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Abstract: Staphylococcus aureus (SA) belonging to the clonal complex 398 (CC398) took a special
place within the species due to its spread throughout the world. SA CC398 is broadly separated in
two subpopulations: livestock-associated methicillin-resistant SA (MRSA) and human-associated
methicillin-susceptible SA (MSSA). Here, we reviewed the global epidemiology of SA CC398 in
human clinical infections and focused on MSSA CC398. The last common ancestor of SA CC398
was probably a human-adapted prophage ϕSa3-positive MSSA CC398 strain, but the multiple
transmissions between human and animal made its evolution complex. MSSA and MRSA CC398
had different geographical evolutions. Although MSSA was present in several countries all over the
world, it was mainly reported in China and in France with a prevalence about 20%. MSSA CC398
was frequently implicated in severe infections such as bloodstream infections, endocarditis, and bone
joint infections whereas MRSA CC398 was mainly reported in skin and soft tissue. The spread of
the MSSA CC398 clone is worldwide but with a heterogeneous prevalence. The prophage ϕSa3
played a crucial role in the adaptation to the human niche and in the virulence of MSSA CC398.
However, the biological features that allowed the recent spread of this lineage are still far from being
fully understood.
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1. Introduction

Staphylococcus aureus (SA) is a leading cause of morbidity worldwide [1]. During the past 20 years,
livestock animals, especially pigs, have been identified as a reservoir of methicillin-resistant SA (MRSA)
isolates that clustered in clonal complex 398 (CC398). MRSA CC398 has emerged worldwide and has
been found to colonize and infect animals and humans [2]. Recent genomic analyses have demonstrated
the existence of two main subpopulations within the CC398: an ancestral human-adapted clade with
the integrase group 3 prophage (ϕSa3) containing the immune evasion cluster (IEC) genes and the
erythromycin-resistant gene erm(T) and an animal-associated clade associated with the absence of
ϕSa3, and the acquisition of resistance to tetracycline and methicillin [1,3,4]. Severe infections, such as
bloodstream infection (BSI), endocarditis, osteomyelitis and necrotizing pneumonia or mild infections
such as skin and soft-tissue infections (SSTI) were reported in both populations of CC398. However,
the majority of publications examining SA CC398 to date have focused on livestock-associated MRSA.

In this review, we first discussed the evolution of SA CC398 and its epidemiology in clinical
infections in human and then focused on methicillin-susceptible SA (MSSA) CC398.
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2. Origin and Evolution of the Different Lineages of CC398

Although a history of exposure to livestock has been identified as one of the main risk factors for
human infections with CC398, an increasing number of cases are emerging in patients with CC398
infection with no such history [5–7]. Epidemiological data suggested a possible transmission of this
strain between humans, which could explain its spread [6,8,9].

Microarray studies of CC398 have shown a distinction between livestock-associated infections and
those associated with human-to-human transmission in terms of their distribution of mobile genetic
elements (MGEs) and antibiotic resistance [3,9].

SA CC398 was then separated into two subpopulations: a human (Hu) clade and a livestock-
associated (LA) clade. The two clades are characterized by different prophages. LA-MRSA CC398
isolates commonly carry phagesϕ2,ϕ6, orϕAvb [1,10,11]. By contrast, isolates belonging to the human
clade contain theϕSa3 prophage carried the human-specific immune evasion cluster (IEC) in particular
genes chp (chemotaxis inhibitory protein; CHIPS) and scn (staphylococcal complement inhibitor;
SCIN) [1,9]. Additional prophages elements are believed to distinguish isolates of the ancestral
subpopulation from the emerging human subpopulation, such as ϕMR11-like prophage [12,13].
Moreover, LA-CC398 had tetracycline resistance with the presence of the tet(M) gene, and methicillin
resistance with the presence of SCCmec, while Hu-MSSA CC398 had erythromycin resistance with
erm(T) gene.

The advent of whole-genome sequencing (WGS) has allowed the reconstruction of the evolution of
this clone. WGS analyses revealed a possible human origin for LA-CC398, followed by the emergence
of methicillin and tetracycline resistance driven by antibiotic pressure in animal [1]. Indeed, according
to Price et al. [1], the last common ancestor of SA CC398 was probably a human-adapted IEC-positive
MSSA CC398 strain, which at a later stage acquired SCCmec, leading to the emergence of human
MRSA CC398 strains. At some point, ancestral MSSA CC398 strain jumped to livestock, which was
accompanied by the loss of IEC and the acquisition of tet(M), conferring resistance to tetracycline and
later on by the acquisition of SCCmec, conferring resistance to methicillin, leading to the emergence
of livestock-associated MRSA CC398. However, a more recent quantitative time-scaled phylogeny,
indicated that both Hu and LA-SA CC398 emerged in parallel around 1970 [14]. Ward et al. [14]
supported the existence of distinct human- and livestock-associated clades that emerged at similar
times, with some interspecies transmission in both directions. The combined MLST sequence from a
number of sequence types (STs) confirmed that SA may jump between human and livestock hosts in
both directions [15]. In the same way, the global CC398 phylogeny presented by Chen et al. suggested
the presence of some human CC398 isolates in the animal source clade and vice versa, which further
supports the spread of CC398 between animals and humans [16].

Finally, in view of the frequent transfers of CC398 between humans and animals, with some
differences according to the country, a detailed analysis of the dissemination of CC398 between
individual countries with a same sampling methodology should be done, to better understand the
evolution and the spread of this clone.

We proposed a model of evolution of SA CC398, into the two different subpopulations: animal
and human clade (Figure 1). The animal clade was separated into MRSA and MSSA LA CC398.
Human-adapted LA CC398 was defined according to the acquisition of the ϕSa3 prophage.
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Figure 1. Schematic representation of the evolution of different subpopulations within the CC398
lineage. The last common ancestor of Staphylococcus aureus (SA) CC398 was probably a human-adapted
immune evasion cluster (IEC)-positive methicillin-susceptible SA (MSSA) CC398 strain, which at a
later stage acquired SCCmec, leading to the emergence of human methicillin-resistant SA (MRSA)
CC398 strains. At some point, the ancestral MSSA CC398 strain jumped to livestock, which was
accompanied by the loss of IEC and the acquisition of tet(M), conferring resistance to tetracycline and
later on by the acquisition of SCCmec, conferring resistance to methicillin, leading to the emergence of
livestock-associated MRSA CC398. However, Ward et al. [14] supported the existence of distinct human-
and livestock-associated clades that emerged at similar times, which was represented by “?*” in the
figure. Because some interspecies transmission in both directions was described, a double-arrow was
used to represent the different livestock-associated clade subpopulations. These transmissions were
probably responsible for the acquisition of the prophage ϕSa3 in the LA clade, which differentiated
human (Hu) SA CC398 subpopulations from the adapted Humans (HuA) livestock-associated (LA) SA
CC398 subpopulations.

3. Epidemiology of SA CC398 Infections

The limited molecular epidemiology of large collections of MSSA has probably precluded an
accurate assessment of the global spread of CC398 [9]. Since SA CC398 was first reported from the
colonization of pigs and of farmers in France in the late nineties [2], human SA CC398 infections have
been sporadically reported all over the world (Figure 2), whereas the majority of them have been
reported in Europe (mostly in France) and China [17–23].
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Figure 2. Number of MRSA (A,B) and MSSA (C,D) CC398 isolates from clinical infection in the
world and in Europe. MRSA: Denmark (n = 1727), Germany (n = 600), The Netherlands (n = 446),
Spain (n = 310), China (n = 78), Belgium (n = 77), Austria (n = 67), Sweden (n = 2), Slovenia (n = 6),
France (n = 18), Luxembourg (n = 16), United Kingdom (n = 14), Hungary (n = 12), Finland (n = 10),
New Zealand (n = 7), Italy (n = 6), Greece (n = 4), Canada (n = 4), United States (n = 3), Japan (n = 2),
Hong Kong (n = 2) Laos (n = 1), Japan (n = 1), Australia (n = 1), Norway (n = 1), Ireland (n = 1), Poland
(n = 1); MSSA: France (n = 711), China (n = 255), United States (n = 117), Belgium (n = 58), Portugal
(n = 18), Greece (n = 17), The Netherlands (n = 7), Dominican Republic (n = 7), Iran (n = 6), Germany
(n = 6), Spain (n = 4), Denmark (n = 4), Laos (n = 4), Ireland (n = 2), Colombia (n = 2), Italy (n = 1),
Ecuador (n = 1), Brazil (n = 1).

A variety of MRSA CC398 infections has been documented, ranging from relatively minor or
localized infections (SSTI) to more serious or invasive infections (including bloodstream infection (BSI),
osteomyelitis, pneumonitis, and endocarditis) [24]. Despite the diverse array of infection types, it has
been suggested that MRSA CC398 may not cause as much severe diseases as MSSA CC398 [25]. Details
on MSSA CC398 studies were presented in the Table 1.

The analysis of the publications that have specified the clinical diagnosis of SA CC398 infections
is summarized in Table 2. BSI, endocarditis, and bone joint infections (BJI) were reported more
frequently in MSSA CC398 studies, whereas SSTI, respiratory tract and urinary tract infections were
reported more frequently in MRSA CC398 studies. However, most countries do not perform MSSA
surveillance, and when they do, they focus on invasive isolates, meaning that MSSA SSTIs are likely to
be underreported in the literature.
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Table 1. Frequency and clinical diagnosis of MSSA CC398 infections.

Author (Ref No.) Country/Study Design Study Period Selection Criteria Number of MSSA
CC398/All MSSA Tested (%) Clinical Diagnosis (n)

EUROPE

Grundmann et al. [25] 28 European countries 2006–2007 Five successive MSSA 12/565 (2.1) -

Argudin et al. [26] Belgian reference
laboratory 2013–2014 All isolates sent to the national

reference center 51/124 (41.1) SSTI (27), deep fluids (7)
BSI (4), screening (13)

Vandendriessche
et al. [27]

Belgium reference
laboratory 2008 MRSA and MSSA isolates during a

national survey 5/212 (2.4) RTI (1), BSI (1)

De vries et al. [28] Denmark reference
laboratory 1957–2002 TET-resistant SA isolates from blood 4/17 (23.5) BSI (4)

Price et al. [1]
Denmark, France
The Netherlands,

Canada, USA, China
1999–2010 Collection of CC398 isolates 18/18 Infection, only 16 isolates

Rasigade et al. [29] France 2009 Case report 1/1 RTI (1)
Bouiller et al. [30] France monocentric 2010–2017 SA BJI 120/821 (14.6) BJI (120)

Diene et al. [12] France multicentric 2007–2015 Selection of ST398-BSI among an
annual 3 months survey of SA BSI 75/75 BSI (75)

Aubin et al. [31] France monocentric 2007–2010 SA monomicrobial PJI 1/56 (1.8) PJI (1)
Sauget et al. [18] France monocentric 2010–2017 SA isolated from BSIs 162/1209 (13.4) BSI (162)

Dunyach et al. [32] France multicentric 2010–2012 Diabetic foot infection 13/58 (22.4) DFI (13)
Senneville et al. [33] France multicentric 2008–2010 Diabetic foot infection 35/136 (25.7) DFI (31), SSTI (4)

Tristan et al. [34] France multicentric 2008 Collection of SA IE isolates
7/170 (4.1)

IE = 5/89 (5.6)
non-IE 2/81 (2.5)

IE (5), BSI only (2)

Valenti-Domelier
et al. [7] France multicentric 2007–2010 SA strains from BSI case 17/615 (2.8) BSI (17)

Valour et al. [35] France multicentric 2009–2012 SA CC398 prosthetic joint infection 68/485 (14) PJI (68)
Van der Mee-Marquet

et al. [13] France multicentric 2009 Annual surveys of bloodstream
infection 4/4 BSI (4)

Chroboczek et al. [19] France reference
laboratory 1999–2011 CC398 MSSA human isolates 105/105

SSTI (29), BSI (22),
RTI (12), BJI (6)

SSI (3), other (33)

Rasigade et al. [36] France reference
laboratory 1981–2007 PVL positive MSSA 1/211 (0.5) -

Brunel et al. [37] France single center 2011 SA isolates from clinical samples 2/89 (2.3) RTI (2)
Bonnet et al. [20] France, monocentric 2013 Patients hospitalized with SA BSI 16/182 (8.8) BSI n = 16
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Table 1. Cont.

Author (Ref No.) Country/Study Design Study Period Selection Criteria Number of MSSA
CC398/All MSSA Tested (%) Clinical Diagnosis (n)

Bouiller et al. [17] France, monocentric 2010–2014 All SA BSI 67/670 (10) BSI (67)

Cuny et al. [38] Germany reference
laboratory 2006–2012 SA isolates 4/2890 (0.1)

BSI 2/433 (0.5) BSI (2), SSTI (2)

Busche et al. [39] Germany; reference
Laboratory - SA CC398 2/6 RTI (1), SSTI (1),

Drougka et al. [40] Greece 2011 Case report 1/1 Catheter-related BSI (1)

Sarrou et al. [41] Greece monocentric 2012–2017 Consecutive SA isolates from
clinical samples 1/81 (1.2) -

Sarrou et al. [42] Greece multicentric 2012–2013 CC398 S. aureus clinical isolates 15/511 (2.9) SSTI (10), BSI (5)

Brennan et al. [43] Ireland reference
laboratory 2010–2014 SA CC398 2/2 BSI (2)

Manara et al. [44] Italy monocentric 2013–2015 SA Clinical isolates in children 1/58 (2) SSTI (1)
Chlebowicz et al. [45] The Netherlands NA Infection strain not specified 1/2 SSTI (1)

Rijnders et al. [46] The Netherlands
multicentric 1996–2006 SA isolates (maximum, 100 isolates

per ICU) 2/936 (0.2) -

Verkade et al. [47] The Netherlands
multicentric

1996–1998
2002–2005
2010–2011

consecutive episodes of BSI 2/610 (0.3) BSI (2)

Van Belkum et al. [48] The Netherlands
reference laboratory

Human MSSA and MRSA CC398
isolates 3/3 BSI (3)

Tavares et al. [49] Portugal multicentric
1992–1993,

1996–1997, 2001,
2009–2010, 2011

Isolates collection of MSSA 18/465 (3.9)
colonization and infection -

Mama et al. [50] Spain
monocentric 2015–2017 S. aureus isolates (first

isolate/patient) from blood cultures 4/50 (8)
BSI (4) = IE (1), septic

arthritis (1), catheter (1),
RTI (1)

ASIA

Huang et al. [51] China/Taiwan
monocentric 1995–2017 Collection data 3(1.2) ENT (3)

Chen et al. [16] China
multicentric 1999–2016 4 MRSA and 4 MSSA ST398 4/4 BSI (2), RTI (1), SSTI (1)

Gu et al. [52] China monocentric 2013–2018 Randomly selected (20 isolates
each year) 10/67 (14.9) BSI (10)
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Table 1. Cont.

Author (Ref No.) Country/Study Design Study Period Selection Criteria Number of MSSA
CC398/All MSSA Tested (%) Clinical Diagnosis (n)

He et al. [53] China monocentric 2005–2014 Clinical SA ST398 isolates randomly
selected 8/8 Respiratory and

cutaneous
Jiang et al. [54] China monocentric 2009–2010 CA purulent SSTI 1/12 (8.3) SSTI (1)

Song et al. [55] China monocentric 2005–2010 Non-duplicated S. aureus isolates
randomly selected 11/166 (6.6) RTI (1), BSI (6), SSTI (4)

Yao et al. [56] China monocentric 2002–2008 SA SSTI 1/51 (2) SSTI (1)
Gu et al. [57] China multicentric 2011–2013 SA isolates from SSTI 11/95 (11.6) SSTI (11)
Gu et al. [58] China multicentric 2014–2015 SA isolates from SSTI 8/46 (17.4) SSTI (8)
He et al. [59] China multicentric 2014–2016 SA isolates from blood and wound 7/130 (5.4) BSI (1), SSTI (6)

He et al. [23] China multicentric 2010–2011 Consecutive, non-duplicate S.
aureus strains from blood 9/124 (7.2) BSI (9)

Li et al. [60] China multicentric 2013
2016

Consecutive, non-duplicate SA
bacteremia isolates 24/264 (9) BSI (24)

Li et al. [22] China multicentric 2013–2014
2018–2019

Consecutive and non-duplicate SA
isolates 30/151 (19.9) -

Liang et al. [61] China multicentric 2015–2018 Unduplicated SA clinical isolates 10/67 (14.9) SSTI (7), RTI (2), BSI (1)

Liu et al. [21] China multicentric 2011–2012 Consecutive and non-duplicated SA
isolates 15/107 (14) -

Song et al. [62] China multicentric 2014–2015 Pediatric inpatients with pneumonia
caused by SA 6/58 (10.3) RTI (1)

Zhao et al. [63] China multicentric 2009–2010 Consecutive outpatients with SSTIs 28/159 (17.6) SSTI (28)
Chen et al. [5–7,64] China single center 1994–2008 Non-repetitive SA isolates 31/164 (18.9) -

Tayebi et al. [65] Iran 2019 Collection data 6/85 (7.1) -
Yeap et al. [66] Laos monocentric 2012–2014 Random sample of SA SSTI 4/93 (4.3) SSTI (4)
Chen et al. [67] Taiwan single center 2015 Clinical SA isolates from children 3/131 (2.3) -

AMERICA

Gales et al. [68] Brazil 2015 Case report 1 RTI (1)
Jiménez et al. [69] Colombia 2009 Case report 1/1 BSI (1)
Jewell et al. [70] Colombia/England 2019 Case report 1/1 BSI (1)

Uhlemann et al. [71]
Dominican Republic

(DR)
and Martinique (M)

2007–2008 Clinical S. aureus isolates Total: 16/177 (9) -



Microorganisms 2020, 8, 1737 8 of 19

Table 1. Cont.

Author (Ref No.) Country/Study Design Study Period Selection Criteria Number of MSSA
CC398/All MSSA Tested (%) Clinical Diagnosis (n)

Zurita et al. [72] Ecuador multicentric 2005–2007
2010–2013

Consecutively BSI and
non-consecutive isolates from

different clinical infections
1/70 (1.4) BSI (1)

Wardyn et al. [73] USA 2011 Case report 1 SSTI (1)

Nair et al. [74] USA multicentric 2011–2013 Twenty clinically MRSA/MSSA
infection isolates per month 17/601 (3) SSTI (15), ENT (1) RTI (1)

Mediavilla et al. [75] USA monocentric 2004–2010 13/4167 (0.3) BSI (4), SSTI (9)

Orscheln et al. [76] USA monocentric 1999–2007 All routine MSSA “abscess” or
“wound” in children hospital 1/32 (3.1) SSTI (1)

Uhlemann et al. [9] USA monocentric -
MSSA isolates from outpatients,

BSI MSSA isolates, MRSA clinical
isolates

12/320 (3.75) SSTI (4), unknown (4),
BSI (4)

Uhlemann et al. [8] USA monocentric 2010–2012 All MSSA specimens (excluded BSI) 64/1607 (4) SSTI (40), RTI (9), UTI (2)
ENT (3), BJI (3), BSI (4)

Varshney et al. [77] USA multicentric - SA isolates from wounds, and blood
cultures 1/113 (0.9) BSI (1)

McCarthy et al. [3]
USA, Belgium,

The Netherlands,
Denmark

2008/2011/2010 SA isolates from human with and
without pig contact 30/30 -

Bhat et al. [6] USA, Dominican
Republic multicentric 2007–2008 Sample of anonymous infection and

colonization isolates 6/6 Infection unspecified (2)
screening (4)

CA; community acquired, BSI: blood stream infection, SSI: Surgical site infection, SSTI: skin and soft tissue infection, RTI: respiratory tract infection, PJI: prosthetic joint infection, PVL:
Panton-Valentine Leukocidin, UTI: urinary tract infection, ENT: ear, nose and throat, IE: infective endocarditis, DFI: diabetic foot infection, BJI: bone joint infection, SA: Staphylococcus
aureus, ICU: intensive care unit, TET: tetracycline.
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Table 2. Clinical diagnosis of patients with MSSA and MRSA CC398 infections (only articles with
clinical infection details were included).

MRSA (n = 3742) MSSA (n = 1181) p

Bacteremia 111 (3.4) 383 (32.4) <0.001
Endocarditis 7 (0.2) 13 (1.1) <0.001

SSTI 1588 (49) 229 (19.4) <0.001
Respiratory tract 325 (10) 41 (3.5) <0.001
Ear, eyes, sinus 31 (1) 9 (0.8) 0.97

Bone joint infection 17 (0.5) 260 (22) <0.001
Urinary tract infection 88 (2.7) 3 (0.3) <0.001

Surgical site infection (other BJI) 27 (0.8) 9 (0.8) 1
Intravascular device infection 16 (0.5) 17 (1.4) <0.001

Other/not specified 1032 (31.8) 217 (18.4) <0.001

SSTI: skin and soft tissue infection, BJI: bone joint infection.

4. Frequency and Geographic Distribution of MSSA CC398 Infections

4.1. In France

In France, since the first description of MSSA CC398 by Armand-Lefevre et al., 16 publications
with data on MSSA CC398-related infections have been published, and the proportion of CC398
among total MSSA infections ranged from 1.9 to 38.3% depending on the date of the study and type of
infections [7,12,17–20,29–37,78].

A population-based survey of patients with MSSA infective endocarditis (2008) and MSSA BSI
(2006–2007) revealed that 7 of 170 (4.1%) MSSA isolates belonged to CC398 [34]. Valentin-Domelier et
al. reported 17 MSSA CC398 BSIs during a four year survey in three non-contiguous French regions
with increased incidence by seven-fold (0.002 per 1000 patient days in 2007 vs. 0.014 in 2010) [7].
Bonnet et al. found that ST398 was the most frequent clone (8.8%) in a collection of 182 BSI-related
MSSA isolates in 2013 [20]. In a French University hospital, the proportion of CC398 among BSI-related
MSSA isolates has steadily increased in this past decade: from 4.6% in 2010 to 13.8% in 2014, and 20.2%
in 2017 [17,18].

Concerning BJI, a retrospective study in 2008 found that only 1.9% of MSSA were ST398 [31].
Valour et al. found that 68 of the 485 MSSA prosthetic joint infection isolates (14%) belonged to CC398
in a multicenter study in France between 2009 and 2012 [35], with a geographical heterogeneity and a
regional prevalence ranging from 3.1 to 23.5%.

In patients with diabetic foot infection (DFI), MSSA ST398 represented 26 of 166 (15.7%) and was
the main lineage isolated. Moreover, it was identified exclusively in cases with osteomyelitis [32].
These results were confirmed by a multicenter study of patients with DFI, with a prevalence of 21.7%
(35/161) that reached 38.3% in patients with diabetic foot osteomyelitis only [33]. Recently, our group
reported an increasing trend of prevalence of MSSA CC398 in BJI over a 8 year period (from 4% in 2010
to 26% in 2017), echoing what we observed in BSIs [30]. Overall, since the incidence of MSSA CC398
steadily increased in the last decade, it became a predominant SA lineage responsible for infections
in France.

4.2. In Europe

In Europe, MSSA CC398 represented 2.1% of the 565 MSSA isolates with data of spa typing
from invasive infections (mainly BSI) collected in 26 countries during the period 2006–2007 [25].
These isolates were retrieved in eight different countries which suggested the spread of this clone in
Europe. However, in a retrospective study from Germany, the prevalence of MSSA CC398 isolates
from 2006 to 2012 remained low (0.14% among isolates from infection in humans) [38]. As in a large
collection of 610 consecutive isolates of SA BSI episodes in a multicenter study in The Netherlands
that only retrieved two MSSA CC398 (0.3%) isolates during the period 2010–2011 [47]. Rijnders et al.
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also found a limited prevalence of CC398 among SA isolates in intensive care units (2 of 936, 0.2%) in
this country [46]. In Belgium, among 212 MSSA isolates collected during a national survey in 2008,
five belonged to CC398 and were retrieved from patients located in different regions [27]. In southern
Europe, in a collection of 465 MSSA isolates from infection and colonization collected in Portugal over
a 19 year period (1992–2011), 14 (3%) late isolates found during the period 2010–2011, were MSSA
ST398-t571, indicating the recent emergence of this lineage in this country [49]. In Greece, the first case
of an MSSA CC398 infection was described in 2011 in a BSI [40]. Then, Sarrou et al. reported, among a
large collection of 492 clinical MSSA isolates from infected humans during the period 2012–2013, 2.6%
of MSSA CC398 (13/492 isolates) [42].

4.3. In China

As observed in France, MSSA CC398 is the most prevalent SA lineage in China with a prevalence
varying from 5.5 to 26.6% [21–23,53–64]. This lineage was equally retrieved in patients with SSTI or BSI.
The prevalence of MSSA CC398 increased from 8.9 to 26.6% in 5 years in the Hainan region, among MSSA
isolates from BSI [22]. These results were confirmed in a multicentric study in 12 provinces, distributed
in distant geographic areas with a prevalence of 7.8% in 2010 and 10.1% in 2016, among bacteremia
isolates [60]. In patients with SSTI, the prevalence of MSSA CC398 increased from 11.6 (11/95) to 17.4%
(8/46) between 2011 and 2015 [57,58]. The first isolate was reported during the period 1994–1998 [64].

4.4. In America

MSSA CC398 infections are also observed in America. In South America, MSSA ST398 spa type
t571 has been described in Colombia as causing infection in a woman without livestock association
and in Ecuador from a patient with BSI [69,72]. From 70 consecutively BSI and non-consecutive
isolates from different clinical infections, only one (1.4%) isolate from BSI was MSSA CC398 [72].
Recently, Jewel et al. reported a case of severe disseminated infection caused by MSSA CC398 in an
immunocompetent man, shortly arrived in the United Kingdom from Colombia [70]. Another case
was reported in an oncology patient in Sao Paulo, Brazil, with the first Cfr-producing MSSA ST398
from a patient with a fatal pneumonia [68]. In Dominican Republic and Martinique, CC398 prevalence
reached, respectively, 7.8% (7/90) and 10.4% (9/87) among clinical MSSA [71].

In the United States, most cases of MSSA CC398 infections are reported in New York City [75–77].
In Northern Manhattan, the rate of MSSA CC398 in non-invasive infections was 4% (64/1607), and 2.5%
(4/160) in BSI [8,9]. During a 7 year period (2004–2010), Mediavila et al. reported 13/4167 (0.3%) MSSA
CC398 clinical isolates, in the New York City area [75].

Finally, MSSA CC398 was retrieved all over the world but with different prevalence depending on
the country. France and China were countries where this clone has been most studied and where it
is most frequently isolated from human infections. However, most countries do not perform MSSA
surveillance, and the disease burden of MSSA CC398 at the national and international level is therefore
largely unknown.

5. Types of MSSA CC398 Infections

5.1. BSI

In France and China, respectively, the two most affected countries, MSSA CC398 is responsible
for BSI, ranging from 4.1 to 13.4%, and from 5.4 to 14.9% of all BSI [7,17,18,20,23,34,52,55,59–61].
Even though MSSA CC398 infective endocarditis (IE) has been described, CC398 was equally prevalent
between IE and non-IE bacteremia and represented 5.6% of MSSA endocarditis isolates [34]. Among 105
MSSA CC398 infections, endocarditis was diagnosed in seven (8.4%) cases [19].
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5.2. BJI

BJI related to CC398 included principally prosthetic joint infection (PJI) and diabetic foot
osteomyelitis (DFO) [33]. MSSA CC398 was the dominant clone in patients with DFO, accounting
for 17.9% among all SA BJI and 38% among all SA DFO [30,33]. The frequency of CC398 SA PJI
isolates varied from 1.8 to 18.1% of all SA PJI [30,31,35]. Moreover, Senneville et al. showed that SA
CC398 isolates were significantly more frequent in osteomyelitis than in SSTI patients with diabetic
foot infection, suggesting a particular tropism of this clone for bone [33]. However, CC398 had a low
potential for osteoblast invasion in ex vivo models, suggesting unidentified virulence factors [35].

5.3. Respiratory Tract Infections

MRSA CC398 seems to be significant in respiratory tract infections (RTI) [24]. It could be related
to the mode of transmission, with close contact with animals. In contrast, fewer cases of MSSA CC398
RTI have been reported [7,8,16,19,20,27,29,37,39,50,55,61,62,68,74]. Hence, a French study of 89 clinical
isolates of MSSA CC398 reported that 12% were isolated from pneumonia, 22% from BSI and 29%
from SSTI [19]. However, this collection included isolates voluntarily sent by French microbiology
laboratories for further characterization because of a particular antibiotic-resistant phenotype or
unusual infections, or in the setting of targeted studies. Thus, the collection does not represent the
entire MSSA CC398 population in France. Similarly, pneumonia represented 14% of all MSSA CC398
infections (excepted BSI) in New York [8], and MSSA CC398 represented 4.9% of all SA respiratory
tract infections in China [61]. Moreover, Song et al. reported that 10.3% of SA pneumonia in pediatric
inpatients was due to MSSA CC398 [62]. RTI was also reported as the portal of entry of BSI in several
studies in which ≤ 1/4 of the MSSA CC398 BSI isolates were of pulmonary origin [7,20,50]. Two fatal
cases of pneumonia have been reported in France and Brazil [29,68].

5.4. SSTI

SSTI seems to be the predominant infection linked to MRSA CC398. However, this over-
representation could be biased due to the specific surveillance of MRSA infections in several countries,
which lacks for MSSA. Indeed, in a French study of 105 clinical isolates of MSSA CC398, SSTI was
the most represented infection (35% of cases), followed by BSI with 26.5% of cases [19]. However,
all specimens in this study were voluntarily sent to French National Center for Staphylococci, because
of a particular antibiotic-resistant phenotype or unusual infections, which make it impossible to
generalize these results. For patients with BSI, a SSTI was the suspected portal of entry in 6.3–11% of
the cases, in line with other clonal complexes (CCs) [7,17,20]. The proportions of CC398 among MSSA
and MRSA isolated from SSTIs in China were similar (12–17%) [58]. Moreover, MSSA CC398 was
present in 1/26 (3.8%) SA isolates colonizing the skin of children with atopic dermatitis [79]. Finally,
the predominance of MRSA CC398 in SSTI could be due to a publication bias. However, we suggest
that the mode of transmission, with close contact with animals, plays a role in the clinical type of
MRSA infection.

5.5. Community-Acquired or Healthcare-Associated Infection (HAI)

In the study of Bonnet et al., MSSA CC398 BSI were associated with an intravascular device in
56.3% of the cases vs. 31.6% in non-CC398 MSSA BSI [20]. Similarly, Valentin-Domelier et al. showed
that BSI related to surgical site infection (SSI) or an intravascular device were found preponderant
among CC398 BSI cases (14/18, 78%) [7]. In a retrospective study, MSSA CC398 BSI were more frequent
in patients with SSI (22.4 vs. 11.2%) and another study found that patients with MSSA CC398 infections
were more likely hospitalized in the past 6 months, suggesting a nosocomial transmission (41 vs. 22%,
p < 0.01) [8,17]. Moreover, we found that HAI was associated with CC398 MSSA BSI in multivariate
analysis, compared to MSSA BSI with other CCs [17]. These data suggested that this clone was possibly
related to HAI. However, existing literature found evidence for MSSA CC398 as both a community- and
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hospital-associated pathogen [8,9,18,37]. Moreover, MSSA CC398 has been described as colonizer of
healthy humans, in addition to causing infections [80]. Prevalence studies should be carried out to test
whether patients in a hospital setting are more colonized than a healthy population for MSSA CC398.

6. Comorbidities

Like most SA infections, many case reports of patients with MSSA CC398 described patients
with predisposing conditions (e.g., diabetes, advanced age, immunosuppressive treatment). However,
some studies showed different characteristics from patients with MSSA CC398 and non-CC398. Indeed,
it has been reported that BSIs due to MSSA CC398 more frequently affected fragile patients with a
history of neurological disease [17]. Similarly, Uhlemann et al. found that a higher proportion of alcohol
abuse and cirrhosis were associated with MSSA CC398 infections and suggested a poorer health status
of patients [8]. In the same way, patients with PJI and DFO due to MSSA CC398 had more comorbidities
than those infected by MSSA non-CC398 [30]. In the study of Bonnet et al., patients with BSI due to
MSSA CC398 more often had diabetes mellitus (31.3 vs. 25%) and immunosuppression (31.3 vs. 28.3%),
but the small size of the patient cohort did not allow to reach the significance threshold [20].

7. Outcome

As mentioned above, MSSA CC398 causes a wide range of infections, including BSIs. Many studies
have reported MSSA CC398 deaths in France. A lethal necrotizing pneumonia caused by Panton–
Valentine leukocidin (PVL) producing MSSA CC398 was described in a previously healthy 14 year-old
girl [29]. Another patient with a cancer died from a pneumonia with BSI in Brazil without further details
of his infection [68]. Two additional deaths were reported, in a 59 year-old male and an 80 year-old
male, among 17 patients which had a BSI with MSSA CC398 (11.8%) [7]. Moreover, in a monocentric
retrospective study, BSIs due to MSSA CC398 were associated with a high risk of 30 days-mortality
than other CC in a multivariate analysis (41.8 vs. 27.6% OR = 2.44) [17]. Ulhemann et al. described a
trend to more frequent episodes of secondary invasive disease with CC398 but no difference in the
proportion of a fatal outcome (6.3 vs. 4.2% p = 0.5) [8]. However, in this study, BSIs were excluded.
Conversely, MSSA CC398 PJIs were significantly associated with a lower biological inflammatory
syndrome (p = 0.035) and lower treatment failure rates (0 vs. 37.3%, p = 0.032) than other CCs [35].
These conflicting results may indicate yet unidentified virulence features of MSSA CC398. Alternatively,
it may also reflect the underlying comorbidities or an immunosuppressed state of the affected host
more than the bacterial virulence itself, as suggested above.

8. Antibiotic Resistance

Whereas MRSA CC398 were frequently multiresistant to antibiotic, including tetracycline,
secondary to the wide use of this antibiotic in the pig industry, MSSA CC398 was more often
only reported as resistant to erythromycin [24].

Uhlemann et al. reported that MSSA CC398 isolates retrieved in humans in New York (USA) were
almost always resistant to erythromycin (97%) and clindamycin (97%) [8]. This resistance was very
mainly associated with the presence of ermT gene [19]. Interestingly, ermT was absent in MRSA CC398
from animal origin [81].

Tetracycline resistance was rarely described in MSSA isolates but was frequent in MRSA CC398
due to the presence of tet(M). Indeed, only four MSSA CC398 studies showed tetracycline resistance
with the presence of tet(M) gene [28,31,40,42]. However, the absence of WGS of these isolates did not
distinguish LA and Hu clades.

9. Virulence Factors

SA CC398 were initially distinguished by their peculiar resistance to digestion by SmaI,
the restriction enzyme most frequently used for PFGE typing [82]. Investigations into the molecular
background of MSSA CC398 showed that, most well known staphylococcal virulence genes such as
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enterotoxins, toxic-shock syndrome toxin or leukocidins are most of the time, lacking [1,35]. However,
the 30 day all-cause mortality was higher for patients with CC398 MSSA BSI than for a control
group with non-CC398 MSSA BSI [17]. This lineage may represent a more virulent CC398 subtype,
as suggested by its higher prevalence in BSI. Genome analysis of CC398 isolates showed that the
mobile genetic elements (MGEs) were specific for each population and enabled the differentiation of
strains responsible for asymptomatic colonization to invasive infections [12]. Most of the bacterial
factors involved in infection severity are MGEs that belong to the accessory genome. The prophage
ϕSa3 contains the immune evasion gene cluster (IEC, which facilitates the escape from human
immune response) genes sak (coding for a staphylokinase), chp (coding for a chemotaxis inhibitory
protein; CHIPS), scn (coding for a complement inhibitor; SCIN), sea (coding for enterotoxin; SEA)
and sep (coding for enterotoxin; SEP). However, only a small proportion of the MRSA CC398 isolates
retrieved from infected patients contains the ϕSa3-associated IEC [1,7,26,42,66,83–87]. This suggests
that although IEC is not a prerequisite for infections in humans, it plays a crucial role in the adaptation
to the human niche. Moreover, the presence as well as the structure of ϕSa3 seems to be directly
associated with virulence, even though the different genetic backgrounds of the ϕSa3-positive and
ϕSa3-negative isolates was not take into account in this study [88]. Interestingly, human SA CC398 had
a higher capacity for binding to human cytokeratin-10 than LA SA CC398, mediated by the clumping
factor B (ClfB) and very likely important for nasal colonization of humans [9]. Recently, Laumay and
colleagues showed that the introduction of bacteriophages from the genomes of human-adapted SA to
that of a naive SA animal colonizer increased the transcription of clfA (encoding the clumping factor A
precursor) and fnbA (encoding the fibronectin binding protein), which in turn increased the bacterial
virulence in a rat model of infectious endocarditis [89]. This study confirmed the role of MGE in the
virulence of SA CC398.

The PVL-encoding gene is usually absent in MSSA CC398 genomes, but the spread of a
PVL-producing CC398 subpopulation in China confirmed the capacity of this clone to acquire
virulence genes [21–23,55–57,59,61–63]. Elsewhere, rare cases of PVL-producing MSSA CC398 isolates
have been reported in other countries. Hence, severe infections by PVL-positive MSSA CC398 have been
reported in New York, Japan and Europe, including the case of the young girl with fatal necrotizing
pneumonia [1,7,8,19,26,29,36,64,90]. The proportion of MSSA CC398 isolates that produce PVL
ranged from 0 to 13.8% in Europe and the USA, but reached 86.7% in China [21,22,55,56,59,61–64,66].
The acquisition of such a virulence factor and/or the spread of such isolates are a source of concern in
view of the high fitness of MSSA CC398 for humans.

Other virulence factors have been described in CC398 isolates. The presence of genes encoding
hemolysins and intracellular adhesion proteins, cap5, together with three genes encoding MSCRAMM
(bbp, clfA, clfB) were reported in the genomes of isolates responsible for DFI [33]. Moreover, Liu et
al. found that CC398 isolates harbored exfoliatin genes (eta, etb) more frequently than other CC
isolates [21]. Enterotoxin and hemolysins genes were also described in two Chinese studies [21,22].

10. Conclusions

The spread of the MSSA CC398 ancestral clone, and/or the transmission of a human-adapted
clone from animals, played a role in the emergence of SA CC398. Prophages have an important role
in bacterial virulence and evolution by carrying genes coding for novel characteristics for their host.
However, unanswered questions remain on the epidemiology and clinical relevance of the MSSA
CC398 sublineage. Moreover, the biological features that allow the recent spread of this lineage in
clinical settings of some countries (e.g., China, France) are still far from being fully understood.

Author Contributions: K.B.: draft of manuscript, data extraction. D.H.: critical review of manuscript. X.B.:
critical review of manuscript. C.C.: critical review of manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.



Microorganisms 2020, 8, 1737 14 of 19

Acknowledgments: We thank Professor Elisabeth Botelho-Nevers (Infectious disease, university hospital of
Saint-Etienne) for helping to design the review.

Conflicts of Interest: Neither the authors nor the institution received payment or services from a third party for
any aspect of the work. None of the authors have any patents planned, pending, or issued relevant to the work.
The authors have nothing to disclose.

References

1. Price, L.B.; Stegger, M.; Hasman, H.; Aziz, M.; Larsen, J.; Andersen, P.S.; Pearson, T.; Waters, A.E.; Foster, J.T.;
Schupp, J.; et al. Staphylococcus aureus CC398: Host adaptation and emergence of methicillin resistance in
livestock. mBio 2012, 3. [CrossRef]

2. Armand-Lefevre, L.; Ruimy, R.; Andremont, A. Clonal Comparison of Staphylococcus aureus Isolates from
Healthy Pig Farmers, Human Controls, and Pigs. Emerg. Infect. Dis. 2005, 11, 711–714. [CrossRef] [PubMed]

3. McCarthy, A.J.; van Wamel, W.; Vandendriessche, S.; Larsen, J.; Denis, O.; Garcia-Graells, C.; Uhlemann, A.-C.;
Lowy, F.D.; Skov, R.; Lindsay, J.A. Staphylococcus aureus CC398 clade associated with human-to-human
transmission. Appl. Environ. Microbiol. 2012, 78, 8845–8848. [CrossRef] [PubMed]

4. Cuny, C.; Abdelbary, M.; Layer, F.; Werner, G.; Witte, W. Prevalence of the immune evasion gene cluster in
Staphylococcus aureus CC398. Vet. Microbiol. 2015, 177, 219–223. [CrossRef] [PubMed]

5. Graveland, H.; Wagenaar, J.A.; Bergs, K.; Heesterbeek, H.; Heederik, D. Persistence of livestock associated
MRSA CC398 in humans is dependent on intensity of animal contact. PLoS ONE 2011, 6, e16830. [CrossRef]

6. Bhat, M.; Dumortier, C.; Taylor, B.S.; Miller, M.; Vasquez, G.; Yunen, J.; Brudney, K.; Sánchez, E.J.;
Rodriguez-Taveras, C.; Rojas, R.; et al. Staphylococcus aureus ST398, New York City and Dominican Republic.
Emerg. Infect. Dis. 2009, 15, 285–287. [CrossRef]

7. Valentin-Domelier, A.-S.; Girard, M.; Bertrand, X.; Violette, J.; François, P.; Donnio, P.-Y.; Talon, D.; Quentin, R.;
Schrenzel, J.; van der Mee-Marquet, N.; et al. Methicillin-susceptible ST398 Staphylococcus aureus responsible
for bloodstream infections: An emerging human-adapted subclone? PLoS ONE 2011, 6, e28369. [CrossRef]

8. Uhlemann, A.-C.; Hafer, C.A.; Miko, B.A.; Sowash, M.G.; Sullivan, S.B.; Shu, Q.; Lowy, F.D. Emergence
of Sequence Type 398 as a Community- and Healthcare-Associated Methicillin-Susceptible Staphylococcus
aureus in Northern Manhattan. Clin. Infect. Dis. 2013, 57, 700–703. [CrossRef] [PubMed]

9. Uhlemann, A.-C.; Porcella, S.F.; Trivedi, S.; Sullivan, S.B.; Hafer, C.; Kennedy, A.D.; Barbian, K.D.;
McCarthy, A.J.; Street, C.; Hirschberg, D.L.; et al. Identification of a highly transmissible animal-independent
Staphylococcus aureus ST398 clone with distinct genomic and cell adhesion properties. mBio 2012, 3. [CrossRef]

10. Schijffelen, M.J.; Boel, C.H.E.; van Strijp, J.A.G.; Fluit, A.C. Whole genome analysis of a livestock-associated
methicillin-resistant Staphylococcus aureus ST398 isolate from a case of human endocarditis. BMC Genom.
2010, 11, 376. [CrossRef]

11. Hallin, M.; De Mendonça, R.; Denis, O.; Lefort, A.; El Garch, F.; Butaye, P.; Hermans, K.; Struelens, M.J.
Diversity of accessory genome of human and livestock-associated ST398 methicillin resistant Staphylococcus
aureus strains. Infect. Genet. Evol. J. Mol. Epidemiol. Evol. Genet. Infect. Dis. 2011, 11, 290–299. [CrossRef]

12. Diene, S.M.; Corvaglia, A.R.; François, P.; van der Mee-Marquet, N. Regional Infection Control Group of the
Centre Region Prophages and adaptation of Staphylococcus aureus ST398 to the human clinic. BMC Genom.
2017, 18, 133. [CrossRef]

13. van der Mee-Marquet, N.L.; Corvaglia, A.; Haenni, M.; Bertrand, X.; Franck, J.-B.; Kluytmans, J.; Girard, M.;
Quentin, R.; François, P. Emergence of a novel subpopulation of CC398 Staphylococcus aureus infecting
animals is a serious hazard for humans. Front. Microbiol. 2014, 5, 652. [CrossRef] [PubMed]

14. Ward, M.J.; Gibbons, C.L.; McAdam, P.R.; van Bunnik, B.A.D.; Girvan, E.K.; Edwards, G.F.; Fitzgerald, J.R.;
Woolhouse, M.E.J. Time-Scaled Evolutionary Analysis of the Transmission and Antibiotic Resistance Dynamics
of Staphylococcus aureus Clonal Complex 398. Appl. Environ. Microbiol. 2014, 80, 7275–7282. [CrossRef]

15. Shepheard, M.A.; Fleming, V.M.; Connor, T.R.; Corander, J.; Feil, E.J.; Fraser, C.; Hanage, W.P. Historical
Zoonoses and Other Changes in Host Tropism of Staphylococcus aureus, Identified by Phylogenetic Analysis
of a Population Dataset. PLoS ONE 2013, 8, e62369. [CrossRef]

16. Chen, H.; Yin, Y.; Li, X.; Li, S.; Gao, H.; Wang, X.; Zhang, Y.; Liu, Y.; Wang, H. Whole-Genome Analysis of
Livestock-Associated Methicillin-Resistant Staphylococcus aureus Sequence Type 398 Strains Isolated From
Patients With Bacteremia in China. J. Infect. Dis. 2020, 221, S220–S228. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/mBio.00305-11
http://dx.doi.org/10.3201/eid1105.040866
http://www.ncbi.nlm.nih.gov/pubmed/15890125
http://dx.doi.org/10.1128/AEM.02398-12
http://www.ncbi.nlm.nih.gov/pubmed/23042163
http://dx.doi.org/10.1016/j.vetmic.2015.02.031
http://www.ncbi.nlm.nih.gov/pubmed/25778546
http://dx.doi.org/10.1371/journal.pone.0016830
http://dx.doi.org/10.3201/eid1502.080609
http://dx.doi.org/10.1371/journal.pone.0028369
http://dx.doi.org/10.1093/cid/cit375
http://www.ncbi.nlm.nih.gov/pubmed/23728142
http://dx.doi.org/10.1128/mBio.00027-12
http://dx.doi.org/10.1186/1471-2164-11-376
http://dx.doi.org/10.1016/j.meegid.2010.10.021
http://dx.doi.org/10.1186/s12864-017-3516-x
http://dx.doi.org/10.3389/fmicb.2014.00652
http://www.ncbi.nlm.nih.gov/pubmed/25538688
http://dx.doi.org/10.1128/AEM.01777-14
http://dx.doi.org/10.1371/journal.pone.0062369
http://dx.doi.org/10.1093/infdis/jiz575
http://www.ncbi.nlm.nih.gov/pubmed/32176793


Microorganisms 2020, 8, 1737 15 of 19

17. Bouiller, K.; Gbaguidi-Haore, H.; Hocquet, D.; Cholley, P.; Bertrand, X.; Chirouze, C. Clonal complex 398
methicillin-susceptible Staphylococcus aureus bloodstream infections are associated with high mortality.
Clin. Microbiol. Infect. 2016, 22, 451–455. [CrossRef]

18. Sauget, M.; Bouiller, K.; Richard, M.; Chagrot, J.; Cholley, P.; Hocquet, D.; Bertrand, X. Increasing incidence
of bloodstream infections due to Staphylococcus aureus clonal complex 398 in a French hospital between 2010
and 2017. Eur. J. Clin. Microbiol. Infect. Dis. 2019, 38, 2127–2132. [CrossRef]

19. Chroboczek, T.; Boisset, S.; Rasigade, J.-P.; Tristan, A.; Bes, M.; Meugnier, H.; Vandenesch, F.; Etienne, J.;
Laurent, F. Clonal Complex 398 Methicillin Susceptible Staphylococcus aureus: A Frequent Unspecialized
Human Pathogen with Specific Phenotypic and Genotypic Characteristics. PLoS ONE 2013, 8, e68462.
[CrossRef] [PubMed]

20. Bonnet, I.; Millon, B.; Meugnier, H.; Vandenesch, F.; Maurin, M.; Pavese, P.; Boisset, S. High prevalence
of spa type t571 among methicillin-susceptible Staphylococcus aureus from bacteremic patients in a French
University Hospital. PLoS ONE 2018, 13. [CrossRef]

21. Liu, C.; Chen, Z.; Sun, Z.; Feng, X.; Zou, M.; Cao, W.; Wang, S.; Zeng, J.; Wang, Y.; Sun, M.
Molecular characteristics and virulence factors in methicillin-susceptible, resistant, and heterogeneous
vancomycin-intermediate Staphylococcus aureus from central-southern China. J. Microbiol. Immunol. Infect.
2015, 48, 490–496. [CrossRef]

22. Li, X.; Huang, T.; Xu, K.; Li, C.; Li, Y. Molecular characteristics and virulence gene profiles of Staphylococcus
aureus isolates in Hainan, China. BMC Infect. Dis. 2019, 19, 873. [CrossRef]

23. He, W.; Chen, H.; Zhao, C.; Zhang, F.; Li, H.; Wang, Q.; Wang, X.; Wang, H. Population structure and
characterisation of Staphylococcus aureus from bacteraemia at multiple hospitals in China: Association
between antimicrobial resistance, toxin genes and genotypes. Int. J. Antimicrob. Agents 2013, 42, 211–219.
[CrossRef]

24. Smith, T.C.; Wardyn, S.E. Human Infections with Staphylococcus aureus CC398. Curr. Environ. Health Rep.
2015, 2, 41–51. [CrossRef] [PubMed]

25. Grundmann, H.; Aanensen, D.M.; van den Wijngaard, C.C.; Spratt, B.G.; Harmsen, D.; Friedrich, A.W.;
The European Staphylococcal Reference Laboratory Working Group. Geographic Distribution of
Staphylococcus aureus Causing Invasive Infections in Europe: A Molecular-Epidemiological Analysis.
PLoS Med. 2010, 7, e1000215. [CrossRef]

26. Argudín, M.A.; Deplano, A.; Vandendriessche, S.; Dodémont, M.; Nonhoff, C.; Denis, O.; Roisin, S. CC398
Staphylococcus aureus subpopulations in Belgian patients. Eur. J. Clin. Microbiol. Infect. Dis. 2018, 37, 911–916.
[CrossRef]

27. Vandendriessche, S.; Kadlec, K.; Schwarz, S.; Denis, O. Methicillin-susceptible Staphylococcus aureus
ST398-t571 harbouring the macrolide-lincosamide-streptogramin B resistance gene erm(T) in Belgian
hospitals. J. Antimicrob. Chemother. 2011, 66, 2455–2459. [CrossRef] [PubMed]

28. de Vries, L.E.; Christensen, H.; Skov, R.L.; Aarestrup, F.M.; Agersø, Y. Diversity of the tetracycline resistance
gene tet(M) and identification of Tn916- and Tn5801-like (Tn6014) transposons in Staphylococcus aureus from
humans and animals. J. Antimicrob. Chemother. 2009, 64, 490–500. [CrossRef]

29. Rasigade, J.-P.; Laurent, F.; Hubert, P.; Vandenesch, F.; Etienne, J. Lethal necrotizing pneumonia caused by an
ST398 Staphylococcus aureus strain. Emerg. Infect. Dis. 2010, 16, 1330. [CrossRef]

30. Bouiller, K.; Hocquet, D.; Sauget, M.; Bertrand, X.; Chirouze, C. Epidemiology and risk factors of Staphylococcus
aureus CC398 bone and joint infections. BMC Infect. Dis. 2020, 20, 384. [CrossRef]

31. Aubin, G.G.; Lepelletier, D.; Reynaud, A.; Lavigne, J.-P.; Corvec, S. Methicillin-susceptible Staphylococcus
aureus CC398: First description in prosthetic joint infection and genetic background comparison with nasal
carriage isolates. J. Infect. Chemother. 2014, 20, 394–396. [CrossRef] [PubMed]

32. Dunyach-Remy, C.; Courtais-Coulon, C.; DeMattei, C.; Jourdan, N.; Schuldiner, S.; Sultan, A.; Carrière, C.;
Alonso, S.; Sotto, A.; Lavigne, J.-P. Link between nasal carriage of Staphylococcus aureus and infected diabetic
foot ulcers. Diabetes Metab. 2017, 43, 167–171. [CrossRef]

33. Senneville, E.; Brière, M.; Neut, C.; Messad, N.; Lina, G.; Richard, J.-L.; Sotto, A.; Lavigne, J.-P. First report of
the predominance of clonal complex 398 Staphylococcus aureus strains in osteomyelitis complicating diabetic
foot ulcers: A national French study. Clin. Microbiol. Infect. 2014, 20, O274–O277. [CrossRef]

http://dx.doi.org/10.1016/j.cmi.2016.01.018
http://dx.doi.org/10.1007/s10096-019-03653-5
http://dx.doi.org/10.1371/journal.pone.0068462
http://www.ncbi.nlm.nih.gov/pubmed/24260092
http://dx.doi.org/10.1371/journal.pone.0204977
http://dx.doi.org/10.1016/j.jmii.2014.03.003
http://dx.doi.org/10.1186/s12879-019-4547-5
http://dx.doi.org/10.1016/j.ijantimicag.2013.04.031
http://dx.doi.org/10.1007/s40572-014-0034-8
http://www.ncbi.nlm.nih.gov/pubmed/26231241
http://dx.doi.org/10.1371/journal.pmed.1000215
http://dx.doi.org/10.1007/s10096-018-3205-y
http://dx.doi.org/10.1093/jac/dkr348
http://www.ncbi.nlm.nih.gov/pubmed/21868413
http://dx.doi.org/10.1093/jac/dkp214
http://dx.doi.org/10.3201/eid1608.100317
http://dx.doi.org/10.1186/s12879-020-05098-0
http://dx.doi.org/10.1016/j.jiac.2014.03.007
http://www.ncbi.nlm.nih.gov/pubmed/24767465
http://dx.doi.org/10.1016/j.diabet.2016.09.003
http://dx.doi.org/10.1111/1469-0691.12375


Microorganisms 2020, 8, 1737 16 of 19

34. Tristan, A.; Rasigade, J.-P.; Ruizendaal, E.; Laurent, F.; Bes, M.; Meugnier, H.; Lina, G.; Etienne, J.; Celard, M.;
Tattevin, P.; et al. Rise of CC398 lineage of Staphylococcus aureus among Infective endocarditis isolates revealed
by two consecutive population-based studies in France. PLoS ONE 2012, 7, e51172. [CrossRef]

35. Valour, F.; Tasse, J.; Trouillet-Assant, S.; Rasigade, J.-P.; Lamy, B.; Chanard, E.; Verhoeven, P.; Decousser, J.-W.;
Marchandin, H.; Bés, M.; et al. Methicillin-susceptible Staphylococcus aureus clonal complex 398:
High prevalence and geographical heterogeneity in bone and joint infection and nasal carriage. Clin. Microbiol.
Infect. 2014, 20, O772–O775. [CrossRef]

36. Rasigade, J.-P.; Laurent, F.; Lina, G.; Meugnier, H.; Bes, M.; Vandenesch, F.; Etienne, J.; Tristan, A. Global
distribution and evolution of Panton-Valentine leukocidin-positive methicillin-susceptible Staphylococcus
aureus, 1981–2007. J. Infect. Dis. 2010, 201, 1589–1597. [CrossRef] [PubMed]

37. Brunel, A.-S.; Bañuls, A.-L.; Marchandin, H.; Bouzinbi, N.; Morquin, D.; Jumas-Bilak, E.; Corne, P.
Methicillin-sensitive Staphylococcus aureus CC398 in intensive care unit, France. Emerg. Infect. Dis.
2014, 20, 1511–1515. [CrossRef]

38. Cuny, C.; Layer, F.; Köck, R.; Werner, G.; Witte, W. Methicillin susceptible Staphylococcus aureus (MSSA) of
clonal complex CC398, t571 from infections in humans are still rare in Germany. PLoS ONE 2013, 8, e83165.
[CrossRef]

39. Busche, T.; Hillion, M.; Van Loi, V.; Berg, D.; Walther, B.; Semmler, T.; Strommenger, B.; Witte, W.; Cuny, C.;
Mellmann, A.; et al. Comparative Secretome Analyses of Human and Zoonotic Staphylococcus aureus Isolates
CC8, CC22, and CC398. Mol. Cell. Proteom. MCP 2018, 17, 2412–2433. [CrossRef]

40. Drougka, E.; Foka, A.; Marangos, M.N.; Liakopoulos, A.; Makatsoris, T.; Anastassiou, E.D.; Petinaki, E.;
Spiliopoulou, I. The first case of Staphylococcus aureus ST398 causing bacteremia in an immunocompromised
patient in Greece. Indian J. Med. Microbiol. 2012, 30, 232–236. [CrossRef]

41. Sarrou, S.; Malli, E.; Tsilipounidaki, K.; Florou, Z.; Medvecky, M.; Skoulakis, A.; Hrabak, J.; Papagiannitsis, C.C.;
Petinaki, E. MLSB-Resistant Staphylococcus aureus in Central Greece: Rate of Resistance and Molecular
Characterization. Microb. Drug Resist. Larchmt. N 2019, 25, 543–550. [CrossRef]

42. Sarrou, S.; Liakopoulos, A.; Chasioti, M.; Foka, A.; Fthenakis, G.; Billinis, C.; Spyrou, V.; Pantelidi, K.;
Roussaki-Schulze, A.; Lachanas, V.; et al. Dissemination of Methicillin-Susceptible CC398 Staphylococcus
aureus strains in a rural Greek area. PLoS ONE 2015, 10, e0122761. [CrossRef]

43. Brennan, G.I.; Abbott, Y.; Burns, A.; Leonard, F.; McManus, B.A.; O’Connell, B.; Coleman, D.C.; Shore, A.C.
The Emergence and Spread of Multiple Livestock-Associated Clonal Complex 398 Methicillin-Resistant and
Methicillin-Susceptible Staphylococcus aureus Strains among Animals and Humans in the Republic of Ireland,
2010–2014. PLoS ONE 2016, 11. [CrossRef]

44. Manara, S.; Pasolli, E.; Dolce, D.; Ravenni, N.; Campana, S.; Armanini, F.; Asnicar, F.; Mengoni, A.; Galli, L.;
Montagnani, C.; et al. Whole-genome epidemiology, characterisation, and phylogenetic reconstruction of
Staphylococcus aureus strains in a paediatric hospital. Genome Med. 2018, 10, 82. [CrossRef]

45. Chlebowicz, M.A.; Nganou, K.; Kozytska, S.; Arends, J.P.; Engelmann, S.; Grundmann, H.; Ohlsen, K.;
van Dijl, J.M.; Buist, G. Recombination between ccrC genes in a type V (5C2&5) staphylococcal cassette
chromosome mec (SCCmec) of Staphylococcus aureus ST398 leads to conversion from methicillin resistance to
methicillin susceptibility in vivo. Antimicrob. Agents Chemother. 2010, 54, 783–791. [CrossRef]

46. Rijnders, M.I.A.; Deurenberg, R.H.; Boumans, M.L.L.; Hoogkamp-Korstanje, J.A.A.; Beisser, P.S.; Antibiotic
Resistance Surveillance Group; Stobberingh, E.E. Population structure of Staphylococcus aureus strains isolated
from intensive care unit patients in the netherlands over an 11-year period (1996 to 2006). J. Clin. Microbiol.
2009, 47, 4090–4095. [CrossRef]

47. Verkade, E.; Bergmans, A.M.C.; Budding, A.E.; van Belkum, A.; Savelkoul, P.; Buiting, A.G.; Kluytmans, J.
Recent emergence of Staphylococcus aureus clonal complex 398 in human blood cultures. PLoS ONE 2012, 7,
e41855. [CrossRef]

48. van Belkum, A.; Melles, D.C.; Peeters, J.K.; van Leeuwen, W.B.; van Duijkeren, E.; Huijsdens, X.W.;
Spalburg, E.; de Neeling, A.J.; Verbrugh, H.A.; Dutch Working Party on Surveillance and Research of
MRSA-SOM. Methicillin-resistant and -susceptible Staphylococcus aureus sequence type 398 in pigs and
humans. Emerg. Infect. Dis. 2008, 14, 479–483. [CrossRef] [PubMed]

49. Tavares, A.; Faria, N.A.; de Lencastre, H.; Miragaia, M. Population structure of methicillin-susceptible
Staphylococcus aureus (MSSA) in Portugal over a 19-year period (1992–2011). Eur. J. Clin. Microbiol. Infect. Dis.
2014, 33, 423–432. [CrossRef]

http://dx.doi.org/10.1371/journal.pone.0051172
http://dx.doi.org/10.1111/1469-0691.12567
http://dx.doi.org/10.1086/652008
http://www.ncbi.nlm.nih.gov/pubmed/20367458
http://dx.doi.org/10.3201/eid2009.130225
http://dx.doi.org/10.1371/journal.pone.0083165
http://dx.doi.org/10.1074/mcp.RA118.001036
http://dx.doi.org/10.4103/0255-0857.96706
http://dx.doi.org/10.1089/mdr.2018.0259
http://dx.doi.org/10.1371/journal.pone.0122761
http://dx.doi.org/10.1371/journal.pone.0149396
http://dx.doi.org/10.1186/s13073-018-0593-7
http://dx.doi.org/10.1128/AAC.00696-09
http://dx.doi.org/10.1128/JCM.00820-09
http://dx.doi.org/10.1371/journal.pone.0041855
http://dx.doi.org/10.3201/eid1403.070760
http://www.ncbi.nlm.nih.gov/pubmed/18325267
http://dx.doi.org/10.1007/s10096-013-1972-z


Microorganisms 2020, 8, 1737 17 of 19

50. Mama, O.M.; Aspiroz, C.; Ruiz-Ripa, L.; Torres, C. Importancia del complejo clonal CC398 en las bacteriemias
por Staphylococcus aureus en un hospital secundario de Aragón. Enferm. Infecc. Microbiol. Clínica 2020, 38,
394–395. [CrossRef] [PubMed]

51. Huang, Y.-C.; Chen, C.-J. Detection and phylogeny of Staphylococcus aureus sequence type 398 in Taiwan.
J. Biomed. Sci. 2020, 27, 15. [CrossRef]

52. Gu, F.; He, W.; Xiao, S.; Wang, S.; Li, X.; Zeng, Q.; Ni, Y.; Han, L. Antimicrobial Resistance and Molecular
Epidemiology of Staphylococcus aureus Causing Bloodstream Infections at Ruijin Hospital in Shanghai from
2013 to 2018. Sci. Rep. 2020, 10, 6019. [CrossRef]

53. He, L.; Meng, H.; Liu, Q.; Hu, M.; Wang, Y.; Chen, X.; Liu, X.; Li, M. Distinct virulent network between
healthcare- and community-associated Staphylococcus aureus based on proteomic analysis. Clin. Proteom.
2018, 15, 2. [CrossRef]

54. Jiang, W.; Zhou, Z.; Zhang, K.; Yu, Y. Epidemiological investigation of community-acquired Staphylococcus
aureus infection. Genet. Mol. Res. GMR 2013, 12, 6923–6930. [CrossRef]

55. Song, Y.; Du, X.; Li, T.; Zhu, Y.; Li, M. Phenotypic and molecular characterization of Staphylococcus aureus
recovered from different clinical specimens of inpatients at a teaching hospital in Shanghai between 2005
and 2010. J. Med. Microbiol. 2013, 62, 274–282. [CrossRef]

56. Yao, D.; Yu, F.; Qin, Z.; Chen, C.; He, S.; Chen, Z.; Zhang, X.; Wang, L. Molecular characterization of
Staphylococcus aureus isolates causing skin and soft tissue infections (SSTIs). BMC Infect. Dis. 2010, 10, 133.
[CrossRef] [PubMed]

57. Gu, F.-F.; Hou, Q.; Yang, H.-H.; Zhu, Y.-Q.; Guo, X.-K.; Ni, Y.-X.; Han, L.-Z. Characterization of Staphylococcus
aureus Isolated from Non-Native Patients with Skin and Soft Tissue Infections in Shanghai. PLoS ONE 2015,
10, e0123557. [CrossRef]

58. Gu, F.-F.; Chen, Y.; Dong, D.-P.; Song, Z.; Guo, X.-K.; Ni, Y.-X.; Han, L.-Z. Molecular Epidemiology
of Staphylococcus aureus among Patients with Skin and Soft Tissue Infections in Two Chinese Hospitals.
Chin. Med. J. 2016, 129, 2319–2324. [CrossRef]

59. He, C.; Xu, S.; Zhao, H.; Hu, F.; Xu, X.; Jin, S.; Yang, H.; Gong, F.; Liu, Q. Leukotoxin and pyrogenic toxin
Superantigen gene backgrounds in bloodstream and wound Staphylococcus aureus isolates from eastern
region of China. BMC Infect. Dis. 2018, 18, 395. [CrossRef]

60. Li, S.; Sun, S.; Yang, C.; Chen, H.; Yin, Y.; Li, H.; Zhao, C.; Wang, H. The Changing Pattern of Population
Structure of Staphylococcus aureus from Bacteremia in China from 2013 to 2016: ST239-030-MRSA Replaced
by ST59-t437. Front. Microbiol. 2018, 9, 332. [CrossRef]

61. Liang, B.; Mai, J.; Liu, Y.; Huang, Y.; Zhong, H.; Xie, Y.; Deng, Q.; Huang, L.; Yao, S.; He, Y.; et al. Prevalence
and Characterization of Staphylococcus aureus Isolated from Women and Children in Guangzhou, China.
Front. Microbiol. 2018, 9, 2790. [CrossRef] [PubMed]

62. Song, Z.; Gu, F.-F.; Guo, X.-K.; Ni, Y.-X.; He, P.; Han, L.-Z. Antimicrobial Resistance and Molecular
Characterization of Staphylococcus aureus Causing Childhood Pneumonia in Shanghai. Front. Microbiol. 2017,
8, 455. [CrossRef]

63. Zhao, C.; Liu, Y.; Zhao, M.; Liu, Y.; Yu, Y.; Chen, H.; Sun, Q.; Chen, H.; Jiang, W.; Liu, Y.; et al. Characterization
of community acquired Staphylococcus aureus associated with skin and soft tissue infection in Beijing:
High prevalence of PVL+ ST398. PLoS ONE 2012, 7, e38577. [CrossRef]

64. Chen, H.; Liu, Y.; Jiang, X.; Chen, M.; Wang, H. Rapid change of methicillin-resistant Staphylococcus aureus
clones in a Chinese tertiary care hospital over a 15-year period. Antimicrob. Agents Chemother. 2010, 54,
1842–1847. [CrossRef]

65. Tayebi, Z.; Goudarzi, H.; Dadashi, M.; Goudarzi, M. Genotype distribution of methicillin-susceptible
Staphylococcus aureus clinical isolates in Iran: High multiresistant clonal complex 8. BMC Res. Notes 2020, 13,
277. [CrossRef]

66. Yeap, A.D.; Woods, K.; Dance, D.A.B.; Pichon, B.; Rattanavong, S.; Davong, V.; Phetsouvanh, R.; Newton, P.N.;
Shetty, N.; Kearns, A.M. Molecular Epidemiology of Staphylococcus aureus Skin and Soft Tissue Infections in
the Lao People’s Democratic Republic. Am. J. Trop. Med. Hyg. 2017, 97, 423–428. [CrossRef] [PubMed]

67. Chen, Y.-J.; Chen, P.-A.; Chen, C.-J.; Huang, Y.-C. Molecular characteristics and clinical features of pediatric
methicillin-susceptible Staphylococcus aureus infection in a medical center in northern Taiwan. BMC Infect.
Dis. 2019, 19, 402. [CrossRef]

http://dx.doi.org/10.1016/j.eimc.2019.12.007
http://www.ncbi.nlm.nih.gov/pubmed/31948709
http://dx.doi.org/10.1186/s12929-019-0608-8
http://dx.doi.org/10.1038/s41598-020-63248-5
http://dx.doi.org/10.1186/s12014-017-9178-5
http://dx.doi.org/10.4238/2013.December.19.11
http://dx.doi.org/10.1099/jmm.0.050971-0
http://dx.doi.org/10.1186/1471-2334-10-133
http://www.ncbi.nlm.nih.gov/pubmed/20500885
http://dx.doi.org/10.1371/journal.pone.0123557
http://dx.doi.org/10.4103/0366-6999.190673
http://dx.doi.org/10.1186/s12879-018-3297-0
http://dx.doi.org/10.3389/fmicb.2018.00332
http://dx.doi.org/10.3389/fmicb.2018.02790
http://www.ncbi.nlm.nih.gov/pubmed/30505300
http://dx.doi.org/10.3389/fmicb.2017.00455
http://dx.doi.org/10.1371/journal.pone.0038577
http://dx.doi.org/10.1128/AAC.01563-09
http://dx.doi.org/10.1186/s13104-020-05127-w
http://dx.doi.org/10.4269/ajtmh.16-0746
http://www.ncbi.nlm.nih.gov/pubmed/28722566
http://dx.doi.org/10.1186/s12879-019-4033-0


Microorganisms 2020, 8, 1737 18 of 19

68. Gales, A.C.; Deshpande, L.M.; de Souza, A.G.; Pignatari, A.C.C.; Mendes, R.E. MSSA ST398/t034 carrying a
plasmid-mediated Cfr and Erm(B) in Brazil. J. Antimicrob. Chemother. 2015, 70, 303–305. [CrossRef]

69. Jimenez, J.N.; Velez, L.A.; Mediavilla, J.R.; Ocampo, A.M.; Vanegas, J.M.; Rodriguez, E.A.; Kreiswirth, B.N.;
Correa, M.M. Livestock-associated methicillin-susceptible Staphylococcus aureus ST398 infection in woman,
Colombia. Emerg. Infect. Dis. 2011, 17, 1970–1971. [CrossRef]

70. Jewell, P.; Dixon, L.; Singanayagam, A.; Ghani, R.; Wong, E.; Coleman, M.; Pichon, B.; Kearns, A.; Russell, G.;
Hatcher, J. Severe Disseminated Infection with Emerging Lineage of Methicillin-Sensitive Staphylococcus aureus.
Emerg. Infect. Dis. 2019, 25, 187–189. [CrossRef]

71. Uhlemann, A.-C.; Dumortier, C.; Hafer, C.; Taylor, B.S.; Sánchez, J.; Rodriguez-Taveras, C.; Leon, P.; Rojas, R.;
Olive, C.; Lowy, F.D. Molecular characterization of Staphylococcus aureus from outpatients in the Caribbean
reveals the presence of pandemic clones. Eur. J. Clin. Microbiol. Infect. Dis. 2012, 31, 505–511. [CrossRef]

72. Zurita, J.; Barba, P.; Ortega-Paredes, D.; Mora, M.; Rivadeneira, S. Local circulating clones of
Staphylococcus aureus in Ecuador. Braz. J. Infect. Dis. 2016, 20, 525–533. [CrossRef]

73. Wardyn, S.E.; Stegger, M.; Price, L.B.; Smith, T.C. Whole-Genome Analysis of Recurrent Staphylococcus aureus
t571/ST398 Infection in Farmer, Iowa, USA. Emerg. Infect. Dis. 2018, 24, 153–154. [CrossRef]

74. Nair, R.; Wu, J.; Carrel, M.; O’Brien, A.; Quick, M.; Farina, S.; Wardyn, S.; Thapaliya, D.; Grenier, D.; Smith, T.C.
Prospective multicenter surveillance identifies Staphylococcus aureus infections caused by livestock-associated
strains in an agricultural state. Diagn. Microbiol. Infect. Dis. 2016, 85, 360–366. [CrossRef]

75. Mediavilla, J.R.; Chen, L.; Uhlemann, A.-C.; Hanson, B.M.; Rosenthal, M.; Stanak, K.; Koll, B.; Fries, B.C.;
Armellino, D.; Schilling, M.E.; et al. Methicillin-susceptible Staphylococcus aureus ST398, New York and
New Jersey, USA. Emerg. Infect. Dis. 2012, 18, 700–702. [CrossRef]

76. Orscheln, R.C.; Hunstad, D.A.; Fritz, S.A.; Loughman, J.A.; Mitchell, K.; Storch, E.K.; Gaudreault, M.;
Sellenriek, P.L.; Armstrong, J.R.; Mardis, E.R.; et al. Contribution of genetically restricted, methicillin-
susceptible strains to the ongoing epidemic of community-acquired Staphylococcus aureus infections.
Clin. Infect. Dis. 2009, 49, 536–542. [CrossRef]

77. Varshney, A.K.; Mediavilla, J.R.; Robiou, N.; Guh, A.; Wang, X.; Gialanella, P.; Levi, M.H.; Kreiswirth, B.N.;
Fries, B.C. Diverse enterotoxin gene profiles among clonal complexes of Staphylococcus aureus isolates from
the Bronx, New York. Appl. Environ. Microbiol. 2009, 75, 6839–6849. [CrossRef]

78. van der Mee-Marquet, N.; François, P.; Domelier-Valentin, A.-S.; Coulomb, F.; Decreux, C.; Hombrock-Allet, C.;
Lehiani, O.; Neveu, C.; Ratovohery, D.; Schrenzel, J.; et al. Emergence of unusual bloodstream infections
associated with pig-borne-like Staphylococcus aureus ST398 in France. Clin. Infect. Dis. Off. Publ. Infect. Dis.
Soc. Am. 2011, 52, 152–153. [CrossRef] [PubMed]

79. Benito, D.; Aspiroz, C.; Gilaberte, Y.; Sanmartín, R.; Hernández-Martin, Á.; Alonso, M.; Gómez, P.; Lozano, C.;
Torres, C. Genetic lineages and antimicrobial resistance genotypes in Staphylococcus aureus from children
with atopic dermatitis: Detection of clonal complexes CC1, CC97 and CC398. J. Chemother. Florence Italy 2016,
28, 359–366. [CrossRef]

80. Benito, D.; Lozano, C.; Gómez-Sanz, E.; Zarazaga, M.; Torres, C. Detection of methicillin-susceptible
Staphylococcus aureus ST398 and ST133 strains in gut microbiota of healthy humans in Spain. Microb. Ecol.
2013, 66, 105–111. [CrossRef]

81. Cavaco, L.M.; Hasman, H.; Aarestrup, F.M. Zinc resistance of Staphylococcus aureus of animal origin is strongly
associated with methicillin resistance. Vet. Microbiol. 2011, 150, 344–348. [CrossRef]

82. Stegger, M.; Lindsay, J.A.; Moodley, A.; Skov, R.; Broens, E.M.; Guardabassi, L. Rapid PCR detection of
Staphylococcus aureus clonal complex 398 by targeting the restriction-modification system carrying sau1-hsdS1.
J. Clin. Microbiol. 2011, 49, 732–734. [CrossRef]

83. Bosch, T.; van Luit, M.; Pluister, G.N.; Frentz, D.; Haenen, A.; Landman, F.; Witteveen, S.; van Marm-
Wattimena, N.; van der Heide, H.G.; Schouls, L.M. Changing characteristics of livestock-associated
meticillin-resistant Staphylococcus aureus isolated from humans—Emergence of a subclade transmitted
without livestock exposure, The Netherlands, 2003 to 2014. Euro Surveill. 2016, 21. [CrossRef] [PubMed]

84. Ceballos, S.; Aspiroz, C.; Ruiz-Ripa, L.; Reynaga, E.; Azcona-Gutiérrez, J.M.; Rezusta, A.; Seral, C.;
Antoñanzas, F.; Torres, L.; López, C.; et al. Epidemiology of MRSA CC398 in hospitals located in Spanish
regions with different pig-farming densities: A multicentre study. J. Antimicrob. Chemother. 2019, 74,
2157–2161. [CrossRef]

http://dx.doi.org/10.1093/jac/dku366
http://dx.doi.org/10.3201/eid1710.110638
http://dx.doi.org/10.3201/eid2501.180684
http://dx.doi.org/10.1007/s10096-011-1339-2
http://dx.doi.org/10.1016/j.bjid.2016.08.006
http://dx.doi.org/10.3201/eid2401.161184
http://dx.doi.org/10.1016/j.diagmicrobio.2016.04.014
http://dx.doi.org/10.3201/eid1804.111419
http://dx.doi.org/10.1086/600881
http://dx.doi.org/10.1128/AEM.00272-09
http://dx.doi.org/10.1093/cid/ciq053
http://www.ncbi.nlm.nih.gov/pubmed/21148535
http://dx.doi.org/10.1179/1973947815Y.0000000044
http://dx.doi.org/10.1007/s00248-013-0240-1
http://dx.doi.org/10.1016/j.vetmic.2011.02.014
http://dx.doi.org/10.1128/JCM.01970-10
http://dx.doi.org/10.2807/1560-7917.ES.2016.21.21.30236
http://www.ncbi.nlm.nih.gov/pubmed/27254022
http://dx.doi.org/10.1093/jac/dkz180


Microorganisms 2020, 8, 1737 19 of 19

85. Larsen, J.; Stegger, M.; Andersen, P.S.; Petersen, A.; Larsen, A.R.; Westh, H.; Agersø, Y.; Fetsch, A.;
Kraushaar, B.; Käsbohrer, A.; et al. Evidence for Human Adaptation and Foodborne Transmission of
Livestock- Associated Methicillin-Resistant Staphylococcus aureus. Clin. Infect. Dis. 2016, 63, 1349–1352.
[CrossRef]

86. Stegger, M.; Lindsay, J.A.; Sørum, M.; Gould, K.A.; Skov, R. Genetic diversity in CC398 methicillin-resistant
Staphylococcus aureus isolates of different geographical origin. Clin. Microbiol. Infect. 2010, 16, 1017–1019.
[CrossRef]

87. Williamson, D.A.; Bakker, S.; Coombs, G.W.; Tan, H.L.; Monecke, S.; Heffernan, H. Emergence and molecular
characterization of clonal complex 398 (CC398) methicillin-resistant Staphylococcus aureus (MRSA) in New
Zealand. J. Antimicrob. Chemother. 2014, 69, 1428–1430. [CrossRef]

88. Kashif, A.; McClure, J.-A.; Lakhundi, S.; Pham, M.; Chen, S.; Conly, J.M.; Zhang, K. Staphylococcus aureus
ST398 Virulence Is Associated with Factors Carried on Prophage φSa3. Front. Microbiol. 2019, 10, 2219.
[CrossRef]

89. Laumay, F.; Corvaglia, A.-R.; Diene, S.M.; Girard, M.; Oechslin, F.; van der Mee-Marquet, N.; Entenza, J.M.;
François, P. Temperate Prophages Increase Bacterial Adhesin Expression and Virulence in an Experimental
Model of Endocarditis Due to Staphylococcus aureus From the CC398 Lineage. Front. Microbiol. 2019, 10, 742.
[CrossRef]

90. Nakaminami, H.; Hirai, Y.; Nishimura, H.; Takadama, S.; Noguchi, N. Arthritis Caused by MRSA CC398 in a
Patient without Animal Contact, Japan. Emerg. Infect. Dis. 2020, 26, 795–797. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/cid/ciw532
http://dx.doi.org/10.1111/j.1469-0691.2009.03003.x
http://dx.doi.org/10.1093/jac/dkt499
http://dx.doi.org/10.3389/fmicb.2019.02219
http://dx.doi.org/10.3389/fmicb.2019.00742
http://dx.doi.org/10.3201/eid2604.190376
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Origin and Evolution of the Different Lineages of CC398 
	Epidemiology of SA CC398 Infections 
	Frequency and Geographic Distribution of MSSA CC398 Infections 
	In France 
	In Europe 
	In China 
	In America 

	Types of MSSA CC398 Infections 
	BSI 
	BJI 
	Respiratory Tract Infections 
	SSTI 
	Community-Acquired or Healthcare-Associated Infection (HAI) 

	Comorbidities 
	Outcome 
	Antibiotic Resistance 
	Virulence Factors 
	Conclusions 
	References

