for household transmission [6] and is very successful
at spreading rapidly [2]. Despite its success in Northern
America, and the fact that USA300-NA isolates were reported
across Europe (Austria, Denmark, England, France, Germany
and Switzerland) as a result of multiple introductions,
USA300-NA spread remained limited in the general
European population [7-9]. Similarly, USA300-LV has only
been detected sporadically in Europe (Switzerland [10, 11],
Germany [8]). CA-MRSA epidemiology in Europe is charac-
terized by a high heterogeneity, the “European” ST80-
SCCmec 1V being the predominant clone [1]. In Belgium,
the first PVL-positive MRSA were reported in 2002. The
proportion of USA300-NA among PVL-positive MRSA
raised from 0% in 2005 to 33% in 2009 in Belgium, when
USA300-NA became as frequent as the European clone [12].
More recently, USA300-NA has been responsible of an out-
break in a Belgian hospital [13]. The objective of the present
study was to update these Belgian data by following the de-
mographic characteristics and molecular epidemiology of
CC8 PVL-positive CA-MRSA reported cases from 2006 to
2019.

Methods

Bacteria collection and identification of ST8-PVL
isolates

Belgian microbiology laboratories (n~250) are invited by the
National Reference Laboratory for S. aureus (NRLS) to refer
all their CA-MRSA strains (defined as strains isolated from
ambulatory patients or during the 48 first hours of hospitali-
zation) for detection of exotoxin genes. Each isolate has to be
sent with an anonymized case report form describing demo-
graphic and clinical mandatory information: sex and age and
postal code of the patient, clinical site and date of sampling.
Additional optional information fields include history of hos-
pitalization or travel during the year preceding the sampling
and if the case is sporadic or part of a cluster.
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All S. aureus isolates received are prospectively analyzed
by PCR for identification (16S rRNA gene region specific for
the Staphylococci genus and nuc) and for detection of mecA
and PVL genes [12]. MRSA PVL-positive isolates are further
subjected to PCR for detection of the arcA gene, used as a
marker of the presence of the ACME locus, and to spa-typing
[12]. The spa-types are analyzed by the BURP (based upon
repeat pattern) algorithm with Ridom StaphType software
(now available as Ridom SeqSphere+) using default parame-
ters [14]. We selected PVL-positive MRSA isolates received
from 2006 to 2019 assigned by this algorithm to CC8. These
CC8 PVL-positive isolates were classified by the arcA gene
PCR as (1) USA300-NA if arcA-positive, (2) CC8 PVL-
positive ACME-negative if arcA-negative.

Antimicrobial susceptibility is also prospectively determined
using the dis diffusion method for the following antibiotics:
cefoxitin, chloramphenicol, clindamycin, ciprofloxacin, eryth-
romycin, fusidic acid, gentamicin, kanamycin, linezolid,
minocycline, mupirocin, rifampicin, tetracycline, tobramycin
and trimethoprim/sulfamethoxazole. As interpretation is done
according to available EUCAST breakpoints at the time [15],
antibiograms of strains isolated before 2012 were re-interpreted
according current EUCAST breakpoints for this study.

Whole genome sequencing (WGS)

One hundred and twenty-six isolates were selected for WGS
analysis, including 102 isolates categorized as USA300
(MRSA CC8 PVL-positive ACME-positive) and 16 MRSA
CC8 PVL-positive ACME-negative isolates. The selection
was made to encompass to the maximum the diversity ob-
served in the NRC collection regarding the following criteria:
(i) antimicrobial resistance profile; (ii) geographical origin (11
Belgian regions); and (iii) isolation year (2006 (n=1), 2007
(n=2), 2008 (n=8), 2009 (n=12), 2010 (n=13), 2011 (n=7),
2012 (n=12), 2013 (n=13), 2014 (n=12), 2015 (n=13), 2016
(n=8), 2017 (n=13), 2018 (n=4)). Additionally, 14 isolates
were selected as representative isolates of eight known out-
breaks (one or two isolates per outbreak - per year, see
Table S1). Finally, eight CC8 PVL-negative isolates from
the NRLS collection were also subjected to WGS, acting as
out-group (Table S2). DNA extraction was performed by the
semi-automated MagCore platform. Sequencing libraries
were constructed using the [llumina Nextera XT DNA sample
preparation kit and subsequently sequenced on a MiSeq in-
strument with a 250-bp paired-end protocol (MiSeq v3 chem-
istry) according to the manufacturer’s instructions. All raw
reads have been deposited in the National Center for
Biotechnology Information (NCBI) under BioProject acces-
sion number PRINA639672. De novo assembly was per-
formed with the SPAdes algorithm [16] by using the calcula-
tion engine of the BioNumerics software (version 7.6; Applied
Maths).
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Table 1  spa-types, demographics and antimicrobial resistances observed among 399 MRSA CC8 PVL-positive isolates collected in Belgium from
2006 to 2019
Trait Characteristic or origin USA300-NA MRSA CC8 p-value®
(MRSA CC8 PVL-positive ~ PVL-positive
ACME-positive) ACME-negative
N (%) N (%)
(n=300) (n=99)
spa-types t008 233 (77.7) 62 (62.6) <0.0001
1024 3(1.0) 10 (10.1)
t068 3 (1.0) 1 (1.0)
t121 41 (13.7) 2 (2.0)
t334 6 (2.0) -
t955 2(0.7) 1(1.0)
t3082 - 8 (8.1)
Others” 12 (4.0) 15 (15.2)
Patient sex Masculine 159 (53.0) 49 (49.5) 0.16
Feminine 127 (42.3) 49 (49.5)
Unknown 14 (4.7) 1(1.0)
Patient age (years) 0-5 78 (26.0) 12 (12.1) 0.02
6-14 25 (8.3) 11 (11.1)
15-24 34(11.3) 22 (22.2)
25-44 95 (31.7) 32 (32.3)
45-69 43 (14.3) 10 (10.1)
> 70 9 (3.0 33.0)
Unknown 16 (5.3) 6(6.1)
Contact/trip to foreign country Yes 37 (12.3) 14 (14.1) 0.09
No 95 (31.7) 20 (20.2)
Unknown 168 (56.0) 65 (65.7)
Origin of the sample Blood 8(2.7) 2(2.0) 0.42
Screening 34 (11.3) 11 (11.1)
Skin and soft tissue infections 172 (57.3) 61 (61.6)
Pus and internal fluids 49 (16.3) 99.1)
Others or unknown 37 (12.3) 16 (16.2)
Antimicrobial agent (percentage of resistance) Cefoxitin 300 (100) 99 (100) 1.000
Ciprofloxacin 150 (50.0) 14 (14.1) <0.0001
Chloramphenicol 3(1.0) - 1.000
Clindamycin® 27 (9.0) 24 (24.2) 0.0002
Erythromycin 280 (93.3) 32 (32.3) <0.0001
Fusidic acid 6 (2.0) 2 (2.0) 1.0000
Gentamicin 2 (0.7) 1(1.0) 0.5760
Kanamycin 236 (78.7) 7 (7.0) <0.0001
Linezolid 1(0.3) - 1.000
Minocycline 2(0.7) - 1.000
Mupirocin 4(1.3) - 0.5760
Rifampicin - - -
Tetracycline 23 (7.7) 11 (11.1) 0.3016
Tobramycin 3 (1.0) 1(1.0) 1.000
Trimethoprim/sulfamethoxazole - 33.0) 0.0149

# Chi-square test was applied to categorical data. Fisher’s exact test (two-tailed) was used to determine statistical significant differences on antimicrobial
resistance data. bspa-types assigned only to 3 or less USA300-NA (1460, t574, 1622, 1656, t1313, 11354, 11578, 11767, 12849, 13361, t4712) or CC8 PVL-
positive and ACME-negative (148, t190, t197, t211, t304, t1610, t1635, 4919, t5326, t17261, t17320) isolates. © Inducible resistance included. N,

number of isolates
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Fig. 1 Evolution of major
genotypes recovered at the
National Reference Laboratory
for S. aureus (NRLS) of PVL-
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Phylogenetic analysis

Trees were generated from whole-genome single-nucleotide
polymorphisms (SNPs). Sequence reads were mapped against
the reference chromosome of the USA300-NA TCH1516 (ac-
cession number: NC_010079) using BioNumerics. Default
strict filtering procedures were used to remove artifactual
SNPs as previously described [17]. A rooted maximum like-
lihood tree (MLT) of the Belgian CCS strains against a global
ST8 sequences collection (n=121, Table S3) selected from
different studies [6, 8, 11, 18, 19] was inferred using
PHyML v3.0 [20] with Smart Model Selection [21] under
the Bayesian Information Criterion with 100 bootstrap repli-
cates and visualized with the Interactive Tree of Life ('TOL)
web service [22]. Minimum spanning trees (MST) based on
wgSNPs of (1) closely related Belgian USA300-NA using
TCHI1516 as reference chromosome; and (2 and 3) non-
USA300-NA by using reference chromosomes CA12 (acces-
sion number: NZ_CP007672) and V2200 (accession number:
NZ CP007657) were constructed using BioNumerics. The
epidemiological cut-off value of 20 SNPs proposed by
Goyal et al. [23] was used as a marker for identity clusters.

Characterization of isolates subjected to WGS

STs were assigned in silico by uploading de novo assembled
genomes to the MLST 2.0 tool of the Center for Genomic
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Epidemiology (CGE) [24, 25]. SCCmec types, virulence
genes, chromosomal mutations related to antibiotic resis-
tances, acquired antimicrobial resistance genes and replicon
types were identified by uploading de novo assembled ge-
nomes to CGE tools based in nucleotide sequences:
SCCmecFinder 1.2 (database: referenced, threshold for ID:
90%; minimum length: 60%), VirulenceFinder 2.0 (threshold
for ID: 85%; minimum length: 60%), ResFinder 3.2 (thresh-
old for ID: 80%; minimum length: 60%) and PlasmidFinder
2.1 (threshold for ID: 80%; minimum length: 60%) [24,
26-28]. Mutations at capSE were detected by comparing de
novo assemblies with S. aureus strain Newman (accession
number: AP009351.1) using BioNumerics. The BacMet data-
base [29, 30] and the NCBI were used to create a custom
database of metal and biocide resistance, agr (types I, 11, III
and IV) and ACME/COMER (abia, abiC, copXL, kdp,
merAB, oop3, speG) related genes and regions (Table S4).
De novo assembled genomes were uploaded to the CGE
MyDbFinder tool (threshold for ID: 80%; minimum length:
60%) [24] to determine the presence of genes compiled in this
custom database. Manual inspection of the sequences was
performed in those sequences missing key genetic elements
of USA300-NA isolates. A heatmap for indicating presence/
absence of genes was performed by using the free web tool
Heatmapper [31]. CC8 isolates were classified as (1)
USA300-NA if harbouring ACME type I, SCCmec IVa and
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Fig. 2 Classification of the
isolates based on PCR and WGS
results. Sequence types (ST) with
the number in brackets corre-
spond to a mix of the sequence
type indicated and closed related
ones. CC, clonal complex; N,
number of isolates; NRLS,
National Reference Laboratory
for S. aureus; WGS, whole ge-
nome sequence
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Antimicrobial
resistance
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Fluoroquinolone
resistant
n=50
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G223T cap5SE mutation, or (2) USA300-LV if harbouring of
SCCmec IVc and COMER.

Statistical methods

Chi-squared test was applied to categorical data. Fisher’s ex-
act test (two-tailed) was used to determine statistical signifi-
cant differences (p value) on antimicrobial resistance data. p
value < 0.05 was considered statistically significant.
Results

MRSA CC8 PVL-positive population in Belgium

Among the 4973 S. aureus isolates received by the NRLS for
toxin detection between 2006 and 2019, 2499 isolates were

ACME-negative

Fluoroquinolone
susceptible
n=52

FQ-S USA300-NA

CA-MRSA, of which 1085 were PVL positive. PVL-positive
CA-MRSA belonged to a wide range of genotypes, USA300-
NA (n=300) being the most frequent between 2010 and 2017
(Fig. 1, Fig. 2). The USA300-NA clone represented 12% of
the total number of CA-MRSA, and nearly 30% of the PVL-
positive MRSA isolates. By contrast, only 9.5% of CA-
MRSA isolates (n=99) were CC8 PVL-positive ACME-neg-
ative. CA-MRSA CC8 PVL-positive isolates showed 29 dif-
ferent spa-types, t008 being the most frequent among both
USA300-NA (78%) and CC8 PVL-positive ACME-negative
isolates (62%) (Table 1).

More than half of the CC8 PVL-positive isolates (n=233,
58.4%) were obtained from skin and soft tissue infections
(SSTIs) (Table 1). There was no difference regarding the site
of infection (p-value = 0.42) and the sex (p-value = 0.16) of
the patients carrying an USA300-NA isolate compared to pa-
tients carrying an ACME-negative isolate. There was a
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Fig. 3 Maximum-likelihood phylogeny of S. aureus CC8 isolates from
Belgium (n=126) and from a ST8 global representative collection
(n=121) based on 9548 wgSNPs. The USA300-NA TCH1516 strain (in
red) was used as reference genome. The scale bar at the figure indicates
the substitution rate. Bootstraps values are indicated by numbers. Colours
depict geographic region of origin. Arrows indicated clades of Belgian-

statistical difference (p-value = 0.02) regarding the age distri-
bution of the two populations as the proportion of 0 to 5 years
children among NA-USA300-positive patients (26%) was
about twice the one observed in ACME-negative positive pa-
tients (12%) (Table 1). Nevertheless, median age was for both
groups (~25 years).

Most USA300-NA isolates (>75%) were resistant to eryth-
romycin and kanamycin (n=119), and half (n=114) were cipro-
floxacin resistant (Table 1, see also Table S1). Only 17 (5.7%)
USA300-NA isolates were resistant to four or more antimicro-
bial groups other than -lactams. In contrast, most (85%) CC8
PVL-positive ACME-negative did not show any additional re-
sistance (n=51) or carried only one (n=33). Interestingly, resis-
tance to clindamycin (a frequently prescribed antibiotic for CA-
MRSA infections) was significantly lower in the USA300-NA
than in CC8 PVL-positive ACME-negative strains.

WGS and phylogenetic analysis

The 102 ACME-positive isolates selected for WGS had all the
characteristics of USA300-NA: ST8 (n=98) or a closely
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related strains with less than 100 SNPs of difference. Dashed lines con-
nect branches with isolate numeration and/or accession numbers.
Abbreviations before Belgian isolate accession numbers classify the iso-
lates as follows: USA300-NA (UN), USA300-NA with mutations con-
ferring fluoroquinolone resistance (UF), USA300-LV (UL), CC8 PVL-
positive ACME-negative (AN), CC8 PVL-negative (PN)

related ST (n=4), SCCmec IVa, ACME type I and G223T
cap5SE mutation (Fig. 2, Table S1). In the global phylogeny
analysis, the Belgian USA300-NA isolates interspersed with
USA300-NA isolates recovered from other countries (Fig. 3).
Nevertheless, in both MLT and MST trees, there were two
clades of related (less than 100 SNPs) Belgian strains (Fig.
3, Fig. 4 A). The first one (clade Al) grouping 16

Fig. 4 Minimum spanning trees (MSTs) of the following: (A) USA300- P>
NA and related isolates from Belgium (n=106) based on 2948 wgSNPs.
The USA300-NA TCH1516 (in red) was used as reference genome. Each
circle represents a strain coloured on the basis of the Belgian region of
origin. Fluoroquinolone-resistant isolates are indicated with an “F” inside
the corresponding circle. ACME-negative isolates are indicated with a
“*” symbol inside the corresponding circle. Arrows indicated the
“root”-isolate of the clades (A1, A2) of strains with less than 100 SNPs
of difference. Clusters (B1 to B11) with <20 SNPs of difference are
encircled. A table with additional characteristics (year of isolation, num-
ber of laboratories and region) of the isolates belonging to these clusters is
included. (B) MST of USA300-LV isolates from Belgium based on 614
wgSNPs. The USA300-LV CA12 was used as reference genome. (C)
MST of non-USA300 CC8-PVL isolates from Belgium based on 393
wgSNPs. The ST923 V2200 was used as reference genome



Eur J Clin Microbiol Infect Dis

A

D Bruxelles
‘ . Antwerp
OO. . East Flanders
. Hainaut
B1 @ »* @G O Lege
O D Namur
% ' G . West Flanders
13 D Walloon Brabant
98 D Limburg
‘ 8558 (1] Flemish Brabant
O 2 71 65 . Belgian Luxembourg
o7 . Reference
o
Q.
&9 °
57
6740 “1
B11 . *
@ 8187
. 96 gzo
®
®
O 66 5
@
B10
Y 0
B9
Subcluster (N) Year of isolation (N) N° laboratories Regions (N)

B1 (3)
B2 (2)
B3 (4)
B4 (3)
B5 (2)
B6 (9)
B7 (2)
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B11 (3)

2012, 2013 (2)

2009, 2011

2013, 2014 (2), 2016

2009, 2010 (2)

2012, 2013

2010, 2011, 2012 (3), 2013, 2014 (2), 2018
2014, 2018
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2

2

Brussels, Flemish Brabant (2)

Namur
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Brussels, Hainaut
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Antwerp (2)
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N, number of isolates when more than one; *these 7 isolates were selected a part of 2 known outbreaks (Table S1).
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Fig. 4 continued.

phenotypically fluoroquinolone resistant (FQ-R) USA300-
NA with 9 to 74 SNPs difference that were recovered from
2008 to 2017, mainly (n=9) from the Brussels area. The sec-
ond clade (A2), grouped 29 fluoroquinolone susceptible (FQ-
S) isolates recovered from 2009 to 2018, with 4 to 95 SNPs
difference. The majority (n=19) of these isolates were from
Flanders. Using the epidemiological cut-off value of <20
SNPs defined by Goyal et al. [23] for identifying outbreaks,
we identified eleven clusters (B1 to B11) of strains that were
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] sT8sccmecivb
. ST923 SCCmec IVa

indeed related in time and/or in space. Clusters B4 and BS
were part of the Al clade, and clusters B6 to B8 to the A2
clade (Fig. 4 A).

Four ST8 isolates, which interspersed in the phylogeny anal-
ysis with USA300-NA isolates (Fig. 3, Fig. 4A), had genetic
traits that corresponded to this clone (SCCmec IVa, G223T
cap5SE mutation) but were ACME-negative (confirmed by
PCR and visual inspection of the sequences), and were thus
classified as “ACME-negative USA300-NA” isolates.
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Table2  Chromosomal mutations and acquired resistance genes among 118 MRSA CC8 PVL-positive isolates subjected to WGS analysis
Resistance Resistance phenotype Gene(s) USA300-NA ST8-IVa USA300-LV ~ ST8-IVb ST923-IVa
observed (ST8-IVa PVL-positive  (ST8-IVc PVL-positive PVL-positive
PVL-positive A C M E - PVL-positive A CME- ACME -
A CM E - negative® A CM E - negative negative
positive) (n=4) negative) (n=2) (n=2)
(n=102) N (%) (n=8) N (%) N (%)
N (%) N (%)
Aminoglycoside Gen-Kan-Tob aac(6')-aph(2") 1(1.0) - - - -
- Aant(6)-1a 95 (93.1) - - - -
Kan aph(3')-111 94 (92.2) - - - -
ND ant(9)-la 1(1.0) - - - -
Fluoroquinolone (Cip)° grlA/parC S80F 2 (2.0)* - - - -
(Cip)° grlA/parC S80Y 51 (50)* 4 (100) - - -
Cip grlB D432N 1(1.0) - - - -
Cip grlB P585S 1 (1.0) - - - -
Cip gyrA S84A 2 (2.0) - - - -
Cip grA S84L 48 (47.1) 4 (100) - - -
Fosfomycin ND SfusB 1(1.0) - - - -
Fusidic acid Fus fusA L461F 1(1.0) - - - -
Fus fusA L461S 1 (1.0) - - - -
Mupirocin Mup(I) ileS V588F 1(1.0) - - - -
MLS Ery erm(A) 1(1.0) - - - -
Ery-Cli erm(C) 329 - 2 (25.0) - -
(Cli)* Inu(A) 2 (2.0) - - - 1 (50)
Ery(-Cli)* mph(C), msr(A) 99 (97.1) - - - 2 (100)
Phenicol Chl cat 2(2.0) - - - -
Tetracycline (Tet)® tet(K) 6(5.9) - 1(12.5) - -
Tet tet(M) 1 (1.0) - - - -
Trimethoprim  ND dfirG - - 2 (25.0) - -
Biocides ND ImrS, mepA, norAB, 102 (100) 4 (100) 8 (100) 2 (100) 2 (100)
perR
ND qacA 1 (1.0) - - - -
ND qacC/qacD/smr 5(4.9) 4 (100) - - -
Metals ND asrCAR 102 (100) 4 (100) 8 (100) 2 (100) 2 (100)
ND cadD 101 (99.0) 4 (100) 8 (100) 2 (100) 2 (100)

2 solates presenting all the characteristics of USA300-NA, except the ACME. ° Two strains with gr/A p.S80Y mutation and one strain with gr/A p. S80F
did not show ciprofloxacin resistance by disc diffusion, but the diameters were close to the resistance limit. © Two strains carrying /nuA did not show
in vitro clindamycin resistance. ¢ Five strains carrying mph(C) and msr(A) had in vitro clindamycin resistance. © One strain carrying fetK did not show

tetracycline resistance by disc diffusion. N, number of isolates; ND, not determined

Eight ACME-negative isolates were classified as
USA300-LV (SCCmec IVe, COMER) (Fig. 2). They all
were referred at different years between 2009 and 2018,
by 6 different laboratories. These isolates had between §1
and 174 SNPs difference (Fig. 4 B) and in 6 cases, the
information provided to the NRLS indicated that they were
related to trips or contacts with South America. Two
ACME-negative isolates belonged to ST8 SCCmec 1Vb
and were sent at different times by two different laborato-
ries located in different regions. The remaining two arcA-
negative isolates belonged to ST923 and a new ST, differ-
ing from ST923 by one nucleotide in the aroFE gene, and

both harboured SCCmec IVa. These two isolates were only
17 SNPs apart (Fig. 4 C) and were related to a small intra-
familial outbreak (Table S1). PVL-negative Belgian CC8
isolates were distantly separated (353 SNPs) from PVL-
positive CCS8 isolates (Fig. 4, Figure S1).

Virulence, antibiotic, biocide and metal resistance
genes among MRSA CC8 PVL-positive isolates

The four ACME-negative USA300-NA (all FQ-R) and the

FQ-R USA300-NA isolates (n=50) mainly carried muta-
tions S80Y at grlA and S84L at gyrA (Table 2). Three
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Table 3 Virulence-related genes and replicon types among 118 MRSA CC8 PVL-positive isolates subjected to WGS analysis
Type Gene(s) USA300-NA ST8-IVa USA300-LV ST8-IVb ST923-IVa
(ST8-1IVa PVL-positive (ST8-IVc PVL-positive PVL-positive
PVL-positive ACME-negative®  PVL-positive ACME-negative =~ ACME-negative
ACME-positive)  (n=4) ACME-negative)  (n=2) (n=2)
(n=102) N (%) (n=R) N (%) N (%)
N (%) N (%)
agr type agrl 102 (100) 4 (100) 8 (100) 2 (100) 2 (100)
Exoenzyme aur 102 (100) 4 (100) 8 (100) 2 (100) 2 (100)
splAB 102 (100) 4 (100) 8 (100) - -
splE 101 (99.0) 4 (100) 8 (100) - -
Toxins hlgAB, lukED, lukFS-PV 102 (100) 4 (100) 8 (100) 2 (100) 2 (100)
hlgC 101 (99.0) 4 (100) 8 (100) 2 (100) 2 (100)
sea - - 2 (100)
sed, selj, ser - - - 2 (100) 2 (100)
selk, selq 66 (64.7) 4 (100) 6 (75) 2 (100) 2 (100)
Immune evasion  sak, scn 102 (100) 4 (100) 7 (87.5) 2 (100) 2 (100)
Replicon rep7a 10 (9.8) - 1(12.5) - -
rep7c 102 (100) 4 (100) 8 (100) 2 (100) 2 (100)
repl0 4 (4.0) - 2 (25.0) - -
repl3 3(2.9) 1(25.0) 1 (50.0)
repl5 1(1.0) - - - -
repl6 100 (98.0) 4 (100) - - -
repl9 94 (92.2) 4 (100) - - -
rep20 1(1.0) - 7 (87.5) 2 (100) 2 (100)
rep21 45 (44.1) 4 (100) 6 (75.0) 2 (100) 2 (100)
repUS21 - - 1(12.5) - -

Tsolates presenting all the characteristics of USA300-NA, except the ACME. N, number of isolates

ciprofloxacin susceptible USA300-NA isolates carried a
single mutation at gr/A. Most kanamycin-resistant
USA300-NA (92%) carried the aph(3') III gene and most
erythromycin-resistant USA300-NA (97%) carried
macrolide resistance mphC and msrA genes, and this was
regardless their fluoroquinolone resistance profile. In a few
cases, the resistance gene profile did not correspond to the
phenotypic resistance profile observed (see Table 2,
Figure S2 and Table S1): two clindamycin susceptible
strains carrying /nuA, one tetracycline susceptible strain
carrying fetK. All sequenced MRSA CC8 PVL-positive
isolates carried also the same biocides and metal (different
from the COMER element) resistance genes.

The distribution of virulence genes was similar between the
different CC8 PVL-positive populations, the main difference
being the exoenzymes and enterotoxins content (Table 3,
Figure S2). The four isolates not related to USA300 carried
the enterotoxins sea, sed, selj and ser. Most FQ-R USA300-
NA (n=45, 90%), all ACME-negative USA300-NA and the
three ciprofloxacin susceptible USA300-NA presenting a sin-
gle grlA mutation, carried the enterotoxin genes selk and selg
(indicating the presence of SaPI5). Most (63.3%, 31 out 0f 49)

@ Springer

of'the FQ-S USA300-NA (Fig. 4 A) did not carry these SaPI5
enterotoxin genes. Interestingly, some replicons types (rep6,
repl9) were only related to USA300-NA isolates (Table 3,
Figure S2).

Discussion

The USA300-NA is a particularly successful PVL-positive
MRSA clone that became endemic in North America rapidly
after its first description [3]. By contrast, studies in several
European countries show great variation in the frequency of
USA300-NA among PVL-positive isolates, varying from 16
to 48% [9, 11].

In Belgium, the first PVL-positive CA-MRSA isolate was
reported in 2002, and the European clone ST80-SCCmec IV
was the most frequent CA-MRSA until 2009 [12, 32].
USA300-NA was detected for the first time in 2006 and be-
came the most frequent CA-MRSA clone between 2010 and
2017, representing from 23 to 48% of the PVL-positive iso-
lates received. Our results show a considerable decrease of
USA300-NA occurrence in Belgium since 2018, which is in
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accordance with a recent suggestion made that this clone may
globally decline [2]. Nevertheless, a continue surveillance is
needed to further confirm this trend.

Most Belgian USA300-NA isolates were recovered from
SSTIs in young individuals. As in previous studies, Belgian
USA300-NA isolates showed high resistance rates to erythro-
mycin and ciprofloxacin [19, 33], but also to kanamycin. The
sequenced ciprofloxacin resistant isolates mainly carried the
mutations gr/A/parC S80Y and gyrA S84L. As these muta-
tions have been described in the FQ-R USA300-NA sub-
lineage that has a global distribution [7], this observation
could result from its dissemination in Belgium. However, con-
vergent evolution (de novo mutations arising in multiple lin-
eages) cannot be ruled out. MLS and kanamycin resistance
were encoded by the genes mph(C), msr(A) and aph(3')-111 as
in previous studies [7, 19]. Additionally, some replicon types
were specifically isolated from USA300-NA isolates, which is
consistent with other studies that have seen a high level of
plasmid identity among USA300 isolates [34]. Nevertheless,
we did not check if these replicons were plasmidic or chromo-
some-integrated.

The 102 isolates selected to represent the USA300 popula-
tion diversity observed in Belgium interspersed in the phylog-
eny analysis with USA300-NA isolates recovered from other
countries suggesting multiple introductions as it has been seen
in other European countries [7-9]. The S. aureus mutation rate
has been estimated to be of approximately 1 SNP every 9
weeks [35] or 15 weeks [36]. The strict cut-off value of 20
SNPs proposed by Goyal et al. [23] was used as marker for
cluster identification, although several authors demonstrated
more than 20 SNPs of difference between intra-subject iso-
lates [37, 38]. It allowed us to identify several clusters that
were undetected using the NRLS routine typing procedure. By
extending the cut-off value to less than 100 SNPs of differ-
ence, we detected two clades that seemed to maintain them-
selves for several years. This may suggest that, although there
were multiple introductions of USA300-NA in our country, at
least two clades have successfully maintained and spread over
the last decade. As it has been seen in the USA [39], these two
clades (one fluoroquinolone susceptible, the other, fluoroquin-
olone resistant) have spread in two different geographical
areas (Brussels vs Flanders). The isolates from the first clade
(A1) carried the griA/parC S80Y and gyrA S84L mutations,
characteristic of the known fluoroquinolone-resistant
USA300-NA sub-lineage that has globally spread [7]. The
second clade (A2) grouped fluoroquinolone susceptible
USA300-NA that did not carry SaPI5 enterotoxin genes, al-
though this island is considered as a molecular marker of
USA300-NA [2]. It has been estimated that the SaPI5 was
introduced into ST8 many years before the emergence of the
epidemic USA300-NA and USA300-LV clades [5].
Nevertheless, USA300-NA isolates without SaPI5 have been
detected in other recent studies [6], suggesting deletion events

in some USA300-NA strains, some authors claiming that
SaPI5 may not be a key feature of USA300-NA isolates after
all. This A2 clade was further divided in 3 clusters. One of
them (cluster B8) included CA-MRSA isolates sent between
2014 and 2015 by one laboratory located in the Antwerp re-
gion and selected here as such [13]. Epidemiological and
WGS data suggest that CA-MRSA isolates collected during
2016 and 2017 by other laboratories of the same region may
be related to this outbreak as well, making it wider than pre-
viously described [13].

In the present study, we found four isolates that present all
characteristics of the USA300-NA clone but were ACME-
negative. A recent study has shown that ACME can sponta-
neously excise, reporting wild-type ACME-negative USA300
clinical isolates at a low frequency [40]. The successful dis-
semination of USA300-NA and USA300-LV has been asso-
ciated with the cop.X (also named copB) locus present in both
ACME and COMER loci [5]. Nevertheless, the study by Wu
et al. [40] did not support that the ACME element alone is a
significant factor in the transmission and virulence of
USA300-NA. In the present study, three out of the four
“ACME-negative USA300-NA” isolates were closely related
(cluster B1), but they were sent to the NRC by different lab-
oratories at different times, suggesting a limited but successful
transmission despite the lack of the ACME locus.

The eight sequenced USA300-LV were recovered at differ-
ent times from 2009 to 2018, in 6 different laboratories, and
were mostly related to documented trips or contacts with South
America. These results are similar to other European countries
data (Switzerland [10, 11], Germany [8]) where it has been
sporadically described. Since our study only investigated a
small selection of ACME-negative isolates, the real prevalence
of USA300-LV in Belgium remains to be evaluated.

Two sequenced isolates belonged to an emerging clone,
named COL923, that was first detected in Colombia around
2006-2007 [41] and currently spreading in this country [42].
It has also been detected in Ecuador and Venezuela [43]. This
emerging clone has been related to paediatric infections and
nasal colonization in young adults [42]. The two COL923
isolates were related to a small outbreak in 2017 involving a
total of four isolates harbouring new spa-types t17320 or
t17261. In the literature, the COL923 isolates are usually
spa-type t1635 [44]. Interestingly, in our collection, one addi-
tional isolate, not related to the outbreak, and recovered much
sooner (2014) was typed t1635. Information regarding trips
was not provided for these five isolates but, as far as we know,
this is the first detection of the COL923 clone outside South
America.

Belgian NRLS data and isolate collection have the limitation
of being voluntary based, and thus probably underestimate the
true occurrence of CA-MRSA infections. Yet, they present the
advantages of being continuous, prospective and nationwide.
The present study shows that the USA300-NA has successfully
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spread in our country: although multiple introductions probably
occurred, at least two clades have successfully maintained
themselves and even extended during a decade in certain re-
gions. Interestingly, we currently observe a decrease of the
USA300-NA. We also show that the USA300-LV clone, as
well as the new COL923, has been detected in our country.
Our results underline the importance of closely monitoring the
evolving epidemiology of CA-MRSA, since USA300 strains
are virulent, often multi-resistant and difficult to eradicate [13].
Furthermore, these results demonstrate the key-role WGS can
play in this close epidemiological vigilance.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s10096-021-04286-3.
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