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Abstract 
 

Infections by methicillin-resistant Staphylococcus aureus (MRSA) are still 

an important cause of morbidity and mortality worldwide. Health-care 

associated infections, especially bacteremia, often represent a clinical challenge 

because of the severity of the infection, the associated high mortality (close to 

30% in some series) and the difficulty to initiate a correct empirical (o guided) 

antibiotic therapy. 

MRSA has spread throughout Hospital Universitari de Bellvitge (HUB) for 

more than 20 years and, in spite of preventive measures, the percentage of 

methicillin resistance among S. aureus is currently close to 24%. This figure is 

similar to that found in many other hospitals around Spain. The epidemiology of 

MRSA infection has been changing over the years with the evolution of endemic 

clones and the emergence of new genetic lineages of MRSA with distinct 

virulence attributes and with the ability to spread within the community. The 

identification of new reservoirs and the knowledge of the MRSA genetic content 

will help on one hand, to better understand the pathogenesis of the disease and 

to facilitate the adequate therapy; and, on the other hand, to limit the spread of 

epidemic lineages. 

The aim of the work presented in this Thesis was to provide an integrated 

analysis of the genetic background of successive MRSA populations causing 

infection in the HUB since the beginning of the endemia (1990-2014), linked to 

the phenotypic expression of antibiotic resistance. In addition, we were the 

reference Microbiology Laboratory for a multicentre study that allowed us to 

have access to MRSA bacteremic isolates from 23 different hospitals in Spain 

obtained in 2008-2009.  
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The main objectives of this work were: 

1. To analyse the evolution of methicillin resistance among S. aureus strains, 

isolated from 1990 to 2014 in the HUB, and to study MRSA’s antimicrobial 

susceptibility to old and new antistaphyloccocal therapeutic agents.    

To address this objective we developed different studies: 

- Analysis of the evolution of MRSA’s antimicrobial susceptibility to 

conventional antibiotics.  

- Study of in vitro activity of daptomycin and vancomycin against MRSA blood 

isolates. 

- Impact of accessory gene regulator (agr) and presence of rpoB mutations on 

the phenotypic expression of vancomycin susceptibility 

- Study of transmissible resistance to linezolid mediated by cfr gene. 

2. To describe the molecular epidemiology of emergent and endemic MRSA 

clones, isolated in HUB from 1990 to 2014, using genotypic and proteomic- 

based methods. 

To undertake this goal we applied standard typing methods (pulsed-field gel 

electrophoresis, SCCmec, agr and spa typing, and multilocus sequence typing), 

to describe the endemic and the new MRSA lineages identified. We developed 

an automated strategy for typing MRSA applying the MALDI-TOF system. In 

addition, we determine the presence of genes codifying Panton-Valentine 

leukocidin and the arginine catabolic mobile element (ACME).  

To end the molecular characterization of MRSA isolates, we explore the 

presence of a panel of virulence and resistance genes. 
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3. To determine whether the changes detected in the MRSA endemic 

population in HUB were similar in other clinical settings. 

To address this objective we applied the same methodologies from objectives 1 

and 2 to a selection of 626 MRSA bacteremic isolates from 23 Spanish 

hospitals.  

The results of the studies addressed in this Thesis showed that, on average, 

20% of all S. aureus isolated in Hospital Universitari de Bellvitge (HUB) from 

1990 to 2014, were methicillin resistant. Over the last 10 years, methicillin 

resistance percentage was around 24%. This figure is similar to other hospitals 

in Spain (25%).  

The dominant lineage in HUB for the first decade (the multiresistant Iberian 

clone, ST247-SCCmecI-agrI) was considered extinct. Currently, Clonal 

Complex 5, related to the Pediatric clone (ST5-SCCmecIV-agrII), was the 

dominant lineage in the HUB, as it was in other Spanish hospitals. In the HUB, 

clone ST8-SCCmecIV-agrI has become the second most frequent lineage in 

2014. Antibiotic resistance determinants as well as genetic determinants of 

virulence properties were specific of particular clones. 

The presence of community-acquired MRSA lineages was detected in both 

MRSA collections (MRSA isolated from HUB and MRSA from different Spanish 

hospitals), being the most important clone USA300 (with positive and negative 

ACME) and the livestock related clone MRSA-ST398. However, the number of 

isolates belonging to these clones was scarce and in most cases corresponded 

to hospital-onset infections, caused by bacteria acquired in the community. No 
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significant nosocomial transmission of community-acquired clones was 

detected.  

Vancomycin tolerance was only detected among isolates belonging to clone 

ST247-SCCmecI-agrI (Iberian clone). In addition, we could not detect any 

influence on vancomycin susceptibility expression of agr polymorphism or rpoB 

mutations.   
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Resumen 
 

Las infecciones por Staphylococcus aureus resistente a la meticilina 

(SARM) siguen siendo una causa importante de morbilidad y mortalidad en 

todo el mundo. Las infecciones asociadas al sistema sanitario, especialmente 

las bacteriemias, suelen representar un desafío clínico debido a la severidad de 

la infección, la mortalidad elevada (cerca del 30%) y la dificultad para iniciar el 

tratamiento antibiótico empírico adecuado. 

SARM se ha diseminado en el Hospital Universitari de Bellvitge (HUB) 

durante más de 20 años y a pesar de la aplicación de medidas preventivas, 

actualmente el porcentaje de resistencia a meticilina entre los aislamientos de 

SARM está cerca al 24%. Esta situación es similar a muchos otros hospitales 

españoles. La epidemiologia de la infección por SARM ha cambiado al largo de 

los años con la evolución de los clones endémicos y la aparición de nuevos 

linajes de SARM con distintos perfiles de virulencia y con la capacidad de 

diseminarse en la comunidad. La identificación de nuevos reservorios y el 

conocimiento de la patogénesis de la enfermedad facilitarán la aplicación de la 

terapia adecuada y por otro lado, pueden contribuir a limitar la diseminación de 

linajes epidémicos. El objetivo del trabajo presentado en esta tesis fue realizar 

un análisis integrado del perfil genético de las sucesivas poblaciones de SARM 

que han causado infección en el HUB desde el principio de la endemia (1990-

2014), y un estudio de la expresión fenotípica de la resistencia antibiótica. En, 

este trabajo, se incluye también los resultados de un estudio multicéntrico en el 

que el Servicio de Microbiología del HUB actuó como centro de referencia, para 

el estudio de aislamientos procedentes de pacientes con bacteriemia por 

SARM ingresados en 23 hospitales españoles aislados durante el período 

2008-2009. 
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Los principales objetivos de este trabajo fueron: 

1. Analizar la evolución de la resistencia a meticilina en las cepas de S. aureus 

aisladas desde 1990 a 2014 en el HUB, y estudiar la sensibilidad antibiótica a 

los antiguos y nuevos agentes terapéuticos antiestafilocócicos. 

Para completar este objetivo se desarrolló los diferentes estudios: 

- Análisis de la evolución de la sensibilidad antimicrobiana de los 

aislamientos de SARM a los antibióticos de uso clínico común. 

- Estudio de la actividad in vitro de la daptomicina y vancomicina frente a los 

aislamientos bacteriémicos de SARM. 

- Influencia del tipo de agr y de distintas mutaciones en el gene rpoB, en la 

expresión fenotípica de la sensibilidad a vancomicina. 

- Estudio de la resistencia transmisible al linezolid mediante el gen cfr. 

2. Describir la epidemiologia molecular de los clones endémicos y emergentes 

de SARM, aislados en el HUB desde 1990 hasta 2014, utilizando técnicas 

genotípicas o proteómicas. 

Para llevar a cabo este objetivo se utilizaron métodos de tipificación genética 

de referencia (electroforesis en campo pulsado, tipaje por la técnica “multilocus 

sequence typing”, tipaje del SCCmec, del agr y de la proteína spa), para 

describir las familias del SARM endémico y los nuevos linajes. También se 

desarrolló una estrategia de tipaje del SARM aplicando el sistema MALDI-TOF. 

Además, se determinó la presencia de los genes que codifican la leucocidina 

de Panton-Valentine (LPV) y el elemento genético móvil que codifica para el 

catabolismo de la arginina (ACME). Finalmente, se completó la caracterización 
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molecular de los aislamientos de SARM mediante un amplio estudio de sus 

genes de resistencia antibiótica y virulencia. 

3. Determinar si los cambios detectados en la población endémica de SARM en 

el HUB fueron similares en otros hospitales. 

Para llevar a cabo este objetivo, se utilizó la misma metodología que en los 

objetivos 1 y 2, en una colección de 626 aislados bacteriémicos procedentes de 

23 hospitales españoles. 

Los resultados de los estudios presentados en esta tesis muestran que la 

resistencia media a meticilina en S. aureus alcanzó un valor del 20% en el HUB 

en el período 1990-2014. Durante los últimos 10 años, el porcentaje de 

resistencia a meticilina fue próximo al 24%. Esta situación fue similar en los 

demás hospitales (25%). El linaje dominante en el HUB durante la primera 

década del estudio (el clon multiresistente – clon Ibérico, ST247-SCCmecI-

agrI), desapareció posteriormente. Actualmente el complejo clonal 5, 

relacionado con el clon Pediátrico (ST5-SCCmecIV-agrIII) es el linaje 

dominante en el HUB, así como en los demás hospitales en España. En el 

HUB, el clon ST8-SCCmecIV-agrI se ha convertido en el segundo clon más 

frecuente en 2014. Los determinantes de resistencia antibiótica así como los 

determinantes genéticos de virulencia fueron específicos para cada clon. La 

presencia de linajes de origen comunitaria se detectó en ambas colecciones de 

SARM (SARM aislado en el HUB y SARM aislado de diferentes hospitales 

españoles), siendo los más importantes los clones USA300 (ACME positivo y 

negativo) y el clon SARM asociado al ganado - SARM-ST398. Sin embargo, el 

número de aislados que pertenecieron a estos clones fue bajo y en la mayoría 
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de los casos se asociaron a infecciones que debutaron en el hospital, causadas 

por bacterias adquiridas en la comunidad. No se detectó transmisión 

nosocomial de los clones asociados a la comunidad. La tolerancia a la 

vancomicina solamente se detectó en aislamientos que pertenecían al clon 

ST247-SCCmecI-agrI (clon Ibérico). No se detectó ninguna influencia del tipo 

del polimorfismo del agr, ni de las mutaciones del gene rpoB en la expresión de 

la sensibilidad a la vancomicina. 
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Abbreviations 

A  

ACME arginine catabolic mobile element 

AFLP amplified fragment length polymorphism 

agr accessory gene regulator 

AIP autoinducing peptide 

arcC carbamate kinase 

arlR/arlS autolysis-related locus sensor 

aroE shikimate dehydrogenase 

  

B  

Bac bacteriocins 

bbp bone sialoprotein-binding protein 

Bsa bacteriocin of S. aureus 

BURP based upon repeat pattern 

  C 

 C; CLO chloramphenicol 

CAMHB cation adjusted Mueller Hinton broth 

CAMPs cationic antimicrobial peptide 

CA-MRSA community-associated MRSA 

cap capsular polysaccharide 

CC; CLI clindamycin 

CC clonal complex; genetic backgrounds 

CCDP-DG CDP-diacylglycerol 
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ccr cassette chromosome recombinases 

CDC Center for Disease Control and Prevention 

CF cystic fibrosis 

cflA clumping factor A 

cflB clumping factor B 

cfr chloramphenicol-florfenicol resistance 

CFU colony-forming unit 

CHIPS chemotaxis inhibitory protein of staphylococci 

CIP ciprofloxacin 

CLSI Clinical Laboratory Standard Institute 

cna collagen-binding protein 

Coa coagulase 

CoNS coagulase-negative staphylococci 

csl2 cardiolipin synthetase 

COS columbia agar sheep blood 

CV core variable 

  D 

 DA; DAP daptomycin 

DLV double-locus variant 

DNA deoxyribonucleic acid 

  

E  

E; ERY Erythromycin 

Eap extracellular adherence protein 
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EARS-NET European Antimicrobial Resistance Surveillance Network 

ebh fibronectin-binding protein 

EbpS elastin binding protein S 

eBURST electronic based upon related sequence types 

ETA exfoliative toxin A 

EUCAST European Committee on Antimicrobial Susceptibility Testing 

  F 

 FDA Food and Drug Administration 

FnBPA/B fibronectin-binding protein A and B 

FOX cefoxitin 

  

G 

 GA genetic algorithm 

glpF glycerol kinase 

GM; GEN gentamicin 

gmk guanylate kinase 

goeBURST global optimal eBURST 

  

H  

HA-MRSA hospital-associated MRSA 

hetero-VISA heterogeneous  vancomycin intermediate S. aureus 

Hla alpha-hemolysin 

hlb β-hemolysin 

HUB Hospital Universitari de Bellvitge 
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  I  

i Intermediate resistant 

icaACD intercellular adhesion biofilm genes A, C, and D 

IEC immune evasion cluster 

isdA Iron-regulated surface determinant 

IWG-SCC International Working Group on the Staphylococcal Cassette 

Chromosome elements 

  

J  

J joining 

  L 

 LA-MRSA livestock-associated MRSA 

LPG lysylphosphatidylglycerol 

LZD linezolid 

  M  

MALDI-TOF  matrix-assisted laser desorption ionization-time-of-flight  

MBC minimal bactericidal concentration 

MDR multidrug resistant 

MGE mobile genetic element 

mgr multiple gene regulator 

MH2 mueller-hinton II 

-MHC major histocompatibility complex 

MIC minimum inhibitory concentration 
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MLEE multilocus enzyme electrophoresis 

MLST multilocus sequence typing 

MLVA multiple locus variable number of tandem repeat analysis 

MRSA methicillin-resistant S. aureus 

MS mass spectrometry 

MSCRAMMs microbial surface components recognizing adhesive 

matrix molecules 

MSP main spectrum 

MSSA methicillin-susceptible S. aureus 

m/z mass to charge 

  

N 

 NN tobramycin 

NTSmaI Inability to be typed by SmaI restriction 

  O 

 OD optical density 

ORF open reading frame 

OX oxacillin 

  P 

 P penicillin 

PBPs penicillin-binding proteins 

PCR polymerase chain reaction 

PFGE pulsed-field gel electrophoresis 

PG phosphotidylglycerol 
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PhLOPS 

phenicols, lincosamides, pleuromutilines and streptogramin 

A 

PIA polysaccharide intercellular adhesion 

PMNs polymorphonuclear leukocytes 

ppm parts per million 

psgA phosphatidyglycerol synthase 

PSMs phenol-soluble modulins 

pta phosphate acetyltransferase 

PVL Panton-Valentine leukocidin 

  Q 

 QC quickclassifier 

QS quorum sensing 

  R 

 r resistant 

RA rifampicin 

RAPD random amplified polymorphic DNA 

REIPI Spanish Network for Research in Infectious Diseases 

rot repressor of toxins 

RP antibiotic resistance patterns 

  

S  

s susceptible 

sae staphylococcal accessory element 

SAgs superantigens 
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SAK staphylokinase 

SaPI staphylococcal pathogenicity islands 

sar staphylococcal accessory regulator 

sasG S. aureus surface protein G 

SCCmec staphylococcal cassette chromosome mec 

SCIN staphylococcal complement inhibitor 

SCVs small colony variants 

sdrC/D/E fibrinogen-binding proteins C, D and E 

SE staphylococcal enterotoxins 
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Introduction 
 

1. Staphylococcus aureus 

Staphylococcus aureus is a highly successful opportunistic pathogen that is 

able to colonize humans and animals and can cause a wide variety of diseases 

[1]. 

1.1  Microbiologic characteristics 

In 1882, Alexander Ogston named Staphylococcus to describe micrococci 

that produced inflammation and suppuration [2]. However, it was Friedrich 

Julius Rosenbach in 1884, who introduced the first taxonomic description of 

Staphylococcus aureus; the genus name was derived from the Greek “staphylé” 

(for bunch of grapes) and the species epithet “aureus” from the Latin word for 

gold, suggested by the clear tendency of these bacteria to grow in clusters and 

the golden appearance of the colonies, often with hemolysis, when grown on 

blood agar plates [3] (see Figure 1). 

Figure 1: (A) Gram stain of S. aureus cells which typically occurs in grape-cluster 
berry; (B) Yellow colonies and β-hemolytic of S. aureus on a blood agar plate 

(taken from [4]). 

The genus Staphylococcus is currently composed of 51 species and 27 

subspecies [5]. Only a few of these species are pathogenic in the absence of 
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immunosuppression or implanted foreign material. The most important etiologic 

agents for infection in humans include S. aureus, S. epidermidis, S. 

haemolyticus, S. lugdunensis, S. schleferi, S. warneri and S. saprophyticus. 

Despite S. aureus being the specie more pathogenic and virulent found in 

humans, it can exist as resident or a transient member of the normal flora [1].  

Staphylococci sharing the following microbiological traits were placed in the 

family Micrococcaceae:  gram-positive cocci (0.5 to 1.5 µm in diameter) with 

diverse arrangements (singly and in pairs, tetrads, short chains, and irregular 

grape-like clusters), with unique cell wall peptidoglycan with pentaglycine 

interpeptide bridges, which is the target of the lysostaphin activity, non-motile 

bacteria, non-spore forming, facultative anaerobes, glucose fermenting, usually 

catalase positive, oxidase negative, often unencapsulated or with a limited 

capsule, and most of the species being able to grow at 1.7M of NaCl (salt-

tolerant) [1], [3], [6]–[9]. 

In general, Staphylococcus aureus could be identified by the production of 

the enzyme coagulase, which is a cell surface-associated fibrinogen-binding 

protein, secreted during bacterial growth that clots the human plasma. This 

characteristic allows to discriminate between coagulase positive (i.e., S. aureus) 

and coagulase-negative staphylococci (CoNS) [1]. Only two animal-specific 

coagulase positive species have been described, Staphylococcus intermedius 

and Staphylococcus hyicus [6], [10]. Staphylococcus aureus forms golden-

yellow colonies, often with hemolysis when grown on blood agar plates, 

however several strains show variants no pigmented. Additionally, S. aureus is 

capable of fermenting manitol aerobic- and anaerobically and can metabolize 

glucose, xylose, lactose, sucrose, maltose and glycerol. In complex media, S. 
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aureus grows over a wide range of pH (4.8 to 9.4), temperature (25 to 43ºC), 

and a minimal doubling time of 30 to 40 min [6], [10]. 

1.2  Genetic characteristics 

The genome of S. aureus consists of a single circular chromosome (2.7-2.8 

Mbp) with a relatively low G+C content [11]. Currently, there are 72 annotated 

complete whole-genome sequences of S. aureus available in public databases 

(http://www.ncbi.nlm.nih.gov/genome/genomes/154?) reviewed on August 

2015). The genome shows two major components: the conserved core genome 

and the accessory genome. 

The core genome is present in all isolates and makes up approximately 

75% of a S. aureus genome. Core genes are located on the bacterial 

chromosome, thus usually stable and transferred vertically [12]. The majority of 

these genes are associated with metabolism and other house-keeping 

functions. Other genes are related with common functions, but are not essential 

for growth and survival, including virulence genes not carried by other 

staphylococcal species, such as toxins, exoenzymes, cell surface binding 

proteins and the capsule biosynthetic genes [13]. Sequence divergence in the 

core genome is observed and referred to as “core variable” (CV) genes. These 

sequence variations may result from single nucleotide polymorphisms (SNPs) to 

large regions of DNA diversity (ranging in size from a few nucleotides within a 

gene to several kilobase pairs that include complete or partial genes within 

operons) [12].  
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The accessory genome accounts for approximately 25% of S. aureus 

genome, and mainly consists of mobile genetic elements, which are transferred 

horizontally between strains [13]. These elements include bacteriophages, S. 

aureus pathogenicity islands (SaPI), staphylococcal cassette chromosomes 

(SCC) regions, plasmids and transposons [12]–[14]. Many of these genetic 

elements harbour genes with virulence or resistance functions. Hence, the 

distribution and horizontal spread of these elements might have clinical 

relevance [13]. Interestingly, virulence genes are likely to be found on phages 

and SaPI, whereas resistance genes rely on SCCs, plasmids and transposons 

for transfer [12]. The accessory genes can be transmitted among bacteria by 

horizontal transfer via three mechanisms: transformation, conjugation and 

transduction [15]. However, S. aureus lack the genes for transformation. 

Conjugation does not appear to be common, but is an efficient mechanism for 

gene transfer from other species to S. aureus, such as enterococci [16]. 

Therefore, transduction by bacteriophage is probably the most frequent 

mechanism of horizontal transfer in S. aureus, which therefore plays a crucial 

role in the evolution of this pathogen [12]. 

1.3  Colonization 

S. aureus is a ubiquitous colonizer of the skin and mucosa of human beings 

and several animal species. In humans, the anterior nares of the nose are the 

most frequent carriage site for S. aureus [17]. However, some studies reported 

higher rates of S. aureus carriage in the throat compared with the rates in the 

nose, thus highlighting the importance of including this carriage site when 

screening the S. aureus colonization [18]–[20]. Moreover, this microorganism 
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can be isolated from other multiple body sites, such as the hands, perineum, 

forearms, gastrointestinal tract, vagina and axillae, but in a lower frequency [17], 

[21]. 

In the 1950s, a clear association between S. aureus nasal carriage and 

infection is supported by the evidence that the nasal S. aureus strain and the 

infecting strain shared the same genotype [22], [23]. It has been shown that 

nasal carriers have a three to six times increased the risk of acquiring a 

nosocomial infection with an endogenous S. aureus compared to noncarriers 

and low-level carriers [23], [24]. Decolonization of health-care workers and 

patients with nasal mupirocin combined with chlorhexidine body washes as a 

part of a multifactorial approach has been shown to contribute to reduce 

infection, cross-transmission and be effective to eradicate S. aureus from the 

nose and other body sites [25], [26]. 

In general, three S. aureus nasal carriage patterns can be discriminated: 

20% of healthy individuals are persistent carriers, ~30% are intermittent carriers 

and 50% are non-carriers [21]. Nevertheless, van Belkum et al. revealed that 

apparently, there are only two human types of nasal carriers: persistent carriers 

and others, because intermittent carriers and noncarriers have similar S. aureus 

elimination kinetics and antistaphylococcal antibody patterns [27]. Furthermore, 

the load of S. aureus is significantly higher in persistent carriers, resulting in an 

increased risk of infections [28], [29].  Persistent carriers are often colonised by 

a single strain of S. aureus over long periods, up to 10 years, while intermittent 

carriers carry many different strains over time [30]–[32]. Persistence carriage 

seems to have a protective effect on the acquisition of other strains and is most 
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frequently detected in children than in adults, and many individuals change their 

pattern of carriage between the age of 10 and 20 years [17], [21]. Moreover, S. 

aureus nasal carriage rates vary according to the countries studied. Recently, a 

cross-sectional survey studying S. aureus nasal carriage in nine European 

countries (Austria, Belgium, Croatia, France, Hungary, Spain, Sweden, the 

Netherlands and the UK) showed a great variation in the nasal S. aureus 

carriage rates between the participating countries ranging from 12.1% in 

Hungary to 29.4% in Sweden. In Spain, the prevalence of S. aureus nasal 

carriage was reported to be 17.3% [33].  

Nasal colonisation of S. aureus needs four main prerequisites: first, S. 

aureus has to come in contact with the anterior nares; second, S. aureus 

adherence to certain receptors in the nasal niche; third, S. aureus overcomes 

the host defences; fourth, S. aureus ability to propagate in the nose [17]. The 

carriage of S. aureus could be influenced by several determinants such as host 

characteristics, bacterial factors and interaction between host and S. aureus, 

causing different carriage rates over the population [17], [21], [24]. Host factors 

might define carriage or non-carriage status, and probably also whether 

carriage is persistent or intermittent. It was reported that artificial colonization of 

non-carriers and persistent carriers showed that non-carriers eliminated the 

inoculated strains, whereas persistent carriers maintain their original resident S. 

aureus strain [24], [34]. Thus, host characteristics substantially co-determine the 

S. aureus carrier state and this view is supported by the fact that S. aureus 

carriage rates is age-dependent and vary between different ethnic groups, with 

higher rates in white people and in men [17]. On the other hand, bacterial 

factors such as the wall teichoic acid (WTA), clumping factor B (cflB), the 
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capsular polysaccharide (cap), the iron-regulated surface determinant (IsdA), 

the surface protein (SasG), autolysins and other adherence and virulence 

determinants are thought to define which strain is carried, as bacterial 

competition and biological fitness of bacteria probably influence carriage [34]–

[36]. 

Higher carriage rates have been reported in some groups. In these groups 

are included: patients with diabetes mellitus (both insulin dependent and non-

insulin dependent), patients undergoing haemodialysis or continuous peritoneal 

dialysis, patients with end stage liver disease, HIV patients, patients with S. 

aureus skin infections and skin disease (i.e, eczema or psoriasis), obesity, 

history of cerebrovascular accidents and intravenous drugs addicts [34]. 

Surprisingly, a recent cross-sectional study performed in Spain, showed a low 

prevalence of MRSA colonization in HIV patients [2]. Recently, livestock 

farmers, veterinary staff and pet owners have been considered as new risk 

groups for MRSA colonization [37], [38].  

1.4  Pathogenesis 

S. aureus has been recognized as a major human pathogen, capable of 

causing infection when skin and mucous membranes are disrupted [39], [40]. 

Infection caused by S. aureus can range from superficial lesions and skin 

infections (e.g. folicullitis, cellulitis, mastitis, furuncles, impetigo, wound 

infections, superficial and deep skin abscesses), to life-threatening diseases 

(e.g., osteomyelitis, endocarditis, bacteremia, meningitis, pneumonia) and 

toxinoses (e.g., food poisoning, toxic shock syndrome and scalded skin 

syndrome) [40]. The success of this microorganism as a pathogen and its 
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capacity to cause a wide range of infections are the result of being well 

equipped in surface factors and secreted proteins that mediate host colonization 

and disease (see Table 1) [1], [41]. Furthermore, global regulatory genes that 

coordinate the expression of various groups of staphylococcal genes have been 

identified [1], [40]. 

Table 1: Staphylococcus aureus extracellular factors involved in pathogenesis, 
and response to global regulatory elements during bacterial growth [1]. 
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1.4.1. Regulation 

At least three major operons are involved to adjust gene expression to 

specific environmental conditions: agr (accessory gene regulator), the sar 

(staphylococcal accessory regulator) and the sae (staphylococcal accessory 

element) loci [38], [42], [43]. Additional regulatory systems influencing virulence 

genes expression have been described: arlR and arlS (autolysis-related locus 

sensor), rot (repressor of toxins), mgr (multiple gene regulator) and sigB 

(staphylococcal alternative sigma factor B) [44]–[47]. 

The staphylococcal agr locus encodes a quorum sensing (QS) gene cluster 

of five genes (hld, agrB, agrD, agrC, and agrA) that works as a classical two-

component signalling module. This system reacts to bacterial density, allowing 

the preferential expression of surface adhesins during the exponential phase of 

growth (low cell density) and switching to the expression of exoproteins during 

the postexponential and stationary growth phases (high cell density) [48], [49]. 

This coordinated shift in expression patterns brings a strategic switch to 

decrease unnecessary metabolic demands [50]. Specific variations in all three 

AgrB, AgrD, and AgrC proteins (i.e., the processors-transporter, the auto-

inducing peptide precursor, and the receptor, respectively) have resulted in four 

agr groups in S. aureus [51]. Loss-of-function mutations in agr locus confer 

alterations in the expression of autolysins and hemolysins and can affect 

bacterial phenotypes, including pathogenicity [2], [29], [30], [40], [52]. S. aureus 

agr dysfunction (more-frequent defects in production of delta hemolysin) has 

been associated with persistent bacteremia and with attenuated vancomycin 

bactericidal activity [33], [37], [45], [52]. 
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Of note, not all S. aureus strains produce the same virulence factors, which 

in some cases could be clonally related [53], [54]. This clonal relation could be 

established when comparing agr groups with other epidemiological markers. 

Most of the S. aureus that produces the TSST-1 toxin or the Panton-Valentine 

toxin belongs to agr group III; vancomycin-intermediate strains tend to be 

associated to agr group II; and the exfoliative toxin A (ETA)-producing strains 

belong to agr group IV. Hence, global regulators were originally meant to control 

the expression of useful metabolic genes [1].  

Essentially, any S. aureus genotype can become a life-threatening human 

pathogen, but strains from some clonal lineages are more virulent than others 

[55]. 

1.4.2. Virulence determinants 

S. aureus has an extensive variety of virulence factors, with both structural 

and secreted products (see Figure 2) playing an important role in pathogenesis 

of infection. These virulence factors can be grouped into functional categories: 

(i) attachment and adherence to host tissues; (ii) evasion and destruction of 

host defences; (iv) invasion and penetration tissue; (v) persistence in the host 

[54]. 
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Figure 2: Pathogenic factors of S. aureus, with structural and secreted products 
both playing roles as virulence factors. Panel A shows the surface and secreted 

proteins. Panels B and C show cross sections of the cell envelope. TSST-1 denotes 

toxic shock syndrome toxin 1 (from [40]). 

 

• Bacterial attachment 

Surface proteins: S. aureus adhesion to host tissues including host 

extracellular matrix proteins such as fibrinogen, collagen, fibronectin and elastin 

is mediated by bacterial cell-wall-associated protein called MSCRAMMs 

(microbial surface components recognizing adhesive matrix molecules) [56]. 

This initial step is crucial in colonization and invasive diseases such as 

endovascular infections, bone and joint infections, and prosthetic-device 

infections[54], [57]. MSCRAMMs belong to the largest class of surface proteins 

and are covalently anchored to the cell wall peptidoglycan [58]. The main 

MSCRAMMs found in S. aureus are fibrinogen-binding proteins C, D and E 

(SdrC, SdrD snd SdrE), collagen-binding protein (Cna), fibronectin-binding 

proteins A and B (FnBPA and FnBPB), clumping factors A and B (ClfA and 

ClfB), elastin binding protein S (EbpS) [59]. Besides adhesion to and invasion of 
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host cells and tissues, these surface proteins have been implicated in evasion 

of immune responses and biofilm formation [58]. 

• Bacterial persistence 

Biofilm accumulation: Once S. aureus attaches to host proteins or prosthetic 

materials, it is able to grow and persist in various ways. Biofilm (slime) formation 

is one of the possible ways to persist by evading host defences and 

antimicrobials. Bacterial biofilm is a microbial derived sessile community 

characterized by cells that are irreversibly attached to a substratum or interface 

or to each other, embedded in a matrix of extracellular polymeric substances 

that they have produced. Biofilm formation is associated with production of a 

substance named polysaccharide intercellular adhesion (PIA), which is 

synthesized by an operon called ica composed of a regulator (icaR) and 

biosynthetic (icaADBC) genes [60]. 

Small colony variants: Another strategy used by S. aureus for persisting in 

the host and resist antibiotic therapy is the formation of small colony variants 

(SCVs) [61]. SCVs constitute a slow-growing auxotrophic subpopulation of 

bacteria with distinctive phenotypic and pathogenic traits. They are usually 

recovered from patients with antibiotic-refractory infections such as cystic 

fibrosis patients (CF), patients with skin and foreign-body related infections and 

osteomyelitis [62]. SCVs are often tolerant or resistant to a number of other 

antibiotics in addition to the selecting drug, including β-lactams and 

glycopeptides [63]. Based on the knowledge that SCVs invade and persist in 

eukaryotic cells, prolonged treatment including antimicrobial agents with 

intracellular antistaphylococcal activity appears appropriate [1], [61]. 
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• Evasion of the host mechanism defences 

Capsule: One of the S. aureus main defences that help it to evade the host 

immune system during an infection is the production of an antiphagocytic 

microcapsule, among which 11 serotypes have been reported. Most S. aureus 

clinical isolates produce either a serotype 5 or 8 capsular polysaccharide [64], 

[65]. 

Protein A: In addition, S. aureus (but not the coagulase-negative 

staphylococci) have a surface protein called protein A (belongs to the 

MSCRAMMs family) that is covalently linked to peptidoglycan layer and has 

antiphagocytic properties due to its ability to bind the Fc portion of 

immunoglobulin [40], [66]. 

Immune modulators: S. aureus is also able to produce small solubles 

molecules that specifically interact with crucial elements on the immune system 

such as chemotaxis inhibitory protein of staphylococci (CHIPS) and 

staphylococcal complement inhibitor (SCIN) [67], [68]. CHIPS and SCIN are 

both efficient modulators of neutrophil chemotaxis, phagocytosis and killing, 

their early expression is necessary for efficient modulation of the early immune 

response. [69]–[75]. SCIN and CHIPS are located on an 8-kb region at the 

conserved 3’ end of β-hemolysin (hlb) – converting bacteriophages (βC-ϕs) that 

also encodes the genes for staphylokinase (SAK). SAK has been described as 

a modulator of different parts of the immune system: directly destroys defensins 

and has antiopsonic activities [76], [77]. These innate immune modulators form 

an immune evasion cluster (IEC) that is easily transferred among S. aureus 

strains by a diverse group of βC-ϕs [78]. Recently, IEC is gaining interest due its 
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specificity for human-adapted S. aureus strains and could be a good genetic 

marker to predict human or animal origin of a given isolate [79], [80]. Moreover, 

another S. aureus virulence determinant named extracellular adherence protein 

(Eap) could act in concert with CHIPS to inhibit neutrophil recruitment to the site 

of infection [66]. 

Phenol-soluble modulins (PSMs): PSMs have recently emerged as novel 

toxin family defining the virulence potential of highly aggressive S. aureus 

isolates. PSMs were named according to the grouping of PSMs into the smaller 

PSMs α-type and the larger β-type group. These secreted staphylococcal 

peptides have a remarkable ability to recruit, activate and lyse human 

neutrophils, thus eliminating the main cellular defence against S. aureus 

infection. The strong impact that PSMs, and especially α-type PSM (PSMα), 

have on the development of acute forms of S. aureus disease identifies these 

peptides as promising targets for drug development [81].  PSMα are produced 

at higher concentrations by standard community-associated MRSA (CA-MRSA) 

strains and probably contributes to the enhanced virulence of those strains 

compared to hospital-associated MRSA (HA-MRSA) strains [82].  

Citotoxins: Finally, S. aureus can produce a high number of citotoxins such 

as α-, β-, γ- and δ-hemolysins, leukocidins (LukD, LukE and LukM) and the 

Panton-Valentine leukocidin (PVL) that cause erythrocytes and leukocytes 

destruction by the formation of beta-channel pores in the cytoplasmatic cell 

membrane [7], [66], [83]. In contrast to α-, β-, γ- and δ-hemolysins that are 

present in most S. aureus isolates, PVL is secreted only by strains lysogenized 

with bacteriophage carrying the structural genes for PVL [1], [84], [85]. α-
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hemolysin (or α-toxin), but not PVL, was found to play an essential role for the 

pathogenesis of staphylococcal pneumonia [86]. 

PVL was first described in 1984 by Van de Velde but was first associated 

with skin and soft tissue infections (SSTIs) in 1932 by Panton and Valentine. 

PVL belongs to the described family of synergohymenotropic toxins comprising 

two-component pore-forming proteins [87]. The two nonassociated active 

proteins are designated S (from slow-eluted) and F (from fast-eluted) which are 

encoded by two contranscribed genes, lukF-PV and lukS-PV and carried by 

several temperate bacteriophages [85], [88]. Similar to other leukocidins, PVL 

has the ability to form pores on polymorphonuclear leukocytes (PMNs) 

membranes, monocytes and macrophages, leading to their lysis or apoptosis, in 

a PVL concentration-depending manner [89], [90]. Several epidemiological 

studies have reported the strong link between PVL and CA-MRSA disease, 

considering PVL one of the molecular markers for CA-MRSA. Although PVL is a 

useful marker for strains with the potential to cause severe S. aureus infections 

(e.g. chronic/recurrent SSTI and necrotizing pneumonia in children and young 

adults), discordant results from mouse infection models suggest that this toxin is 

not the major determinant of disease caused by CA-MRSA strains [89], [91]–

[94]. The emergence and spread of virulent clones expressing PVL is an 

additional cause of concern. Until now, PVL-positive MRSA are found in several 

different clone (STs) and genetic backgrounds (CC) such as CC1, CC5, CC8, 

CC22, CC30, CC59, CC80, CC88, ST72, ST93, ST154, ST398 and ST772 [95]. 
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• Invasion and penetration of tissue 

Enzymes: During infection, S. aureus produces various enzymes, such as 

proteases, lipases, nucleases, staphylokinase and elastases that facilitate the 

evasion and destruction of host tissues and metastasize to other sites [6], [40]. 

However, the most important are: 

- Catalase: protects intraphagocytic microbes by destroying hydrogen peroxide 

produced by the phagocyte and contribute to the survival of S. aureus in the 

presence of Streptococcus pneumoniae [96], [97].  

- Hyaluronidase - breaks down hyaluronic acid, a major component of the 

extacellular matrix of human tissues and helps in spreading it [98]. 

- Penicilinase – is a secreted enzyme that hydrolyses penicillin and other 

penicillinase–suceptible compounds into inactive penicilloic acid [1]. 

• Toxin-mediated disease and sepsis  

Cell wall and α-toxin: S. aureus is capable of producing septic shock by 

interacting with and activating the host immune system and coagulation 

pathways. Peptidoglycan, lipoteichoic acid and α-toxin are virulence factors that 

may play a role in causing this clinical syndrome. Peptidoglycan and lipoteichoic 

acid could have endotoxin-like activity, stimulating the release of citotoxines by 

macrophages, activation of complement, and aggregation of platelets. These 

structures can be hidden from host recognition, by producing antiphagocytic 

components such as a capsule or protein A [1], [40], [99]. 

Superantigens (SAgs): Additionally, some S. aureus strains can also 

produce SAgs, resulting in various toxin-mediated diseases, such as food 
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poisoning and toxic shock syndrome (TSS) [83], [100]. SAgs toxins are a class 

of powerful immune-stimulatory molecules that possess the ability to interact 

simultaneously with the major histocompatibility complex-(MHC) class II 

molecules and T-cell receptors, inducing T-cell proliferation and massive burst 

in cytokine release [1], [101]. These toxins include toxic shock syndrome toxin-1 

(TSST-1), and staphylococcal enterotoxins (SEA, SEB, SECn, SED, SEE, SEG, 

SEH and SEI) [83], [100], [102].  TSS is an acute and potentially fatal illness 

that is characterized by fever, diffuse erythematous rash, hypotension, 

desquamation that can lead to multiple organ failure and lethal shock. This 

syndrome has been reported in two clinical forms: menstrual TSS and 

nonmenstrual TSS. TSST-1 is responsible for nearly all cases of menstrual-

associated TSS and nonmenstrual-associated staphylococcal TSS is normally 

associated with TSST-1, staphylococcal enterotoxin SEB and SEC [83], [100]. 

Moreover, SEs are the causative agents of staphylococcal food poisoning, 

which is a major concern in public health worldwide [103]. Several SAgs genes 

are encoded by staphylococcal pathogenicity islands (SaPI), prophages and 

plasmids [104]. Recently, a few reports demonstrated that the presence of 

different SAgs is associated with clonal complex rather than with invasive 

disease and these toxins are critical in the causation of lethal sepsis, infective 

endocarditis, and kidney infections [105]–[107].  

Exfoliatins: Some strains also produce epidermolysins or exfoliative toxins 

(ETA, ETB, ETC and ETD, proteases that act by cleaving peptide bonds 

between the extracellular domains of desmoglein 1, a transmembrane protein 

that forms part of desmosomes that bind the epithelial cells [108]–[110]. These 
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toxins are capable of causing scalded skin syndrome or bullous impetigo, which 

clusters in newborns and infants less than 1 year old and rarely in adults [1]. 

• Virulence factors with poorly defined role in virulence 

Arginine catabolic mobile element (ACME): Another element that has been 

associated to play a role in the pathogenesis of MRSA, particularly in CA-

MRSA, is the type I ACME, which is a 31-kb mobile genetic element (MGE). 

ACME was first described in the epidemic USA300 clone (ST8 and carry a type 

IV staphylococcal cassette chromosome (SCCmec). This element contains two 

genes clusters: arc, encoding the arginine deiminase pathway, and opp3, 

encoding an oligopeptide permease system [111]–[113]. Arginine deiminase 

activity, which produces ammonia and ATP, it seems to facilitate colonization by 

neutralizing the acid environment (pH 4.2-5.9) on the skin and producing 

energy. In addition, inhibits nitric oxide production a key molecule used by the 

human innate and adaptive host defences. Oligopeptide permeases can be 

associated to a wide array of functions, including uptake of short peptides as 

nutrients, quorum sensing, chemotaxis, cell adhesion, and resistance to 

antimicrobial peptides [90], [111], [114]. The biochemical functions of the ACME 

opp and arc operons and a possible role of ACME in colonization, remains to be 

determined [90]. ACME is adjacent to SCCmec and mobilized by the same 

recombinase (ccrAB) that mobilizes SCCmec. Physical linkage between ACME 

and SCCmec suggests that selection for pathogenicity and selection for 

antibiotic resistance are interconnected. In community setting with low antibiotic 

selection pressure, ACME could enhance growth, survival, and dissemination of 

USA300 clone [112]. In addition to ST8-IV, ACME has been found in different 
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clonal backgrounds such as ST5-II, ST59-IV, ST97-V, ST1-IV, ST5-IV, ST239-

III, also two ST8 MSSA isolates and in some species of coagulase-negative 

staphylococci, where it seems to be more prevalent [111], [115]–[121]. 

Coagulase: Coagulation is a primitive innate defence mechanism against 

microbial pathogens that traps and immobilizes invading bacteria in a clot and is 

the target of bacterial immune evasive strategies [122]. The bacterial pathogen 

S. aureus secretes coagulases polypeptides that bind to and activate 

prothrombin, thereby converting fibrinogen to fibrin and promoting the clotting of 

plasma or blood. Two proteins promote coagulation during the host infection, 

coagulase (Coa) and von Willebrand factor binding protein (vWbp). 

Staphylococcal binding to fibrinogen or fibrin is an important characteristic of 

disease pathogenesis, enabling the formation of abscesses, bacterial 

persistence in host tissues and enables the pathogen to cause lethal sepsis 

[122], [123]. However, the molecular basis of protective immunity by Coa and 

vWbp specific immune responses remains to be evaluated [123]. As referred 

before, coagulase is a traditional marker for identifying S. aureus in the clinical 

microbiology laboratory [40]. 

Bacteriocins: Bacteriocins (Bac) are ribosomally synthesised antimicrobial 

peptides that are not lethal to the producer cells but toxic or antibiotic to other 

bacteria [124], [125]. The synthesis of a number of Bac has been shown to be 

growth-phase dependent and appears to be under the control of a large family 

of two-component signal transduction systems [125]–[127]. Several strains of S. 

aureus carry the entire biosynthetic operon for the production of a functional 

lantibiotic-type Bac, designated Bsa (bacteriocin of S. aureus). Bsa could help 

highly virulent CA-MRSA strains such as ST8 and ST80 genetic backgrounds, 
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compete with other colonizing flora and increase the chance of infection with 

this strains [11], [90], [128]. 
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2. Antibiotic resistance in Staphylococcus aureus 

Nowadays, one of the major concerns of clinicians is the emergence of 

pathogens resistant to multiple antibacterial agents causing S. aureus infections 

in the clinical setting.  

Before the antibiotic era, the mortality rate of S. aureus bacteremia was 

extremely high, exceeding 80% [129]. In the early 1940s, with the introduction 

into clinical practice of the first beta-lactam antibiotic named penicillin, the 

mortality and morbidity decreased considerably [130]. However, soon after its 

introduction, bacteria resistant to penicillin began to evolve and spread [131]. 

Worryingly, the deployment of any novel antibiotic has been followed by the 

evolution of clinically significant resistance to that antibiotic in as little as a few 

years (see Figure 3).  

Figure 3: Timeline of antibiotic introduction in the clinical practice and the 
emergence of antibiotic resistance (taken from [132]). 

This represents an increasing global problem that seriously complicates the 

treatment of bacterial infections. Antibiotic use in human and animal medicine, 

to a lesser extent, in agriculture clearly selects the bacterial populations 

Antibiotic deployment 

Antibiotic resistance observed 
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(pathogenic and/or commensal endogenous microbiota of human and animals) 

[133].  

The clinical relevant antibiotics may be classified in five categories 

according to the cellular mechanisms they target: i) cell wall synthesis (e-g. 

beta-lactams and glycopeptides), ii) protein synthesis (e.g. aminoglycosides, 

tetracyclines, macrolides, lincosamides, chloramphenicol, mupirocin and fusidic 

acid), iii) DNA replication (e.g. quinolones), iv) RNA synthesis (e.g. rifampin), v) 

folic acid metabolism (e.g. sulphonamides and trimethoprim) (see Figure 4) 

[134]. 

Figure 4: Antibiotic targets and mechanisms of resistance (taken from [134]). 

The basic mechanisms by which microorganisms developed antibiotic 

resistance can be classified into three different classes: i) prevention of access 

to target (reduced permeability, active efflux, or reduced influx); ii) drug 

inactivation (destruction or inactivation of the antibiotic, so it fails to bind the 
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target), and iii) target alteration (overproduction of target and 

modification/alteration, avoiding the antibiotic binding) (see Figure 4 and Table 

2). Overall, bacteria can possess one or several of these mechanisms 

simultaneously [134], [135]. 

Table 2 summarizes the most important resistance mechanisms and 

resistant genes associated with MRSA. 
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Table 2: Antimicrobial agent classes, targets, mechanisms of action, mechanisms of resistance and resistance genes (adapted from 

[136], [137]). 

Class (examples) Target Mechanism of action Resistance type
Mechanism of 

resistance

Resistance 

genes
Genetic basis

Beta-lactams

(Penicillins, Caphalosporins, Carbapenems, Monobactams)

Cell wall synthesis Bind to penicillin-binding 

proteins (PBPs) and inhibit the 

transpeptidation step in the 

peptidoglycan synthesis, 

stimulate autolysins

Inactivation (hydrolysis)

New target with reduced 

affinity

Beta-lactamase

Additional and altered PBPs

blaZ

mecA

P, T (Tn552)

C (SCCmec)

Glycopeptides

(Vancomycin, Teicoplanin)

Cell wall synthesis Inhibit transglycosylation and 

transpeptidation steps in 

peptidoglycan synthesis – bind 

to D-Ala-D-Ala

Target alteration

Target overproduction

Altered peptidoglycan cross-link 

target (substitute D-Ala-D-

lactate for D-Ala-D-Ala)

Excess of peptidoglycan

vanA

Unknown

T (Tn1546)

Probably C

Aminoglycosides

(Gentamicin, Trobamycin, Neomycin, Kanamycin, Streptomycin)

Protein synthesis (30S) Inhibit 30S ribosomal subunits Inactivation (acetylation, 

phosphorylation, adenylation)

Aminoglycoside-modifying

enzymes

AAC6’/APH2’’

ANT4’,4’’

APH3’

ANT3’’

aacA-aphD

aadD

aphA-3

aadE

T (Tn4001)

P (pUB110)

T (Tn5404, Tn5405 located into P or C)

T (Tn5404, Tn5405 located into P or C)

Tetracyclines

(Tetracycline, Tigecycline)

Protein synthesis (30S) Inhibit protein synthesis (30S)

Disrupt bacterial membrane

Ribossomal protection

Active efflux 

Production of proteins that bind 

to the ribossome and after the 

conformation of the active site

New membrane transporters

tetM

tetK, tetL

C

P (T181), P

Macrolides/Lincosamides/Streptogramins (B)

(Erythromycin, Clindamycin, Quinupristin, Dalfopristin)

Macrolides/Streptogramins (B)

(Erythromycin, Quinupristin, Dalfopristin)

Streptogramins (B)

Quinupristin, Dalfopristin)

Streptogramins (A)

Quinupristin, Dalfopristin)

Protein synthesis (50S ribosomal  subunit)

Protein synthesis (50S )

Protein synthesis (50S )

Protein synthesis (50S )

Inhibit 50S ribosomal subunits

Inhibit 50S ribosomal subunits

Inhibit 50S ribosomal subunits

Inhibit 50S ribosomal subunits

Target alteration

Active efflux

Inactivation (hydrolysis)

Active efflux

Inactivation (acetylation)

23S rRNA methylase

ABC transporter

Hydrolase

ABC transporter

Acetyltransferases

erm(A), erm(B), erm(C)

msrA

vgb

vga, vgaB

vat, vatB

T (Tn554)

P (pI258 type)

P (pE194 type)

P (pUL5050)

P

P

P
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Table 2: Antimicrobial agent targets, mechanisms of action, mechanisms of resistance and resistance genes (cont.) 

AAC,  aminoglycoside acetyltransferase; APH, aminoglycoside phosphotransferase; ANT, aminoglycoside nucleotidyltransferase; ABC, ATP-binding cassette; CAT, 

chloramphenicol acetyltransferase; P, plasmid; T, transposon; C, chromosome. 

Class (examples) Target Mechanism of action Resistance type Mechanism of resistance Resistance genes Genetic basis
Lincosamides

(Clindamycin)

Protein synthesis (50S ) Inhibit 50S ribosomal subunits Inactivation (hydrolysis) o-nucleotidyltransferase linA P (pIP855 type)

Phenicols

(Chloramphenicol)

Protein synthesis (50S ) Inhibit 50S ribosomal subunits Inactivation (acetylation)

Methylation

Active efflux

Acetyltransferase CAT

rRNA methylase

Membrane transporter system

cat

cfr

fexA

P (pUB112)

P

T (Tn558)

Fusidanes

(Fusidic acid)

Protein synthesis (elongation factor G) Inhibit protein synthesis (elongation 

factor G)

Target alteration

Protection of the drug target site

Mutation leading to reduced binding to active site (s)

Acquisition of  fusB family proteins

fusA, rplF

fusB, fusC

C

P, T-like or SaPI

Mupirocin

(Mupirocin)

Protein synthesis (isoleucyl-tRNA-synthetase) Inhibit isoleucyl-tRNA-synthetase) Target modification Resistant  isoleucyl-tRNA-synthetase mupA P

Quinolones

(Ciprofloxacin, Norfloxacin, Levofloxacin)

DNA replication Bind DNA gyrase Target alteration

Active efflux

Mutations in gyrase

Mutations in topoisomerase

Multidrug efflux system

gyrA/B

grlA/B

norA

C

C

C

Rifamycin

(Rifampicin)

RNA synthesis Bind to beta-subunit of bacterial RNA

polymerase

Target alteration Mutations leading to reduced binding to RNA  polymerase rif C

Lipopetides

(Daptomycin)

Cell membrane charge and cell wall synthesis Inhibit  lipotheichoic acid biosynthesis;  

disrupt bacterial membrane

Target alteration Mutations in multiple chromosomal loci changing the cell 

membrane charge - decreasing drug binding

mprF, yycG, rpoB, rpoC C

Oxazolidinones

(Linezolid)

Protein synthesis (50S ) Inhibit 50S ribosomal subunits Target alteration

Methylation

Mutations in the V domain of the 23S rRNA

Modification of ribosomal proteins L3 and L4 

RNA methylation

G2447T, T2500A, G2576T

rplC , rplD

rlmN

cfr

C

C

P

P

Fosfomycin

(Daptomycin)

Peptidoglycan synthesis Inhibit peptidoglycan synthesis 

(inactivation of MurA)

Target alteration Transporter mutation fosB P

Sulfonamides/Trimethoprim

(Trimethoprim, Trimethoprim-Sulfamethoxazole)

Folic acid metabolism

Tetrahydrofolate production

Metabolic Pathways folic acid

metabolism

Inhibit enzymes responsible for 

tetrahydrofolate production

Target alteration Mutation or recombination of genes encoding DHPS and DHFR

Acquisition of new low affinity DHFR genes

Promoter mutation leading to overproduction of DHFR

dhps, dhfr

dhfrS1, dhfrS2, dhfrS3

dfrA, dfrD, dfrG, dfrK

P

P

P
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2.1. Resistance to beta-lactam antibiotics: methicillin 

Beta-lactam antibiotics are important in the treatment of S. aureus 

infections. Beta-lactam antibiotics act by acylation (inactivating) the active site 

of the transpeptidase of the penicillin-binding proteins (PBPs), inhibiting cell wall 

synthesis [138].  

The beta-lactam resistance of MRSA strains results from the expression, in 

addition to the four native PBPs, of a fifth low-affinity PBP named PBP2a [139]. 

Nevertheless, other types of resistance to beta-lactams have been reported in 

S. aureus, namely the presence of chromosomal mutations, the overexpression 

of the beta-lactamase or the overexpression of PBPs [140]–[145]. 

2.1.1. Emergence and evolution of methicillin-resistance 

Resistance to beta-lactams was first described for penicillin in 1940 and is 

mainly caused by the blaZ gene encoding production of beta-lactamases, which 

hydrolytically destroy beta-lactams [146]. The blaZ gene can be located 

chromosomally or on plasmids [147]. This type of penicillin resistance in S. 

aureus may thus emerge via two mechanisms: spread of resistant clones or 

through horizontal dissemination of mobile elements containing the blaZ 

gene. Location of the resistance determinants on transferable elements 

generally promotes efficient spread [148]. 

After the spread of S. aureus strains resistant to penicillin through the 

acquisition of a beta-lactamase, methicillin was introduced in Europe in 1959, 

which was not degraded by beta-lactamases. However, once again, it was not 

long before the first staphylococci isolates exhibiting resistance to methicillin 
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were reported and methicillin-resistant S. aureus (MRSA) emerged [146], [149], 

[150]. 

Since then, nosocomial MRSA infections emerged, though infrequently, 

worldwide. In the late 1980s and the early 1990s, MRSA gradually increased in 

frequency and became a serious pathogen in hospital throughout the world, the 

so-called health care or hospital-associated MRSA (HA-MRSA) [151], [152]. 

Today, MRSA has risen to one of the most frequent causes of hospital 

infections worldwide [152].  In some hospitals, over half of the S. aureus 

infections are MRSA. The prevalence varies greatly depending on the country 

and even from one hospital to another.  

2.1.2. mecA and mecC genes  

The intrinsic resistance to all beta-lactam antibiotics delivered by PBP2A, 

results from the fact that this protein in contrast to the four native PBPs of S. 

aureus has very low affinity for beta-lactam antibiotics. Therefore, its 

transpeptidase domain remains active in the presence of otherwise inhibitory 

concentrations of beta-lactams assisted by the transglycosylase domain of 

native PBP2, ensuring the cell wall biosynthesis [139], [153], [154]. 

PBP2a is encoded by the mecA gene, a 2.1Kb DNA fragment of unknown 

origin, which is carried by a heterologous mobile genetic element called 

staphylococcal cassette chromosome mec (SCCmec) [155], [156]. The origin of 

mecA remains unclear. A mecA homologous gen was detected in 

Staphylococcus sciuri sharing a high amino acid sequence similarity (88%) with 

the mecA gene of S. aureus. Moreover, the comparison of transpeptidase 
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domain and transglycosylase domain of the S. sciuri mecA revealed a similarity 

of 96% and 80%, respectively, with the MRSA mecA gene [157], [158]. 

Recently, a divergent mecA homologue, showing 70% DNA sequence 

identity with mecA named mecC has been described in MRSA from humans 

and diverse animal species (LGA251). This mecA homologue, originally named 

mecALGA251 and later designated mecC, shows lower levels of resistance to 

methicillin and cefoxitin than mecA, is negative by PCR assay for mecA and 

fails the slide agglutination test for PBP2a [159]–[161]. Several studies have 

reported the presence of this gene in distinct S. aureus genetic lineages from 

both animal and human origin with a wide geographical distribution in Europe 

[162]–[164]. 

2.1.3. Staphylococcal cassette chromosome mec (SCCmec) element 

SCCmec integrate into the S. aureus chromosome at the 3’ end of orfX, an 

open reading frame (ORF) of unknown origin coding for a methyltransferase of 

RlmH type, located near the origin of replication [165]–[167]. SCCmec is 

composed by: (i) the mec gene complex including mecA and its regulators; (ii) 

the ccr gene complex containing site –specific recombinases – cassette 

chromosome recombinases (ccr) and (iii) the presence of three flanking regions, 

the joining (J) regions [168]. The mec complex is composed of the mecA gene, 

intact or truncated mecA regulators, mecI (repressor) and mecR1 (sensor 

inducer). Recently, mecR2 was also identified as a regulator of mec through 

binding of the methicillin repressor mecI (see Figure 5) [169], [170]. 
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Figure 5: Model for the mecA induction by MecR1-MecI-MecR2. In the presence of 

a beta-lactam antibiotic, MecR1 is activated and rapidly induces the expression of 

mecA and mecR1-mecI-mecR2. The anti-repressor activity of MecR2 is essential to 

sustain the mecA induction since it promotes the inactivation of MecI by proteolytic 

cleavage. In the absence of beta-lactams, MecR1 is not activated and a steady state is 

established with stable MecI-dimers bound to the mecA promoter and residual copies 

of MecR1 at the cell membrane (taken from [170]). 

So far, five major classes of mec complexes (A, B, C1, C2, and E) have 

been described in S. aureus according to its structure (see Table 3) [167], [168], 

[171]–[174]. The ccr complex is composed by the ccr genes that encodes 

recombinases of the invertase resolvase family and are responsible for the 

excision/integration of SCCmec from the chromosome [156], [174]. Currently, 

five ccr gene complexes have been described: types 1 to 4, carrying two genes, 

ccrA and ccrB with four allotypes (ccrAB1, ccrAB2, ccrAB3, ccrAB4); and type 5 

carrying a single allotype, ccrC (see Table 3). Besides the mec and ccr gene 

complexes, the SCCmec is composed by three J regions (J1, J2 and J3) 
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(previously named “junkyard” regions), which constitute non-essential 

components of the cassette that may carry antibiotic and heavy metal 

resistance determinants [168]. J1 is the region between the chromosomal left 

junction and the ccr complex; J2 the region between the ccr complex and the 

mec complex and J3 the region between the mec complex and the 

chromosomal right junction. Overall, SCCmec structural organization may be 

summarized as containing a J1-ccr-J2-mec-J3, where the variations in the J 

regions (within the same mec-ccr combination) are used for defining SCCmec 

subtypes [168], [175]. Currently, eleven different types of SCCmec elements 

(types I-XI) have been described in S. aureus, ranging in size from 20.9 to 

66.9Kb (see Table 3). Moreover, a total of 19 subtypes have been reported, 

namely from SCCmec type I (IA), type II (IIA, IIvar, IIb, IIA-E), type III (IIA and 

IIIB) and from SCCmec type IV (IVa-d, IVg-j) [168], [172], [176]–[182]. 

SCCmec types IV, V, VI and VII were defined by the presence of beta-

lactams resistance determinants. In contrast, types I, II, III and VIII carry 

additional resistance determinants for other antibiotics and heavy metals. This 

last resistant profile could be conferred by the presence of integrating plasmids, 

such as pI258 coding for resistance to mercury, pT181 coding for tetracycline 

resistance and pUB110 encoding for resistance to kanamycin, tobramycin and 

bleomycin; and transposons like Tn554 carrying the ermA gene that confers 

inducible resistance to macrolides, lincosamides and streptogramins (MLSB 

phenotype) [174]. The acquisition by S. aureus of these SCCmec types gives 

rise a multidrug resistant (MDR) phenotype in a single event.  
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Table 3: SCCmec types identified in S. aureus (I to XI) (adapted from 

http://www.sccmec.org/Pages/SCC_TypesEN.html). 

 

2.2. Resistance to non beta-lactam antibiotics 

During the past years, the emergence of MRSA strains resistant to several 

antimicrobial classes in addition to beta-lactams antibiotics has complicated the 

treatment of S. aureus infections [183]. This fact has resulted in the increasing 

use of glycopeptides such as vancomycin and teicoplanin and other 

antimicrobial agents such as tetracyclines, clindamycin, quinolones and fusidic 

acid for the treatment of MRSA infections. However, MRSA have progressively 

become resistant to a number of antimicrobials, including clindamycin and 

tetracycline [183], [184]. In response to these challenges, new antimicrobials 

have been developed including the streptogramins (quinupristin/dalfopristin), 

the oxazolidinones (linezolid), telavancin ceftaroline and, more recently, the 

cyclic lipopeptides (daptomycin) [183]. 
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The European antimicrobial resistance surveillance network (EARS-net) 

reported in 2013 that 81.4% of the invasive MRSA isolates registered in 28 

European countries showed resistance to fluoroquinolone. Moreover, low 

resistance levels to rifampicin (6.7%) and linezolid (1.2%) were observed [185]. 

2.2.1. Vancomycin 

Vancomycin is a glycopeptide antibiotic used as a first-line treatment 

against severe MRSA infections [186]. However, the first MRSA isolate with 

decreased susceptibility to vancomycin (minimum inhibitory concentration [MIC] 

of 4-8mg/L) also known as vancomycim intermediate-resistant S. aureus 

(VISA), was reported in Japan in 1997 [187]. Additional cases were 

subsequently reported from other countries including Spain [188]–[192]. 

Two types of vancomycin resistance were identified in clinical isolates of S. 

aureus [193]. One type was reported in the VISA strains, which have MICs to 

vancomycin of 8-16mg/L that also includes a pre-VISA stage of resistance - 

heterogeneously resistant strains (hetero-VISA) [187]. Hetero-VISA strains are 

phenotypically susceptible to vancomycin by routine laboratory methods but 

contain vacomycin-intermediate subpopulations that are usually present 

frequencies of 10-6 to 10-4 [194]. The reduced susceptibility to vancomycin 

seems to result from changes in peptidoglycan biosynthesis. VISA strains 

synthetise additional quantities of peptidoglycan that result in irregularly shaped 

thickened cell wall. There is also decreased cross-linking of peptidoglycan 

strands which leads to the exposure of more D-Ala-D-Ala residues. Therefore, 

there are more D-Ala-D-Ala residues available to bind and trap vancomycin. 

This bound acts as a further obstacle to drug molecules reaching their target on 
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the cytoplasmatic membrane (see Figure 6A) [195]. The second type of 

vancomycin resistance probably results from the conjugal transfer of the vanA 

operon from a vancomycin Enterococcus faecalis. This operon is located on a 

plasmid and encodes a sex pheromone that is produced by S. aureus, 

suggesting a potential facilitator of conjugal transfer. These isolates have MICs 

≥128 mg/L and are caused by the replacement of the terminal peptide D-Ala-D-

Ala by D-Ala-D-Lac. Furthermore, the new dipeptide has dramatically reduced 

affinity for vancomycin. In the presence of vancomycin, the novel cell wall 

precursor is synthesized, allowing continued peptidoglycan assembly (see 

Figure 6B) [195], [196]. 

Figure 6: Mechanisms of S. aureus resistance to vancomycin: A) VISA strains; B) 

VRSA strains (taken from [195]).  

2.2.2. Daptomycin 

Daptomycin is a cyclic lipopeptide antibiotic derived from the fermentation of 

Streptomyces roseosporus, with a rapid bactericidal activity against Gram-

positive pathogens, including MRSA and approved for the treatment of skin 

A B 
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infections, bacteremia and right-sided endocarditis [197]. Despite the cell 

membrane has usually been pointing as a daptomycin’s central target, recent 

studies have shown that it also causes alterations in the activity of enzymes 

involved in cell wall synthesis, therefore causing a dramatic cell wall and 

membrane defects [198]. Consequently, cell membrane depolarization and 

permeabilization is accompanied by leakage of small ions such as potassium, 

resulting in bacterial cell death. This process requires the presence of calcium, 

which may increase its amphipathicity and lower its negative molecular charge 

at neutral pH. In interaction with calcium, daptomycin resembles cationic 

antimicrobial peptide (CAMPs) [199], [200]. Its activity is concentration 

dependent, and higher doses are therefore expected to provide increased 

activity and reduce infection inoculums more quickly [201]. 

Both the US Food and Drug Administration (FDA) and the Clinical 

Laboratory Standards Institute (CLSI) have established the daptomycin 

susceptibility breakpoint for S. aureus at an MIC ≤1 mg/L and consider strains 

that have an MIC above 1mg/L as being non-susceptible [202]. 

Evidence-based guidelines for the management of patients with MRSA 

infections recommended daptomycin as a first-line treatment for SSTIs, infective 

endocarditis and bacteremia. In contrast, it is not useful for low respiratory tract 

infections due to its inactivation by pulmonary surfactant [203]. 

The emergence of daptomycin non-susceptible S. aureus during therapy 

has been described in several reports [204]–[207]. Most of these patients had 

deep-seated infections associated with a high burden of infecting organisms, 

36 



Introduction 
 

commonly with the presence of a biomedical device or dead tissue with poor 

blood perfusion [201].  

The mechanisms of resistance to daptomycin are quite diverse and 

complex, involving perturbations predominantly in the cell membrane, but also 

in the cell wall thickening, changes in membrane lipid composition, drug binding 

and alterations in the surface charge [199].  

Daptomycin resistant strains often exhibit progressive accumulation of 

single nucleotide polymorphisms in a relatively limited group of genes in S. 

aureus involved in the regulation of bacterial membrane surface charge, such 

as mprF [encoding a membrane lysylphosphatidylglycerol (LPG) synthetase] 

and yycFG (encoding a histidine kinase) [208]. Mutations in subunits of RNA 

polymerase (rpoB and rpoC) have also been identified in later stages of the 

progression of daptomycin resistance in laboratory-derived strains [209]. 

The mutations most frequently identified have been in the mprF gene. This 

gene is responsible for the lysinylation of phosphatidylglycerol (PG) to generate 

a more positively charged LPG (mediated by a C-terminal lysinylation domain) 

and translocates LPG to the outer layer of the cell membrane (mediated by the 

N-terminal translocation domain) [210]. “Gain of function” mprF mutations can 

be associated with increased surface positive charge, conferring resistance to 

daptomycin due to electrostatic repulsion and decreased membrane binding. 

Nevertheless, the relationship between mprF gene function and associated cell 

wall changes in daptomycin resistant isolates has not been completely clarified 

to date [199], [211]. 
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Daptomycin and cationic antimicrobial peptides (CAMPs) resistance could 

be also mediated by DltABCD operon, which is responsible for D-alanylating 

wall teichoic acids (WTA) and contributes to the positive surface charge. 

Inactivation of S. aureus dlt genes caused a reduction in the D-alanine content 

of WTA, as well as to increased susceptibility to CAMPs [212], [213]. 

Additionally, mutations in cardiolipin synthetase (csl2) and 

phosphatidyglycerol synthase (psgA) genes, which are responsible for the 

production of the anionic membrane phospholipids, have also been related with 

daptomycin resistant strains (see Figure 7) [214]. 

It appears that prior vancomycin exposures may well provide the 

development of subsequent daptomycin-resistant MRSA strains. Those strains 

lack mutations in any of the membrane phospholipid biosynthesis genes. The 

mechanism of resistance might be due to impaired diffusion through thicker, 

less cross-linked cell walls, possible reduction in muramic acid O-acetylation, 

and possible changes in membrane charge [199]. 
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Figure 7: A hypothetical schematic diagram for the functional effect of the 

mutations in mprF, pgsA and cls2 genes.  mprF mutations lead to an increase in 

lysinylation of phosphotidylglycerol (PG) to form L-PG, and an increase in translocation 

of this positively charged L-PG to the outer leaflet of the membrane, leading to 

electrorepulsion of daptomycin. In isolation, or in concert with mprF mutations, 

mutations in cls2 may lead to altered membrane charge or effect binding of daptomycin 

to the membrane. Finally, PgsA is important in the initial step of phospholipid 

biosynthesis, converting CDP-diacylglycerol (CDP-DG) into PG (taken from [214]).  

2.2.3. Linezolid 

Linezolid is the first oxazolidinone antibiotic that has been introduced into 

the medical practice to treat infections caused by various Gram-positive 

microorganisms, including MRSA [215], [216]. This bacteriostatic agent binds to 

the 50S subunit of the bacterial ribosome via interaction with the 23S rRNA, 

thereby blocking protein synthesis (see Figure 8) [215], [217], [218]. 
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Clinical Laboratory Standards Institute (CLSI) have established the linezolid 

susceptibility breakpoint for S. aureus at an MIC ≤4 mg/L and consider strains 

that have an MIC above 8 mg/L as being non-susceptible [202]. Resistance to 

linezolid in S. aureus is not frequent in Spain, though it has increased during the 

last decade [219], [220]. 

Figure 8: Mode of action of the oxazolidinones. Oxazolidinones combine with the 

50S ribosomal unit, preventing it from complexing with the 30S subunit, mRNA, 

initiation factors and formylmethionyl-tRNA. Consequently, no functional initiation 

complex is formed, and protein synthesis is halted. Most other protein synthesis 

inhibitors block peptide elongation (taken from [216]). 

Since the introduction of linezolid in the clinical practice, several 

mechanisms of linezolid-resistance have been described. The most frequent 

mechanism of resistance is mediated by mutations in the V domain of the 23S 

rRNA, particularly G2447T, T2500A and G2576T [215], [216]. Due to the 

presence of multiple copies of the 23S rRNA gene, a relationship between the 

number of mutated genes and the level of resistance is well established, and 

known as “gene dosage” [221]. MIC increments are progressive, and MICs of 
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such mutants are usually 4 to 8 mg/L compared with a baseline of 2 mg/L. 

Another mechanism involved in linezolid resistance is the modification of 

ribosomal proteins L3 and L4 encoded by rplC and rplD genes, respectively. 

Some of the mutations found in these genes are concurrent with mutations in 

the V domain of the 23S rRNA [222]. Finally, RNA methylation by two different 

methyltransferases has been related to linezolid resistance: RlmN – a codon 

insertion in the methyltransferase gene rlmN reduces linezolid susceptibility in 

clinical S. aureus, and a methyltransferase encoded by the cfr 

(chloramphenicol-florfenicol resistance) gene [223], [224]. The cfr gene was 

originally described in a bovine Staphylococcus sciuri isolate [225]. It is often 

located in a plasmid which may be horizontally transferred between 

staphylococci and confers cross-resistance to linezolid and four other classes of 

antimicrobial agents [phenicols, lincosamides, pleuromutilines, and 

streptogramin A (PhLOPS phenotype)] [226], [227]. Some outbreaks of cfr-

mediated linezolid-resistant strains have been reported in the literature such as 

the outbreak described in Spain by Morales et al. [219]. In this case, the 

epidemic strain was involved in surgical site infections; ventilator-assisted 

pneumonia; and primary bacteremia in an intensive care unit, affecting 12 

patients.  

Evidence-based guidelines for the management of patients with MRSA 

infections recommended linezolid as a first-line treatment for SSTIs, persistent 

bacteremia, vancomycin treatment failures, bone and joint infections, infections 

of the central nervous system and pneumonia. In contrast, it should not be used 

if there is concern for infective endocarditis or endovascular source of infection 
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but may be considered in children whose bacteremia rapidly clears and is not 

related to an endovascular focus [203]. 

2.3. New therapeutic strategies 

In recent years, development of new antimicrobials not adequately 

addresses the problems posed by antibiotic resistance among multidrug-

resistant bacteria [228].  

Several attempts to identify the correct antigen or antigen combination and 

relying on the production of a protective antibody against S. aureus have been 

made, however it remains unclear how to successfully formulate a successful 

vaccine and to whom it should be deployed [229], [230]. Alternative approaches 

have been proposed to target virulence of pathogens instead of their growth to 

generate new antimicrobial agents, thereby reducing or slowing the selection for 

resistance [231]–[233]. Anti-virulence compounds acting against S. aureus 

biofilm formation and targeting two essential S. aureus virulence factors like 

alpha-hemolysin (Hla) and phenol-soluble modulins (PSMs), have been 

developed [234]. Furthermore, natural products with antimicrobial activity 

against MRSA have been also explored. For instance, honey has demonstrated 

antimicrobial activity against MRSA forming biofilm and synergistic effects in 

combination with rifampicin for the treatment of chronic wound infections 

caused by MRSA [235]. Other natural compounds such as Marinopyrrole A 

(identified from a species of marine-derived streptomycetes) that has significant 

affinity for plastic have potential as a potent anti-MRSA agent in cutaneous, 

intracatheter or antibiotic-lock applications [236]. 
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3. Epidemiology of methicillin-resistant Staphylococcus 

aureus 

As referred before, after the introduction of methicillin into clinical practice to 

treat infections caused by penicillin-resistant S. aureus, the first MRSA strain 

was reported from United Kingdom (UK) in 1961 [150]. During the following 

1980s, MRSA have acquired multidrug resistance traits and has spread to other 

European countries. During this time, MRSA infections had been largely 

confined to hospitals and other healthcare facilities (so called hospital-

associated MRSA, HA-MRSA) [152]. However, in the late 1990s, virulent 

community-acquired MRSA (CA-MRSA) emerged in the community and later on 

in the healthcare facilities suggesting that certain clones have the ability to 

cross barriers between hospitals and the community [40], [195], [237]–[239]. 

While the distribution between hospital and community MRSA became blurred, 

MRSA started to emerge from another origin – livestock-associated MRSA (LA-

MRSA). In spite of S. aureus being associated with animals for several years, 

MRSA transmission from animal origin into humans poses a serious public 

health problem [240]–[249]. 

3.1. Methicillin-resistant  S. aureus clonal lineages: evolution 

and global dissemination 

Two theories were proposed to explained the origins of the major 

contemporary MRSA clones: (i) the “single-clone theory” suggests that all 

MRSA were descendant from a common MRSA ancestor, resultant from a 

single SCCmec introduction event into a methicillin-susceptible S. aureus 
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(MSSA) strain; (ii) the “multiclone theory”, which is nowadays the most widely 

accepted, proposes that SCCmec has been introduced several times into 

various S. aureus lineages [151], [250]–[252]. Crisóstomo and colleagues 

approached questions related to the origin and spread of MRSA by studying the 

genetic background of MSSA and early MRSA strains isolated in the 1950/60s 

in Denmark and UK, where the first MRSA were identified and stored. This 

study noticed a gradual accumulation resistance determinants in MSSA 

paralleling the antimicrobial introduction in therapeutics and suggested that 

these MSSA strains (belonging to CC8) had a similar genetic background to the 

early and contemporary MRSA (ST250-I, the Archaic clone). Thus, the Archaic 

clone represented the progeny of an S. aureus strain that must have been 

served as one of the first S. aureus recipients of the methicillin resistance 

determinant in Europe [253]. Another study including S. aureus blood isolates 

that were collected in Denmark in the 1960s shows the same findings [250]. 

Because of the emergence and spread of multidrug-resistant MRSA 

worldwide, over 3000 MRSA isolates from different regions of the world has 

been studied by the international surveillance system CEM/NET. This 

surveillance study evidenced the spread of six major clones, namely the Iberian 

(ST247-IIA), Brazilian (ST239-IIIA), Hungarian (ST239-III), New York/Japan 

(ST5-II), Pediatric (ST5-VI) and EMRSA (ST36-II) clones [254]. Minor clones 

such as EMRSA-15 (ST22-IV) and Berlin (ST45-IV) mainly detected in the UK 

and Germany, showed epidemic potential [255]–[258]. 

Enright et al. studied a wide collection of MRSA and MSSA isolated in 20 

countries between 1961 and 1999, by MLST and SCCmec typing and defined 
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that the major MRSA clones could be grouped into five CCs: CC5, 8, 22, 30 and 

45. Additionally, according to their data, ST8-MSSA lineage was the ancestor of 

the Archaic clone (ST250-MRSA-I), because these STs differ only in a single 

mutation at yqiL locus [151]. Several evolutionary models were constructed for 

each of the five major CC, based on point mutations in housekeeping genes, 

recombination processes and acquisition of SCCmec element [151], [250], 

[259]. 

Besides ST250-MRSA-I, there are other successful MRSA lineages within 

CC8 such as the ST247-MRSA-I (Iberian clone), the ST239-MRSA-III (Brazilian 

and Hungarian clone), ST254-MRSA-IV (Hannover clone), ST8-MRSA-II (Irish-1 

clone) and one clone that is one of the major source of community-acquired 

infections in the USA, Canada and Europe, the ST8-MRSA-IV PVL positive 

USA300 [113], [151], [259]. ST239-III is one of the most epidemic MRSA clones 

and also the first bacterial hybrid identified in nature that arose by the 

homologous recombination of a 557Kb fragment of the ST30 chromosome with 

the chromosome of a ST8 strain. Thus, this clone represents an important and 

distinct branch of CC8 [260]. 

In addition to CC8, CC5 originated from an ancestral ST5-MSSA, 

represented the most diversified lineages of MRSA and contained the most 

pandemic clones. The ancestor ST5-MSSA diverged into major actual clonal 

lineages, as the ST5-MRSA-II (New York/Japan clone), the ST5-MRSA-IV/VI 

(Pediatric clone) and ST228-MRSA-I (Southern German clone) [259]. Moreover, 

it was reported that variations of the successful CC5 emerged by temporal and 

geographic independent SCCmec acquisitions [251].  
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CC22, CC30 and CC45 lineages represent less diversified lineages of 

MRSA strains and they have been mostly reported in Europe [261]–[265]. In 

CC22 lineage, ST22-MSSA was the ancestor for ST22-MRSA-IV named 

EMRSA-15 clone, depending on the geographical origins of the isolates In 

CC45, ST45-MRSA-IV (Berlin clone) emerged from the ancestor ST45-MSSA 

[259]. In CC30, the ST30-MSSA is the putative ancestor of two currently 

divergent clonal types: the community acquired ST30-MRSA-IV PVL positive 

(Southwest Pacific clone) and the ST36-MRSA-II (the hospital acquired, 

EMRSA-16) [259], [266]. 

Based on evolutionary models, SCCmec seems to be a crucial element on 

the MRSA evolution; hence, MRSA has emerged at least 20 times upon 

SCCmec acquisition. The acquisition of SCCmec by MSSA clones was four 

times more common than the replacement of one SCCmec with another. 

Remarkably, SCCmec type IV was found in twice as many clones as any other 

SCCmec with another [251], [259]. 

3.2. Hospital-associated MRSA 

Hospital-associated (HA-) MRSA are commonly associated with 

bacteremia, surgical wound, pneumonia, urinary tract, prosthetic-device and 

catheter-related infections [267]. Defined risk factors for HA-MRSA infection 

include prolonged hospitalization or residence at a nursing home, patients 

undergoing dialysis, use of indwelling catheters, prior antimicrobial therapy, 

Intensive Care Unit exposure, surgical procedures, previous MRSA infection or 

colonization and close proximity to an impatient colonized with MRSA [268]. 

The growing impact of medical, devices, older age, comorbidities of patients 
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and antibiotic overuse seems to contribute to the burden of MRSA infections 

[269]. 

Despite the lack of information from some countries, there is a gradient of 

prevalence, giving low values (5-10%) in Canada and Saudi Arabia and higher 

values (10-25%) in Tunisia, Venezuela, Mexico, Morocco and India. The 

prevalence increases significantly in the United States, Chile, Brazil, South 

Africa and Australia, among others, reaching up to 50%. Some countries such 

as Colombia and Japan are among the countries that exceed the value of 50% 

[152], [270].  

In Europe, according to the last report (2013) from the European 

Antimicrobial Resistance Surveillance Network (EARS-NET), the MRSA 

prevalence in invasive disease is 18% and seems to be decreasing or at least 

stabilizing, however with proportions ranging from 0% (Iceland) to 64.5% 

(Romania). Two countries (Iceland and Norway) reported resistance 

percentages below 1%, five countries (Sweden, Netherlands, Denmark, Finland 

and Estonia) reported 1-5%, five countries (Latvia, Luxembourg, Slovenia, 

Austria and Lithuania) reported 5-10%, 10 countries (Germany, Czech 

Republic, United Kingdom, Poland, Belgium, France, Bulgaria, Ireland, Hungary 

and Croatia) reported 10-25%, five countries (Slovakia, Cyprus, Italy, Greece 

and  Portugal) 25-50% and two countries (Malta and Romania) reported above 

50%. Several factors could influenced this MRSA percentages across the 

countries such as: (i) the different antimicrobial use policies, (ii) the subsequent 

antimicrobial selective pressure and (iii) different infection control and 
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prevention program, like Search and Destroy policies in some north European 

countries [185]. 

In Spain, the prevalence of MRSA ranging from 1.5% in 1986 to 22.6% in 

2013, although a significantly decreasing trend was reported for the period 2010 

to 2013 (see Figure 9) [185], [271]. 

A few data are available concerning Africa and Asia MRSA resistance. The 

prevalence of MRSA is lower than 50% (range, 16-55%) in most of the African 

countries during 2002-2011 [272]. In Asia, the MRSA proportion in the hospitals 

ranging from 28% (in Hong Kong and Indonesia) to >70% (in Korea) in the early 

2010s [273].These high levels of MRSA resistance could be due to the lack of 

restrictive measures on the use of antibiotics [274]; http://www.who.int). 
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Figure 9: Percentage (%) of invasive MRSA isolates, by country, European 
Union/European Economic Area countries: A) 2010; B) 2013. Reproduced from 

[185]. 

In table 4 are represented the major HA-MRSA clones currently 

disseminated worldwide. 

A 

B 
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Table 4: Molecular characteristics and geographic distribution of the predominant HA-MRSA clones (adapted from [275]–[277]). 

Alg, Algeria; Arg, Argentina; Arm, Armenia; Ast, Australia; Aus, Austria; Bel, Belgium; Bra, Brazil; Can, Canada; Chi, Chile; CHn, China; Col, Colombia; Cro, Croatia; Cze, 

Czech Republic; Den, Denmark; Fin, Finland; Fra, France; Ger, Germany; Gre, Greece; Hun, Hungary; Ind, India; Ids, Indonesia; Ire, Ireland; Isr, Israel; Ita, Italy; Jap, Japan; 

Kor, Korea; Kuw, Kuwait; Mex, Mexico; Mon, Mongolia; Net, Netherlands; Nor, Norway; NZ, New Zealand; Par, Paraguay; Pol, Poland; Por, Portugal; RoG, Republic of Georgia; 

SA, South Africa; Saud, Saudi Arabia; Sin, Singapore; Slo, Slovenia; Sri, Sri Lanka; Spa, Spain; Swe, Sweden; Swi, Switzerland; Tai, Taiwan; Uga, Uganda; UK, United 

Kingdom; Uru, Uruguay; USA, United States of America; Vie, Vietnam.   

HA-MRSA clone CC ST SCCmec spa type Geographic spread

Archaic 8 250 I t008, t009, t194 Ast, Can, Den, Ger, Swi, Uga, UK, USA

Iberian 8 247 I t008, t051, t052, t054, t200
Aus, Bel, Cro, Cze, Den, Fin, Fra, Ger, Hun, Ita, Isr,  

Net, Nor, Pol, Por, Slo, Spa, Swe, Swi, UK, USA

Brazilian/Hungarian 8 239 III t030, t037, t234, t387, t388

Alg, Arg, Ast, Aus, Bra, Can, Chi, Chn, Cze, Den, Fin, 

Ger, Gre, Hun, Ind, Ids, Kor, Mon, Net, Nor, Par, Pol, 

Por, Sin, Slo, Spa, Sri, Swe, RoG, Rus, Saud, Tai, 

UK, Uru, USA, Vie

Irish-1 8 8 II t008, t024, t064, t190, t206, t211 Ast, Can, Ire, UK, USA

UK EMRSA-2/-6 (USA500) 8 8 IV t008, t024, t064, t190, t206, t211
Ast, Aus, Bel, Can, Chn, Den, Fin, Fran, Ger, Hun, 

Ire, Isr, Net, Nor, Swi, Tai, UK, USA

New York/Japan (USA100) 5 5 II

t001, t002, t003, t010, t045, t053, 

t062, t105, t178, t179, t187, t214, 

t311, t319, t389, t443

Ast, Bel, Can, Chn, Den, Fin, Fra, Ger, Hun, Ire, Isr, 

Jap, Kor, Mex, Nor, Por, SA, Saud, Sin, Swe, Swi, 

Tai, Uru, UK, USA

Paediatric (USA800) 5 5 IV/V

t001, t002, t003, t010, t045, t053, 

t062, t105, t178, t179, t187, t214, 

t311, t319, t389, t443

Alg, Arg, Ast, Aus, Bra, Col, Den, Fin, Fra, Ger, Gre, 

Jap, Kor, Nor, Par, Pol, Por, Slo, Spa, Tai, Swe, Uru, 

UK, USA

Southern-Germany 5 228 I t001, t023, t041, t188, t201 Aus, Bel, Den, Fin, Ger, Hun, Ita, Slo, Spa, Swi

EMRSA-15 22 22 IVh
t005, t022, t032, t223, t309, t310, 

t417, t420

Ast, Aus, Bel, Can, Chn, Cze, Den, Fin, Ger, Hun, Ire

Kuw, Mal, Nor, NZ, Sin, Spa, Swe, UK

EMRSA-16 (USA200) 30 36 IV t018, t253, t418, t419
Ast, Aus, Bel, Can, Den, Fin, Ger, Gre, Ire, Mex, Nor, 

Spa, Swe, Swi, UK, USA

Berlin (USA600) 45 45 IV
t004, t015, t026, t031, t038, t050, 

t065, t204, t230, t390

Arm, Ast, Aus, Bel, Chm, Den, Fin, Ger, Hun, Isr, Net, 

Nor, Spa, Swe, Swi, USA

50 



Introduction 
 

Finally, several reports of infections caused by HA-MRSA clones that 

occurred outside hospitals have been published. One of the most successful 

HA-MRSA clones that are frequently disseminated in the community is the 

EMRSA-15 clone, which adapts easily to different hosts including animals [37], 

[87], [278]. This clone was found in colonization and infection in the community 

in different locations, namely UK, Belgium, Italy and Portugal [237], [279]–[283]. 

Furthermore, in Japan, the New York/Japan clone has also been spreading the 

community among paediatric outpatients and healthy children, in episodes of 

necrotizing pneumonia and even on public transport [284]–[286]. In East Asia, 

HA-MRSA ST239-III and ST5-II clones are also spreading in the community 

[287]. Interestingly, these HA-MRSA clones which harboured larger SCCmec 

elements (SCCmec type II and SCCmec type III) with additional antimicrobial 

resistance traits, did not restricted them from spreading into the community, 

where much lower antibiotic pressure exist.  

3.3. Community-associated MRSA 

The perception that MRSA infections are confined to the nosocomial setting 

changed in the mid- and late 1990s with the increasing number of MRSA 

infections in the community in otherwise healthy people [87], [288]–[290]. 

The first case of community-associated MRSA (CA-MRSA) infection was 

reported among Aboriginal patients in remote communities from Western 

Australia during 1993 [291]. Nevertheless, CA-MRSA infections were only 

recognized as new public health threat when four healthy children died from 

sepsis and necrotizing pneumonia in the USA in 1998 [292]. 
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CA-MRSA infections are defined by Center for Disease Control and 

Prevention (CDC), as “any MRSA infection diagnosed for an outpatient or within 

48 hours of hospital admission”. Moreover, the patients should not have a 

medical history of MRSA infection, colonization or residence in a long-term care 

facility during the past year and should not carry indwelling catheters or other 

medical invasive devices (http://www.cdc.gov/mrsa/diagnosis/index.html). In 

spite of CDC definition being widely accepted, several other definitions of CA-

MRSA have been published. Most of them are based on the timing of the MRSA 

isolation relatively to the time of admission, with or without evaluation of 

healthcare-associated risk factors; or by the absence of risk factors for HA-

MRSA [293], [294]. 

CA-MRSA is highly transmitted by direct contact (e.g. skin-to-skin or 

contaminated fomites). CDC developed a conceptual model of CA-MRSA 

transmission that suggests that MRSA infection results from the following risks: 

crowding, cleanliness, compromised skin integrity, contaminated objects and 

prior antibiotic use [295]. Specific population groups seems to be at a higher 

risk for CA-MRSA infections, namely children and young people, injecting and 

intranasal drug users, people of low socioeconomic status, residents of inner 

city neighbourhoods, athletes, Native American and Pacific Islander 

populations, prisoners and soldiers, men who have sex with men, HIV patients, 

veterinarians, livestock handlers, and pet owners with median ages of 23 years 

old [87], [294]. Although skin and soft tissue infections (SSTIs) are the most 

common clinical manifestations of CA-MRSA infections, it can cause more 

serious infections as endocarditis, sepsis, necrotizing pneumonia, necrotizing 
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fasciitis, osteomyelitis, septic arthritis, folliculitis, cellulitis, impetigo, pyomyositis 

and myositis [87]. 

CA-MRSA isolates show specific phenotypic and genotypic features 

producing infections epidemiologically and clinically distinct from HA-MRSA. 

Phenotype characteristics of CA-MRSA include: faster grown rate than HA-

MRSA strains, non-multidrug resistance profile (resistance to less than 3 

classes of antibiotics in addition to beta-lactams) and lower MIC values for 

oxacillin (≤32mg/L) or imipenem (≤1mg/L) when compared with HA-MRSA 

(oxacillin: 128mg/L or imipenem: 32 mg/L) [296], [297]. In addition, CA-MRSA 

isolates carry smaller cassettes usually SCCmec types IV, V and VII [275], 

[298]. The linkage of CA-MRSA to smaller SCCmec cassettes seems to confer 

some fitness advantage in the community environment [296].  

CA-MRSA has been strongly associated with enhanced virulence, when 

compared to HA-MRSA. The presence of CA-MRSA specific virulence factors 

and the high expression of the traditional MRSA virulence factors confer a 

higher pathogenic potential to CA-MRSA isolates [86], [299].  PVL is one of the 

virulence factors that have been epidemiological linked to CA-MRSA virulence 

and associated to recurrent and severe skin infections and necrotizing 

pneumonia [299], [300]. However, it has been reported that PVL genes alone 

are not responsible for the dissemination of CA-MRSA and also that PVL is not 

a reliable marker for CA-MRSA [91], [301]. Besides PVL, another element has 

been enrolled to an increased epidemicity of CA-MRSA – the mobile genetic 

element ACME [112]. This element confers a selective advantage and 

enhanced transmissibility [111]. Moreover, the virulence potential of CA-MRSA 
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has also been associated with enhanced expression of core-genome-encoded 

virulence determinants, such as alpha-toxin and phenol-soluble modulins 

(PSMs) [82], [90], [299], [302].  

The origin of CA-MRSA is not quite understood. Some studies supporting 

two hypotheses: (1) if SCCmec has been acquired by different MSSA epidemic 

clones in the community or (2) if CA-MRSA is derived from HA-MRSA that 

escaped to the community [296], [303], [304]. In the beginning of CA-MRSA era, 

distinct genetic background of successful PVL-positive clones was associated 

to a continent specific geographic location (see Table 5) [305], [306].  
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Table 5: Molecular characteristics and geographic distribution of the predominant CA-MRSA clones (adapted from [275]–[277]. 

 

Aus, Austria; Bel, Belgium; Bul, Bulgaria; Can, Canada; CHn, China; Cro, Croatia; Cyp, Cyprus; Cze, Czech Republic; Den, Denmark; Est, Estonia; Fin, Finland; Fra, France; 

Gab, Gabon; Ger, Germany; Hun, Hungary; Ice, Iceland; Ind, India; Ids, Indonesia; Isr, Israel; Ita, Italy; Lat, Latvia; Leb, Lebanon; Jap, Japan; Jor, Jordan; Net, Netherlands; 

Nor, Norway; NZ, New Zealand; Pol, Poland; SA, South Africa; Spa, Spain; Swe, Sweden; Swi, Switzerland; Tai, Taiwan; UK, United Kingdom; Uru, Uruguay; USA, United 

States of America 

 

 

CA-MRSA clone CC ST SCCmec spa type Geographic spread

USA300, PVL+/ACME+ 8 8 IVa t008, t024, t064, t190, t206, t211

Aus, Bel, Bul, Can, Cro, Cze, Den, Est, Fin, 
Fra, Gab, Ger, Hun, Ice, Ind, Isr, Ita, Jap, 
Jor, Leb, Net, Nor, NZ, Pol, SA, SR, Spa, 
Swe, Swi, UK, USA

USA400, PVL+ 1 1 IVa t127, t128, t174, t175, t176, t386, t558
Aus, Bel, Chn, Cro, Cyp, Den, Fin, Fra, Ger, 
Ice, Ids, Lat, Leb, Net, Nor, NZ, Rom, SA, 
Spa, Swe, Swi, Tai, UK, USA

Southwest Pacific, PVL+ (USA1100) 30 30 IVc t012, t018, t019, t021, t138, t268, t276, 
t318, t338, t391

Aus, Bel, Can, Cyp, Cze, Den, Fin, Fra, 
Ger, Lat, Leb, Ice, Jor, Ita, Net, Nor, NZ, 
Pol, Spa, Swe, Swi, UK, USA

Taiwan, PVL+ (USA1000) 59 59 IVa/V/VII t199, t216, t444 Aus, Bel, Cze, Den, Fra, Ger, Ice, Net, Nor, 
NZ, Pol, Spa, Swe, Swi, UK, USA

European, PVL+ 80 80 IVc t044, t131, t376, t416, t436, t455, t1109
Aus, Bel, Bul, Cro, Cyp, Cze, Den, Fin, Fra, 
Ger, Jor, Leb, Hun, Ice, Ita, Net, Nor, Spa, 
Swe, Swi, UK
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CA-MRSA infection was first reported in Western Australia in 1993 from 

indigenous peoples living in remote areas. Genotypic characterization revealed 

that these isolates belonged to ST30-IVc/PVL+ clone, so-called Southwest 

Pacific clone. Nowadays this clone that emerged as a new descent of the early 

CC30 phage type 80/81 clone (MSSA, PVL positive, penicillin resistant), is 

widely disseminated around the world [266], [307]. 

A few years later (1997-1999), in the USA, was described four fatal cases 

among children with CA-MRSA. These CA-MRSA isolates belonged to the 

clone USA400 clone (CC1, ST1-IVa, and PVL+) [11], [292]. Afterwards, the 

USA300 clone (CC8, ST8-IVa and PVL+) emerged and completely replaced the 

USA400 clone [308], [309]. USA300 is the predominant cause of STTIs in the 

community in the USA where it became endemic. This clone has been 

introduced into the American hospitals environment, displacing the classical 

HA-MRSA clones, becoming an important public-health problem [295], [310], 

[311]. Nowadays, USA300 clone have disseminated worldwide [312], [313].  

In Asia, the first description of CA-MRSA was associated to the Taiwan 

clone (ST59-IVa/VT and PVL+) [314], [315]. In contrast to the typical CA-MRSA 

antimicrobial susceptibility profile, the Taiwan clone was described as MDR 

[314], [316]. Currently, this clone remains the predominant clone circulating in 

Taiwan and has also been isolated in the USA (USA1000) and in Hong Kong 

[317], [318].  

In Europe, the first CA-MRSA outbreaks were reported in 2003 among 

Greek strains collected in 1993 and 1998 to 2000 and were due to the existence 

of European clone (ST80-IVc/V) [319]. Since then, several reports of infection 
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associated with this clone were registered in different European countries, in 

North Africa and in the Middle East [306], [320]–[322]. CA-MRSA in Europe 

seems to be much more diverse than CA-MRSA in USA. Besides USA300 

clone, other clones such as the European, the Taiwan and the Southwest 

Pacific clone are causes of infection in the community environment [323]. 

Nowadays, there is none reasonable explanation for this wide clonal type’s 

variety in Europe. 

In Spain, despite the high rates of HA-MRSA, the incidence of CA-MRSA 

seems to be low based on a small number of studies. The first description of a 

PVL-positive CA-MRSA was in 2003 and was related to the USA300 clone 

[324]. In a recent study published by Vindel and colleagues, a significant 

increase in CA-MRSA incidence from 2004 (0.25%) to 2012 (8.8%) was 

reported. Moreover, most of CA-MRSA clones circulating now in Spain were 

ST8-IVc and USA300 and resistance to other antimicrobials in addition to beta-

lactams was not frequent (phenotypic characteristic of CA-MRSA)  [325]. As 

previously referred, colonization by CA-MRSA has been found to be markedly 

increased in HIV-patients in the USA [326]. However, low prevalence (1-2%) of 

CA-MRSA colonization in HIV-infected patients in Barcelona (Spain) was 

detected [327]. 

Noteworthy, several reports suggest that the epidemiology of CA-MRSA 

have changed during the last years. Besides, the dissemination of the five main 

CA-MRSA clones (see Table 5), the emergence of CA-MRSA infections among 

hospitalized patients with risk factors for MRSA infection resulting in the 

emergence of MDR CA-MRSA, in the identification of variants of the prototypes 

clones or even in the emergence of new and less epidemic clones [287], [312], 
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[313].  Due to these changes in MRSA epidemiology, a new definition of CA-

MRSA is needed. As already proposed, the best definition is the one based in a 

combination of phenotypic, genotypic and epidemiological data [328], [329]. 

3.4. Livestock-associated MRSA 

MRSA of CC398 so-called livestock-associated MRSA (LA-MRSA), 

emerged as a new clonal lineage infecting or colonizing humans worldwide 

[330]–[333]. It has been suggested that a human MSSA CC398 lineage jumped 

and spread to livestock host, where it acquired the SCCmec cassette and tet(M) 

gene encoding methicillin and tetracycline resistance (Tet-R) respectively [80]. 

On the other hand, the LA-CC398 clone typically lacks proteins that are 

involved in human-specific innate immune system such as the staphylococcal 

complement inhibitor, encoded by the scn gene, harboured in the immune 

evasion cluster (IEC) region. LA-CC398 clustered into two major distinct 

phylogenetic clades: a basal human clade and a more derived livestock clade 

[79], [80].The absence of tet(M) gene is associated with the human-adapted 

clade and the loss of the IEC genes harbouring scn gene is associated with the 

livestock-adapted clade [80]. Recently, a new model of adaptation of the S. 

aureus CC398 lineage to diverse host has been suggested. This model 

proposed an ancestral prophage-free colonizing CC398 MSSA isolates that 

diverged into three subpopulations in parallel following the acquisition of mobile 

genetic elements (MGEs) (see Figure 10). Their findings highlighted the 

emergence of a novel subpopulation of CC398 isolates, responsible for invasive 

infections in various animals, with a considerable potential to colonize and infect 

humans, probably greater than that of human-adapted CC398 isolates that lack 

several clinically important S. aureus-associated virulence factors. This great 
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virulence capacity of this new subpopulation could be due to two genetic 

events: (i) the acquisition of Ф3 prophage carrying the IEC (chp, sak, amd scn 

genes) that facilitated animal-to-human spread and (ii) the acquisition of 

ФMR11-like prophage and the MGEs encoding putative virulence genes that 

may significantly alter bacterial pathogenicity [334].  

Some microbiologic traits define isolates belonging to the MRSA-ST398 

clone: chromosomal DNA cannot be restricted by SmaI enzyme and CC398 

strains generally present resistance to tetracycline, which is commonly used in 

pig farming [241], [335], [336]. Additionally, zinc and others metals are 

frequently used in animal feed formulations and may co-select for MRSA 

CC398 strains that carry the czrC zinc resistance gene, as suggested 

previously [337]. This hypothesis is supported by the fact that the vast majority 

of MRSA CC398 strains carry SCCmec type Vc, which contains the czrC gene. 

SCCmec type IV or VII like could also be identified in MRSA-CC398 isolates but 

in a lower frequency than SCCmec type V [80]. Moreover, it has been reported 

that most isolates of this LA-MRSA clone showed spa types t011, t034 and t108 

[338]. Several studies reported that close animal contact increased the risk of 

being colonized or infected with MRSA-CC398 [243], [339], [340]. However, 

discordant findings were revealed about human persistent colonization and 

transmission routes between human and animals [341], [342]. MRSA strains 

with ST398 are mostly associated to skin and soft tissue infections (SSTIs) 

[343]. Although it has been suggested that MRSA-ST398 is less virulent than 

other human MRSA clones, due to the lack of important toxins such as Panton-

Valentine leukocidin (PVL) and other enterotoxins, severe invasive infections 
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such as pneumonia, bacteraemia and endocarditis have been reported in 

Europe, Asia, and the USA [241], [244], [330]–[332], [344]–[346].  

Transmission of MRSA-ST398 has also been reported in a nosocomial 

outbreak in the Netherlands [245].  

Figure 10: Schematic representation of the diversification within the CC398 
lineage. Representatives of the ancestral prophage-free CC398 population were 

identified in the form of pig-borne colonizing isolates (upper part). The acquisition by 

such prophage-free isolates of the Ф3 prophage and the ФL54a prophage resulted in 

the ancestral MSSA isolates: human isolates carrying the Ф3-prophage and pig-borne 

colonizing isolates carrying the ФL54a prophage, respectively. The acquisition of the 

ФMR11-like prophage by the human isolates resulted in human-adapted MSSA 

carrying Ф3- and ФMR11-like-prophages; the acquisition by the pig-borne colonizing 

isolates of the SCCmec cassette resulted in the pig-bone colonizing MRSA isolates. Te 

acquisition of MGEs, including the ФMR11-like prophage, which contains genes 

contributing to bacterial virulence, resulted in the emergence of MSSA and MRSA 

isolates responsible for infections in both livestock and pet species (lower part) (taken 

from [334]). 

C 
C 
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First descriptions of human colonization by MRSA-ST398 were reported in 

the Netherlands and France in mid 2000s [339], [346]. Since then, this clone 

has been reported in several European countries, but most cases were located 

in Belgium, Denmark, Austria and the Netherlands [330]. In Spain, MRSA-

ST398 was first reported in Spain in 2010 associated to a skin lesion [347]. 

Remarkably, high rates of this clonal type among MRSA clinical isolates have 

only been detected in certain areas with higher density of pig farming i.e. Spain 

5%, Netherlands 11.9% or Belgium 4.7% [80], [325], [330], [343]. 
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4. Typing and proteomic methods used to characterize 

Staphylococcus aureus 

Because the monitoring and control of S. aureus, and in particular MRSA, 

are of specific medical concern, several phenotypic and genotypic methods 

have been developed in the past 50 years. However, during the last years, 

phenotypic methods [e.g. biotyping, antimicrobial susceptibility testing, phage 

typing, whole-cell protein electrophoresis, zymotyping, multilocus enzyme 

electrophoresis (MLEE), capsule typing and serotyping] have been gradually 

replaced by molecular typing techniques [348], [349]. These molecular 

methodologies applied to epidemiological studies have been shown to have 

more ability to establish the prevalent and endemic clones versus sporadic and 

emerging S. aureus clones in a given community, country or geographic region. 

Molecular typing methods can be categorized in “band-based” and “sequence-

based” methods. Variations in nucleotide sequence are detected indirectly by 

primer-binding and/or restriction sites [e.g. Pulsed-Field Gel Electrophoresis 

(PFGE)], using the molecular band-based methods. In contrast, the “sequence-

based” method, determine the precise order of nucleotides and evaluate the 

DNA sequence variations [e.g. Multilocus Sequence Typing (MLST), S. aureus 

protein A (spa) typing, Amplified Fragment Length Polymorphism (AFLP), 

Multiple Locus Variable Number of Tandem Repeat Analysis (MLVA), Random 

Amplified Polymorphic DNA (RAPD)]. The main advantages of the sequence-

based molecular typing techniques over the band-based methods, are the 

highly reproducibility and interchangeability of data obtained [350].  The 

decision of the most appropriate typing strategy is highly dependent on the 

studying setting and purpose [351]. 
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Overall, a good typing method should assess a marker that remains stable 

over time, have a high typeability, high discriminatory power, high degree of 

reproducibility, easy to perform and to interpret, generate interchangeable data, 

be inexpensive and not time consuming [352]. However, no single S. aureus 

typing method is capable of providing fully reliable information within the range 

of discrimination needed for public health intervention measures [351]. A 

strategy based on the combination of different typing methods for the molecular 

characterization of S. aureus is needed. This includes the characterization of 

isolates by PFGE, MLST, spa typing, agr typing, SCCmec typing (in the case of 

MRSA) and microarray technology [254], [353], [354]. More recently, matrix-

assisted laser desorption ionization-time of flight mass spectrometry (MALDI-

TOF MS) has been used to discriminate different S. aureus lineages, therefore 

has become a valuable first-line tool for inexpensive and rapid typing of S. 

aureus in infection control [355]–[357]. Since these methodologies have been 

extensively used in the present work, a detailed description of each one will be 

provided. 

4.1. Pulsed-field gel Electrophoresis 

Pulsed-field gel electrophoresis (PFGE) was first described in 1984 as tool 

for analyzing chromosomal DNA of eukaryotic organisms and afterwards has 

proven to be a highly effective molecular technique for several organisms 

including S. aureus [358], [359]. The method is based on the restriction of the 

chromosomal DNA by a restriction enzyme with relatively few recognition sites; 

in the case of S. aureus the most frequently used enzyme is the SmaI. After 

restriction of total DNA, around 10 to 30 fragments are generated that range 
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from 10 to 800Kb in length. These DNA fragments are resolved as a macro 

restriction pattern of distinct bands in a special electrophoresis apparatus, in 

which the electric field is applied in pulses that alternate in orientation, allowing 

the separation of the DNA fragments that range from 10 to 800Kb in length 

[358], [360]. 

To interpret the DNA fragment patterns generated by PFGE and transform 

them into epidemiologically useful information, consensus guidelines were 

created, aid understanding how to compare PFGE patterns and how random 

genetic events (e.g. point mutations, insertions, deletions of DNA) can alter the 

patterns. According to these PFGE guidelines, an isolate is considered to be 

closely related to the outbreak strain if its DNA restriction pattern produced by 

PFGE differs from the outbreak pattern by changes consistent with a single 

genetic event, i.e., a point mutation or an insertion or deletion of DNA, resulting 

in two or three band differences;  possibly related to the outbreak strain if its 

PFGE pattern differs from the outbreak pattern by changes consistent with two 

independent genetic events (i.e., four to six band differences); and unrelated to 

the outbreak strain if its restriction pattern differs from the outbreak by changes 

consistent with three or more independent genetic events (generally seven or 

more band differences) [359]. Besides visual interpretation, the resultant bands 

patterns analysis can be performed automatically using diverse bioinfomatic 

tools such as Bionumerics (Applied Maths Sint-Martens-Latem, Belgium), 

BioImage (BioImage Corp., Ann Arbor, MI), GelCompar (Applied Maths, Sint-

Martens-Latem, Belgium) and Molecular Analyst Fingerprinting Plus (Bio-Rad, 

Hercules, California, USA).  
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PFGE is one of the most discriminatory and reproducible methods for S. 

aureus typing, being considered the “gold standard” method to investigate 

MRSA nosocomial outbreaks and to characterize the local and worldwide 

spread of S. aureus clones [275], [361]. However is technically demanding and 

time consuming. Moreover, data interpretation is complex, not reproducible, 

making it difficult to standardize and to exchange between laboratories, 

although several efforts have been made to harmonize the procedures and 

improve data interchangeability [361]–[364]. 

4.2. Multilocus sequence typing 

Multilocus sequence typing (MLST) is a technique originally developed in 

1998 for the characterization of Neisseria meningitidis lineages and was then 

extended to a variety of other microorganisms including S. aureus [365], [366]. 

The method is based on the nucleotide sequence analysis internal fragments 

(450-500bp) of seven housekeeping genes coding for essential functions. For 

S. aureus, this technique targets the following housekeeping genes: arcC 

(carbamate kinase), aroE (shikimate dehydrogenase), glpF (glycerol kinase), 

gmk (guanylate kinase), pta (phosphate acetyltransferase), tpi (triosephosphate 

isomerase) and yqiL (acetyl coenzyme A acetyltransferase) [367].  

The sequence of these genes can be submitted to a free online database 

(http://saureus.mlst.net/) where to each different gene sequence a distinct allele 

number is assigned and to each allelic profile, a sequence type (ST) is 

attributed (MLST profile 1-4-1-4-12-1-54 defined as ST125). The genetic 

relatedness between isolates can be obtained by analysis and comparison of 

MLST data using the eBURST (electronic based upon related sequence types) 
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algorithm (http://saureus.mlst.net/eburst) [151], [368]. This web tool is also 

freely available and allows the clustering of closely related STs into clonal 

complexes (CC), where the founder ST is the ST that became the most 

predominant and has diversified (by point mutation or recombination) producing 

variants that differ in only one or up to seven loci that are called single-, double-, 

or triple-locus variants (SLV, DLV and TLV). Furthermore, large clonal 

complexes typically contain subgroups hence, they have both primary and 

subgroup founders, where an SLV of the primary founder increases in 

frequency and diversified to generate a number of its own SLVs, therefore 

becoming a subgroup founder [368]. Regarding S. aureus, a CC could be 

defined as a cluster of isolates that share at least five identical loci [369]. The 

eBURST analysis can be represented graphically (Figure 11), where each ST is 

represented as a circle and the frequency of each ST (i.e., the number of 

isolates of the ST in the input data) is indicated by the area of the circle. The 

primary founder is given in blue, while subgroup founders are given in yellow. 

eBURST also allows all of the input data to be treated as a single group by 

selecting a group definition of zero of seven shared alleles.  This procedure 

allows the clustering patterns among all isolates within a complete MLST 

database to be visualized as a single eBURST diagram named “population 

snapshot” (see Figure 11) [368]. Recently, a similar tool, the goeBURST (global 

optimal eBURST) that it is freely available at http://goeburst.phyloviz.net, was 

developed as an improvement of eBURST, with combined analysis of multiple 

data sources and using a different algorithm (Kruskal algorithm) solving the 

problem of finding the optimal forest based [370].  
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MLST has the big advantage of being suitable for long-term-surveillance as 

well as population evolutionary studies since it is based on variations in 

housekeeping genes that evolve slowly [367], [368]. Moreover, MLST generates 

accurate and reproducible data, due to the internationally standardized 

nomenclature submitted in a curated and updated database. However, this 

technique has moderate discriminatory power for epidemiological typing and it 

is time consuming, labourious and costly for use as a S. aureus primary typing 

tool [351].  

Figure 11: The S. aureus MLST population structure defined by eBURST. 

eBURST diagram representing a ‘population snapshot’ showing the clusters of linked 

STs and unlinked STs in the whole S. aureus MLST database (5630 isolates). Primary 

founders (blue) are positioned centrally in the cluster, and subgroup founders are 

shown in yellow. The dot size indicates the relative abundance of that particular ST in 

comparison to the other STs in the data set. ST labels have been removed 

(http://eburst.mlst.net ; accessed on August 22, 2015). 
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4.3. S. aureus protein A typing 

S. aureus protein A (spa) typing was developed in 1996 by Frenay et al. to 

type S. aureus isolates, which is based on the sequencing of the polymorphic X 

region of the gene encoding the surface protein A (spa) [371]. The polymorphic 

X region consists of a variable number of short sequence repeats (SSR), 

usually of 24bp (although 21, 27 and 30bp repeats also described) located in 

the 3’ coding region of the C-terminal cell wall attachment sequence of protein A 

[372].  This X region is flanked by well conserved sequences allowing the 

annealing of primers and the direct amplification and sequencing of the entire 

region [373], [374]. The high diversity in the X region of the gene is due to point 

mutations, deletions, duplications and insertions of repetitive units [375].  

To the sequence of each different repeat an alphanumerical code is 

assigned and the combination of these specific repeats defines the spa type 

[376]. The nomenclature system more widely used uses the software package, 

Staphtype (Ridom GmbH, Würzburg, Germany) for automatic analysis and type 

attribution [376], [377]. It is a valuable tool for the comparison of spa typing data 

using a RIDOM nomenclature while providing as excellent quality control of data 

[378]. All spa sequence chromatograms are analysed and further synchronized 

to an online database, the SpaServer (http://spaserver2.ridom.de/index.shtml), 

implemented by the European SeqNet network (http://www.seqnet.org) that 

includes 60 laboratories from 29 European countries [350], [379]. Furthermore, 

the phylogenetic relatedness between different spa types can be established 

using the algorithm based upon repeat pattern (BURP) in association with 

StaphType software, which defines clusters of spa types into CC [380]. Several 

studies demonstrated a good concordance with other typing methods, namely 
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MLST CC generated by eBURST and PFGE types [323], [361], [377], [381]–

[383].  

Overall, spa typing has become one of the most useful typing methods for 

S. aureus, mainly due to its high reproducibility, tipeability, cost effectiveness, 

less time performance and easy data exchangeability [350], [378]. Despite 

being a single-locus typing method (low discriminatory power), spa typing have 

the capacity to cover genetic variations that accumulate micro- and 

macrovariations, and therefore may be used for outbreaks, local and global 

epidemiology, and population-based studies [377]. 

4.4. Accessory gene regulator typing 

The accessory gene regulator (agr) quorum-sensing and signal transduction 

system was initially described in S. aureus as an element controlling the 

expression of virulence-associated protein genes [384], [385]. The agr locus 

consists of two-signal transduction components (AgrC as the signal receptor 

and AgrA as the response regulator) which drive the synthesis of RNA III, the 

principal effector of the agr response [386]. This operon is auto-induced by a 

peptide named AIP (autoinducing peptide), encoded within agrD, and located in 

the same locus. AIP diffuses into the target cell and acts as a receptor of the 

signal when the cell density is sufficient. This is a population density sensor or 

quorum sensing and is the only quorum-sensing system in the staphylococcal 

genome [38]. S. aureus isolates can be classified into four predominant groups 

according to the intra-variability of different regions of the agr operon. Isolates of 

the same group can activate the agr response in other isolates of the same 

group but they can usually inhibit those belonging to another group, 
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representing a novel form of bacterial interference [51]. It has been suggested 

that these agr groups may influence in the ability of S. aureus to colonize the 

host competing with other bacteria, including other staphylococci [51], [387]. agr 

polymorphism effects in the host are also likely to affect the host-to-host 

transmission and epidemiology of S. aureus clones [388]. Moreover, agr 

expression seems to be important during the early stages of infection [38]. 

Finally, agr specificity groups are usually identified by PCR amplification of 

the hypervariable domain of the agr locus using primers specific for each of the 

four major specificity groups (see Figure 12) [389]. 

Figure 12: Schematic map of the S. aureus agr locus showing the locations of 

the different primers used for amplification of the hypervariable region (taken 

from [389]). 

 

4.5. Staphylococcal cassette chromosome mec (SCCmec) 

typing 

The SCCmec typing is essential for MRSA clonal characterization, which is 

presently defined by the combination of MLST and SCCmec type [151], [259]. 

Since 2002, several SCCmec typing strategies have been described, to 

determine the structure of the different SCCmec types harboured by MRSA, 
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which are mostly PCR-based methods that, either by conventional PCR or 

multiplex PCR, rely on the amplification of different loci, where SCCmec 

elements are classified into types and subtypes [390]. Basically, SCCmec types 

are defined based on the combination of the type of ccr gene complex and the 

class of the mec gene complex, whereas SCCmec subtypes are determined 

based on the structural differences in J regions of each SCCmec type [172], 

[173], [177], [180], [296], [390]–[393].  

Oliveira et al. described the first multiplex PCR  strategy that detects 

SCCmec types I to IV [390]. An improved update of this multiplex PCR method 

was later published by Milheriço et al., where the inference of SCCmec types I 

to IV was optimized and two additional SCCmec type V and VI were included 

[180]. This new approach method is based on the sequencing of an internal 

fragment of the ccrB locus [394], [395]. Afterwards, the sequences can be 

submitted and analysed in an online database (www.ccrbtyping.net), where a 

ccrB allele is assigned. ccrB typing could be used as a promising SCCmec 

typing strategy since there is robust correlation among ccrB allelic clusters and 

SCCmec types [396]. 

Moreover, due to the increasing number of CA-MRSA infections, the typing 

and subtyping of SCCmec type IV became important. A multiplex PCR assay 

was developed to detect the variations within the J1 region, allowing the 

identification of SCCmec types IVa to IVh [180]. 

 Besides PCR-based methods, real-time PCR assays have also been 

described for SCCmec typing. The most significant advantages of these 

methods are the short time and less labour in the PCR preparation and also the 
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easy manner to interpret results. However, these techniques require special 

equipment and reagents [397]. 

A recent report of the IWG-SCC (International Working Group on the 

Staphylococcal Cassette Chromosome elements) 

(http://www.sccmec.org.Pages/SCC_HomeEN.html), proposed some rules for 

the classification, nomenclature and definition of new SCCmec types, in order to 

avoid the ambiguities and inconsistencies in the published literature. These 

guidelines were established based on the type of ccr gene complex and class of 

mec gene complex in alternative to the former Roman numbers (i.e. type I (1B), 

indicating a SCCmec harbouring a type 1 ccr gene complex and a class B mec 

gene complex) [168]. 

The continuous emergence of new SCCmec structures and variants, like 

the recently described SCCmec types IX, X and XI, requires a permanent 

update of the existing strategies or the design of new ones [160], [398]. 

4.6. Microarray technology 

A DNA microarray is a collection of DNA probes arranged in a solid surface, 

allowing the simultaneous detection of a high number of molecular targets [399], 

[400]. This technology have been widely used in the evaluation of genetic 

variation of S. aureus lineages, characterization of community and hospital 

MRSA clones and detection of resistance, virulence and epidemicity markers 

[400]–[404]. Depending on the number of probes we can differentiate low-

density (hundred of probes) and high-density (hundreds of thousands of probes) 

DNA microarrays. 
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Generally, a microarray-based assay starts with a DNA extraction from the 

pathogen of interest. Afterwards, DNA is labelled either chemically or by an 

enzymatic reaction and hybridised to probes on the microarray. Unbound target 

DNA is removed during subsequent washing steps of different stringency.  

Successful hybridization is visualized and measured automatically by a 

scanner. Finally, analysis using dedicated software to assess the bacterial 

diversity is needed. The results retrieved from array technology are variable and 

depend on the customised array [399]. 

Because of the high costs of array assays, this approach has been used for 

research projects rather than in clinical routine laboratories, and sequence-

based typing methods like MLST or spa typing have usually preferred [400]. 

The Alere StaphyType DNA microarray (Alere Technologies GmbH, Jena, 

Germany)  consists of individual DNA microarrays mounted in 8-well microtiter 

strips, which detect 334 target sequences, including approximately 170 distinct 

genes and their allelic variants, covering species markers, markers for the 

recognition of SCCmec, and capsule types as well as agr groups, resistance 

genes, exotoxins, MSCRAMM genes, and others. The arrays are scanned on 

the designating reader and assignment of S. aureus isolates to clonal lineages 

is done automatically by software based on hybridization profiles [95].  The 

main advantages of this technique are the total cost that is much lower than that 

of MLST and can be performed within two working days. Nevertheless, 

microarray analysis is probably not the best method to type highly clonal 

species based on single-nucleotide polymorphisms (SNPs) and not allow the 

identification of sequences, which are not included in the array [399]. 
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4.7. Matrix-assisted laser desorption ionization-time-of-flight 

mass spectrometry (MALDI-TOF MS) 

Recently, several studies report the ability of matrix-assisted laser 

desorption ionization-time-of-flight (MALDI-TOF) mass spectrometry (MS) 

provide a rapid and accurate identification of major human pathogens to the 

species level including bacteria, fungi and viruses [405]–[408]. Due to its 

accuracy and speed in species identification, the number of diagnostic 

laboratories that introduced this technique has been increasing in worldwide 

[409]–[411]. 

In general, identification of bacteria by MALDI-TOF MS using intact-cell 

method first involves the colony selection. Next, you can apply directly onto the 

MALDI test plate with formic acid or perform a full extraction with ethanol and 

formic acid and then added to the MALDI plate. In the third step, samples are 

then overlaid with matrix (α-cyano-4-hydroxycinnamic acid) and allowed to dry 

at room temperature. The plate is subsequently loaded into the MALDI-TOF MS 

instrument and the sample is bombarded by a short pulse of laser light. This 

bombardment results in the sublimation and ionization of both the sample and 

matrix. These liberated ions are separated based on their mass-to-charge ratio 

via a TOF tube, and a spectral representation of these ions is generated and 

analysed by the MS software, generating an MS profile. This profile is 

subsequently compared to a database of reference MS spectra and matched to 

either identical or the most related spectra contained in the database, 

generating and identification for bacteria contained within the sample [412]. 
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Different approaches to this technique have been published in the last 

years. MALDI-TOF could be suitable for subspecies typing as exemplified for 

Acinetobacter spp., Salmonella enterica, Listeria monocytogenes, and 

Streptococcus pneumoniae [413]–[416].   

MALDI-TOF MS technology has been able to discriminate between 

methicillin resistant and susceptible S. aureus, to discriminate MRSA clones or 

clonal lineages, to detect S. aureus delta-toxin production or to identify an 

outbreak of a PVL-positive MRSA strain, using several MALDI-TOF MS 

protocols and analyses [355]–[357], [417]–[420]. 

The majority of genetic typing methods are time consuming and expensive. 

MALDI-TOF MS fingerprinting could significantly improve MRSA surveillance by 

allowing routine real-time typing. Wolters et al. described a preliminary MALDI-

TOF-based MRSA typing scheme including 13 specifics peaks that allowed the 

discrimination of 5 MRSA CC (CC5, CC8, CC22, CC30 and CC45) [355]. 

However, this strategy had several and important limitations that makes difficult 

to implement in routine analysis such as: no criteria for peak selection, manual 

selection peaks, tedious binary conversion and generation of hierarchical 

clusters for CC designation. Another strategy to differentiate the main S. aureus 

clonal lineages was evaluated by Josten et al [356]. In this work, the peak shifts 

of 6 S. aureus CC (CC5, CC22, CC8, CC45, CC30 and CC1) were correlated to 

point mutations, i.e., the genotypes of the strains. Besides the laborious 

analysis that needs to manually identify the biomarkers, this study could not 

identify a single marker peak to be specific for all isolates from distinct clonal 

groups [421].  
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Future studies should address the implementation of MALDI-TOF MS 

technique for automated discrimination of different MRSA clonal lineages and 

evaluation of interlaboratory reproducibility. 
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   Objectives 
 

1. To study the microbiological features of endemic methicillin-resistant 

S. aureus (MRSA) isolated from patients admitted to Hospital Universitari 

de Bellvitge over 25 years (1990-2014). 

1.1. Analyse methicillin resistance evolution among S. aureus strains and 

study of MRSA’s antimicrobial susceptibility to old and new anti-staphylococcal 

therapeutic agents. 

1.2. Describe the molecular epidemiology of emergent and endemic MRSA 

clones using genotypic and proteomic-based methods. 

1.3. Investigate the resistance and virulence genetic determinants of MRSA 

bacteremic clones.  

2. To provide a phenotypic and genotypic analysis of the MRSA 

bacteremic isolates from patients admitted to Spanish hospitals from 2008 

to 2009. 

2.1. Study the rate of methicillin-resistance among S. aureus isolated in the 

hospitals involved in the multicenter study. Evaluation of the antibiotic 

resistance phenotypes among MRSA isolates. 

2.2. Analyse the molecular characteristics of MRSA clones causing 

bloodstream infections using genotypic techniques. 
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1. Bacterial isolates 

1.1 Hospital setting 

Hospital Universitari de Bellvitge (HUB) is a 700-bed tertiary teaching 

hospital located in the Barcelona southern metropolitan area. The hospital 

belongs to the Institut Català de la Salut, the main public health supplier in 

Catalonia, Spain. The HUB is a reference centre for adult patients with 

approximately 30,316 admissions per year, serving a population of 1,000,000 

inhabitants in both urban and rural areas. 

1.2 Isolate collections 

For the elaboration of this PhD thesis, three distinct collections of MRSA 

were studied.  

Collection 1 

This collection included 5061 MRSA clinical isolates that were recovered 

from single patients admitted to HUB between 1990 and 2014. Strains isolated 

from bacteremic patients admitted to the hospital in 1996 were not available to 

re-culture, so they could not be included in the molecular studies. Isolates were 

studied to analyse changes in the epidemiology of endemic MRSA observed in 

the HUB over the last 25 years (included in objective 1).  

Collection 2 

This collection included 207 MRSA resistant to tetracycline (clinical 

samples, n=138; active surveillance culture samples, n= 69) that were isolated 

between 2000 and 2013, accounting 7% of all MRSA recovered during this 
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period. Isolates were studied to evaluate the prevalence and molecular 

characteristics of MRSA-ST398 isolated in the HUB (2000-2013), a livestock-

associated lineage that generally present resistance to tetracycline, which is 

commonly used in pig farming (included in objective 1). 

Collection 3 

This collection included 626 MRSA isolates from 616 bacteremic patients 

that were prospectively followed throughout a multicentre project in 23 Spanish 

hospitals (see Table 6), which are members of the Spanish Network for 

Research in Infectious Diseases (REIPI). Isolates were studied to provide a 

genotypic and phenotypic analysis of the MRSA bacteremic isolates from 

patients admitted in Spanish hospitals from June-2008 to December-2009 

(included in objective 2). For each sample, a questionnaire assessing 

demographic and susceptibility testing data was filled in by the microbiologist of 

each hospital and delivered with the sample to our laboratory (see Annex III). 

Table 6: Hospitals enrolled in this Spanish multicentre project and number of 

samples recovered by each setting between June-2008 to December-2009. 
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1.3 Sample processing and storage 

Collections 1 and 2 

All isolates were previously identified as MRSA by HUB microbiology 

laboratory and conserved in Tryptic Soy Broth (TSB, Becton DickinsonTM, 

Heidelberg, Germany) with 15% glycerol at -80ºC. These original cultures were 

inoculated on Columbia agar with 5% sheep blood (COS, Becton DickinsonTM, 

Heidelberg, Germany) and incubated at 37ºC for at least 18 hours, in order to 

obtained isolated colonies and confirmed the purity of the stored samples. If the 

culture was pure, a single colony was selected and plated again on COS at 

37ºC for 18 hours. If the cultured presented colonies with distinct morphologies, 

each type of colony was streaked on COS until a pure culture was obtained and 

tested for clumping factor and protein A detection by the latex slide 

agglutination test (Pastorex Staph-plus; Bio-Rad Laboratories, Madrid, Spain) 

and DNase production (DNase E-test Agar, bioMérieux, Marcy l’Étoile, France). 

The purified bacterial cultures were conserved in TSB with 15% glycerol at -

80ºC as a duplicate and used in this thesis for further analysis. 

Collection 3 

The swabs (Deltalab S.L.U., Spain) received from each hospital were 

inoculated on COS (COS, Becton DickinsonTM, Heidelberg, Germany) and 

incubated at 37ºC for at least 18 hours. If the culture was pure, a single colony 

was selected and plated again on COS at 37ºC for 18 hours. If the cultured 

presented colonies with distinct morphologies, each type of colony was 

streaked on COS until a pure culture was obtained. All S. aureus isolates were 
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identified by latex agglutination (Pastorex Staph-plus; Bio-Rad Laboratories, 

Madrid, Spain) and DNase production (DNase E-test Agar, bioMérieux, Marcy 

l’Étoile, France). The purified bacterial cultures were conserved in TSB with 

15% glycerol at -80ºC and used for further analysis. 

2. Phenotypic characterization

2.1 Antibiotic susceptibility testing 

Disk-diffusion method 

All MRSA isolates from all isolate collections were tested for antimicrobial 

susceptibility through Kirby-Bauer disk-diffusion method according to the 

Clinical Laboratory Standard Institute (CLSI) guidelines from 2012 [202]. The 

antimicrobial agents tested were: Penicillin (P), Oxacillin (OX), Cefoxitin (FOX), 

Erythromycin (E), Clindamycin (CC), Trimethoprim-sulphamethoxazole (SXT), 

Gentamicin (GM), Tobramycin (NN), Tetracycline (TE), Rifampicin (RA), 

Ciprofloxacin (CIP), Chloramphenicol (C), Quinupristin-dalfopristin (SYN), 

Teicoplanin (TEC) and Linezolid (LZD). 

Bacterial suspensions were prepared in TSB and adjusted to a turbidity of 

0.5 McFarland (1x108 CFU/mL). The bacterial suspensions were inoculated on 

Mueller-Hinton II agar (MH2, bioMérieux, Marcy l’Étoile, France) and incubated 

at 37ºC for 24 hours with discs impregnated with a known antibiotic 

concentration (BBLTM, Sensi-DiscTM, Becton DickinsonTM, Heidelberg, 

Germany). The halo formed around the disc was measured (in mm) and the 

isolates were considered susceptible (S), intermediate resistant (I) and resistant 
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(R) according to CLSI guidelines (see Table 7). Control strain was S. aureus 

ATCC 25923. 

Table 7: Clinical breakpoints for S. aureus according to CLSI 2012 guidelines [202]. 

Microdilution method 

Minimum inhibitory concentration (MIC) was determined in all MRSA blood 

isolates by the microdilution method by using commercial panels (ESTEN1F, 

Sensititre, Izasa, Barcelona, Spain) (see Figure 13). Each panel was inoculated 

with 50µl of cation-supplemented Mueller-Hinton broth containing an inoculum 

density of approximately 1x108 CFU/mL and was carried out with the Sensititre 

autoinoculator. Following 24h (overnight) of incubation at 37°C, visual 

determination of the MIC was made by recording the lowest concentration of 

each drug in a dilution series that inhibited observable growth. The results were 

interpreted following the CLSI guidelines for the same antimicrobial agents that 
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were analysed on disc-diffusion method (see Table 7) [202]. Control strain was 

S. aureus ATCC 29213. 

In this PhD thesis, S. aureus isolates were considered multidrug-resistant if 

they were resistant to three or more antimicrobial classes, in addition to beta-

lactams. 

Figure 13: ESTEN1F (SensititreTM) 96-well panel template used for MIC 

determinations. 

PEN, Penicillin; IMI, Imipenem; AMP, Ampicillin; VAN, Vancomycin; TEI, Teicoplanin, ERY, 

Erythromycin, TYG, Tigecycline; CLI, Clindamycin; TET, Tetracycline; DT1 and DT2, D-test 

MLS induction phenotype; OXA, Oxacillin, CIP, Ciprofloxacin, FUS, Fusidic acid; TOB, 

Tobramycin; FOXS, Cefoxitin screening; DAP, Daptomycin; SXT, Trimethoprim-

sulphamethoxazole; STR, Streptomycin; GEN, Gentamicin; AUG, Amoxicillin-clavulanic acid; 

LZD, Linezolid; RIF, Rifampicin; FOS, Fosfomycin; NIT, Nitrofurantoin; SYN, Quinupristin-

dalfopristin; NEG CTRL and POS CTRL, Negative and positive growth controls. 

Vancomycin, teicoplanin and daptomycin MICs were also studied in both 

collections by E-test (AB bioMérieux, Solna, Sweden). The bacterial 

suspensions (turbidity of 0.5 on the McFarland scale) were inoculated in MH2 
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agar and incubated at 37ºC for 24 hours. The results were interpreted following 

the CLSI guidelines (2012) (Table 7) [202]. 

2.2 Evaluation of vancomycin and daptomycin activity 

 Vancomycin and daptomycin activity was investigated using 96-well 

commercial microdilution plates (SensititreTM, Cat. No. EUNOVD, Trek 

Diagnostics, West Sussex, England) in a selected collection of blood isolates 

(collection 1; objective 1; studies 2 and 3). Vancomycin and daptomycin were 

tested at concentrations 0.06 to 64 and 0.015 to 32 mg/L, respectively (see 

Figure 14). In addition to the appropriate concentration of daptomycin, the wells 

also contain approximately 25mg/L calcium. S. aureus ATCC 29213 was 

included each day of testing. 

Figure 14: EUNOVD (SensititreTM) 96-well panel template used for vancomycin 

and daptomycin MIC determination. 

VAN, Vancomycin; DAP, Daptomycin; POS CON, Positive control 
 

 

 

ATCC 
29213 

 

1 

2 

3 
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Microdilution procedure 

Inoculum were prepared from 24 hours bacterial culture on Tryptic Soy Agar 

with 5% sheep blood (TSA, bioMérieux, Marcy l’Étoile, France) and some 

isolates colonies from these plates were inoculated into a 5mL tube of sterile 

deionized water (Cat. No. T3339, Trek Diagnostics, West Sussex, England) and 

the turbidity was adjusted to 0.5 McFarland standard. This suspension was 

transferred (50µl) to 11mL cation adjusted Mueller Hinton broth tube (CAMHB, 

Cat. No. T3462, Trek Diagnostics, West Sussex, England) and each well plate 

was inoculated with 100µL of this organism suspension. Therefore, the total 

calcium concentration in the daptomycin wells inoculated with CAMHB is 

approximately 50mg/L. 

Inoculum purity was verified by spread 10µL of inoculated broth from the 

growth control well on a TSA plate and incubates at 35ºC for 24 hours. The MIC 

test was repeated if colonies other than the test strain are present.  

Inoculum concentration was verified by transfer 10µL from the positive 

control well into a 5mL tube of sterile saline (1:500 dilution) and spread (100µL) 

to a TSA plate (1:10 dilution). Colonies were counted after 24h of incubation at 

35ºC (each colony representing 5,000 colony-forming unit (CFU) in original 

broth). A colony count range of 60-140 is equivalent to the optimal 3-7x105 

CFU/mL. 

Each microdilution plate was sealed with an adhesive plate seal and then 

were incubated at 35ºC for 24 hours before examination for MIC values. Visual 
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determination of the MIC was made by recording the lowest drug concentration 

showing no visible bacterial growth. 

Minimal bactericidal concentration (MBC) procedure 

MBC values were determined by plating the entire contents (100µL) of the 

MIC well, and wells at four dilutions above the MIC onto individual TSA plates. 

The plates were incubated 48 hours at 35ºC and colonies counted from the 

plate of the highest concentration well that exhibits growth.  

CFU rejection value was calculated as follows: 

Initial inoculum (CFU/mL) x volume (mL) plated (0.1mL) x allowable viable 

percent (0.001) = CFU rejection value 

• A plate showing > the CFU rejection value does not meet the 

99.9% endpoint. 

• A plate showing ≤ the CFU rejection value indicate ≥ 99.9% killing. 

• The MBC is the lowest concentration that is bactericidal to 99.9% 

of the original inoculum.  

Vancomycin tolerance was defined by MBC/MIC ≥32. 

2.3 Delta-haemolysin production assay 

Delta-haemolysin production was measured by cross-streaking a selected 

collection of blood isolates (collection 1; objective 1; study 3), perpendicularly 

to RN4220 (prototype strain), which produces only β-haemolysin on a COS 

plate [422]. The plates were incubated 24h at 35ºC and 24h plus at 4ºC. This 

test can usually identify the three staphylococcal haemolysins active on COS 
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plates – α, β and δ – because of the interactions between them: β-haemolysin 

enhances lysis by δ-haemolysin, but inhibits lysis by α-haemolysin. A functional 

agr locus (delta-haemolysin production), can be identified by the presence of 

synergistic haemolysin within the β-haemolysin zone produced by RN4220. 

3. Molecular characterization 

3.1 DNA extraction 

All isolates that were characterized by PCR-based methods were submitted 

to a chromosomal DNA extraction. Isolates were grown overnight on COS at 

37ºC. Three up to five colonies were resuspended in 100µL of ST buffer 

(TrisHCl 6mM; NaCl 1M; EDTA 0.1M, pH8; sodium deoxycholate 0.2%; 

sarcosyl 0.5%), with 1µL of lysozyme 50mg/ml (Sigma-Aldrich, St. Louis, USA) 

and 2.5µL of lysostaphin 10 mg/ml (Sigma-Aldrich, St. Louis, USA). These 

suspensions were incubated at 30 minutes for 37ºC and 5 minutes at 95ºC. 

After mixing, this suspension was further diluted 1:100 in water. The DNA was 

subsequently stored at -20ºC.  

3.2 Pulsed-field gel electrophoresis 

The protocol used for pulsed-field gel electrophoresis (PFGE) analysis was 

previously described by Chung et al. with some modifications [362]. Briefly, 

isolates were previously plated on COS and incubated at 37ºC overnight. One 

microliter inoculation loop were resuspended in 200µL of PIV (0.01mM Tris-HCl, 

pH8; 1 M NaCl). A 1:200 dilution of the suspension was prepared and the 

optical density (OD) (620nm) was measured on the spectrophotometer 
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(Utrospec 2000, Pharmacia Biotech). PIV was added to each bacterial 

suspension in order to obtain a final OD of 5.0. The agarose discs were 

prepared by doing a mixture of 1:1 of the bacterial suspensions (OD=5) with 

1.5% (w/v) low melting agarose (UltrapureTM LMP Agarose, Invitrogen, USA). 

Twenty microliter droplets of this mixture were deposited onto a parafilm-coated 

glass and covered with a microscope slide to form a disc-like shape. The discs 

were incubated at -20ºC for 5 minutes and left at room temperature for 10 

minutes. Lysis of cells was performed by putting the discs in 1mL of ST buffer, 

50µg/mL RNase A (Sigma-Aldrich, St. Louis, USA), 100µg/mL lysozyme and 

50µg/mL lysostaphin and incubated at 37ºC for at least 5 hours followed by 

decantation of this solution and replacement by Proteinase K solution (1mg/mL) 

[0.5M EDTA (pH9); 1% sarcosil; 1mg proteinase K (Sigma-Aldrich, St. Louis, 

USA)]. This solution was left overnight at 50ºC. The discs were washed five 

times in 1X TE [10mM Tris-HCl (pH8); 1mM EDTA (pH8)], each time for at least 

30 minutes at room temperature, and stored at 4ºC in this solution until use. 

Total DNA contained in the agarose discs was restricted with 10U of SmaI 

enzyme (New England Biolabs Inc., Beverly, MA, USA) in 40 µL of 1X NEB4 

buffer and 0.8µL of BSA (200µg/mL). Nontypable MRSA strains by SmaI were 

further restricted with 10U of ApaI enzyme (New England Biolabs Inc., Beverly, 

MA, USA) in 40 µL of 1X NEB4 buffer and 0.8µL of BSA (200µg/mL). In both 

cases, discs were incubated at 25ºC for 6 hours. 

The chromosomal DNA fragments were then separated in a 1% agarose gel 

(CertifiedTM Megabase Agarose, Bio-Rad, Hercules, California, USA) in 0.5X 

TBE (890mM Tris; 890mM Boric acid; 20mM EDTA, pH8). The electrophoresis 
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was carried out in a CHEF-DRIII apparatus (Bio-Rad, Hercules, California, 

USA) with 0.5X TBE as running buffer. The Lambda Ladder PFG Marker (New 

England Biolabs Inc., Beverly, MA, USA) was used as molecular weight marker. 

The running conditions were: 6V/cm with initial pulses of 1 second, which 

increased until 30 seconds, for a total run of 18 hours using SmaI enzyme and 

6V/cm with pulse times from 0.5 to 15 seconds for a total run of 20 hours using 

ApaI enzyme. Next, the gel was stained with a 0.375 µg/mL ethidium bromide 

solution (Bio-Rad, Hercules, California, USA) for about 20 minutes followed by 

visualization and data recording under UV light in Gel-doc 2000 apparatus (Bio-

Rad, Hercules, California, USA). 

Analysis of PFGE restriction patterns 

The resulting restriction patterns were interpreted by visual inspection, 

using the criteria of van Belkum et al. [352]. To identify each PFGE type of 

collections 1 and 2, the alphanumerical nomenclature assigned by HUB 

microbiology laboratory before 2009, was continued during the last 6 years, in 

order to facilitate the analysis and interpretation of epidemiological data 

obtained over the last 25 years. PFGE types and subtypes of collection 3 were 

assigned using a numerical nomenclature (i.e. PFGE 1.2, PFGE type 1 and 

subtype 2). 

PFGE types were additionally defined in FINGERPRINTINGTM II software, 

version 3.0 (Bio-Rad Laboratories, Inc. Madrid, Spain) in objective 1.2 (study 

6) and objective 2.2. PFGE patterns were normalized using the lambda ladder 

marker and was included in two lanes of each gel. The similarity of PFGE 

94 



Material and methods 
 

patterns within and between gels was performed with the following settings: 

optimization and position tolerance of 0.7% for objective 1.2 (study 6, article 

2); optimization was set at 0% and band position tolerance at 0.7% for 

objective 1.2 (study 6, article 3) and optimization and band position tolerance 

were both set at 0.6% for objective 2.2. To define PFGE types the similarity 

coefficient cut-off was set 80%. A dendogram was generated by the 

unweighted-pair group method with arithmetic mean based on Dice coefficients. 

The groups defined at these thresholds shown to approximate those defined 

using visual inspection. 

3.3 S. aureus protein A typing 

Typing of the S. aureus protein A (spa) locus was carried by first amplifying 

the spa gene as described previously [376]. Representative isolates of each 

PFGE type and subtype were selected among isolates of all collections and 

then were characterized by this technique. 

The amplification employed 10µM of spa-1113F (5’-TAA AGA CGA TCC 

TTC GGT GAG C-3’) and 10µM of spa-1514R (5’-CAG CAG TAG TGC CGT 

TTG CTT-3’), in a 50µL mixture containing 37.55µL of sterile water (B.Braun 

Medical SA, Barcelona, Spain), 3µL of template DNA, 10mM dNTPs mix 

(Qiagen GmbH, Hilden, Germany), 5µL of 10X PCR Buffer II (Applied 

Biosystems, Roche, New Jersey, USA), 3µL of MgCl2 25mM (Applied 

Biosystems, Roche, New Jersey, USA) and 1.25U of AmpliTaq DNA 

polymerase (Applied Biosystems, Roche, New Jersey, USA). The amplification 

reaction was carried out in a PCR apparatus (Applied Biosystems 2720 Thermal 

Cycler, Applied Biosystems, CA, USA) and thermal cycling reactions consisted 

95 



Chapter III 
 

of an initial denaturation (9 minutes 30 seconds at 95ºC) followed by 35 cycles 

of denaturation (30 seconds at 95ºC), annealing (30 seconds at 62ºC), and 

extension (1 minute at 72ºC), with a single final extension (10 minutes at 72ºC). 

The resulting DNA fragments were run in a 1% agarose gel (Agarosa Estandar 

Media, Ecogen, Barcelona, Spain) using 0.5X TBE buffer (890mM Tris; 890mM 

Boric acid; 20mM EDTA, pH8) at 5V/cm for 30 minutes and were visualized by 

ethidium bromide (0.375 µg/mL) (Bio-Rad, Hercules, California, USA) staining 

for 20 minutes.  

The PCR products were visualized under UV light in Gel-doc 2000 

apparatus (Bio-Rad, Hercules, California, USA) and then were purified using 

QIAquick PCR purification kit (Qiagen GmbH, Hilden, Germany). The purified 

PCR products were sent to capillary sequencing (Macrogen Inc., Seoul, South 

Korea). 

The software Ridom StaphTypeTM v2.2.1 (Ridom GmbH, Munster, 

Germany) was used for spa sequence analysis. Each different repeat was 

identified by an alphanumerical code and the combination of these repeats was 

assigned a specific spa type. The BURP (Based Upon Repeat Pattern) 

algorithm (Ridom StaphTypeTM software) was used to calculate spa clonal 

complexes (spaCC) with the defaults parameters for the group/cluster definition: 

“exclude spa types that are shorter than 5 repeats” and “spa types are clustered 

if cost is less or equal to 6”.  
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3.4 Multilocus sequence typing 

Multilocus sequence typing (MLST) was performed as described by Enright 

et al. in representative isolates of each PFGE type and subtype of all isolate 

collections [367].  Seven PCR amplicons were obtained for each isolate using 

the 7 housekeeping genes primers (see Table 8).  Each 50µL PCR mixture 

contained 36µL of sterile water (B.Braun Medical SA, Barcelona, Spain), 3µl of 

DNA template, 1.15µl dNTPs 10mM (Qiagen GmbH, Hilden, Germany), 0.8µL 

of each forward and reverse primer (25µM), 5µL of 10X PCR Buffer II (Applied 

Biosystems, Roche, New Jersey, USA), 3µL of MgCl2 25mM (Applied 

Biosystems, Roche, New Jersey, USA), and 1.25U of AmpliTaq DNA 

polymerase (Applied Biosystems, Roche, New Jersey, USA). The amplification 

reaction was carried out in a PCR apparatus (Applied Biosystems 2720 Thermal 

Cycler, Applied Biosystems, CA, USA) and thermal cycling reactions consisted 

of an initial denaturation (9 minutes 15 seconds at 95ºC) followed by 35 cycles 

of denaturation (45 seconds at 95ºC), annealing (45 seconds at 55ºC), and 

extension (1 minute at 72ºC), with a single final extension (10 minutes at 72ºC).  

The PCR products (5µL) were run in a 1% agarose gel (Agarosa Estandar 

Media, Ecogen, Barcelona, Spain) using 0.5X TBE buffer (890mM Tris; 890mM 

Boric acid; 20mM EDTA, pH8) at 5V/cm for 30min. The bands were visualized 

by ethidium bromide (0.375 µg/mL) (Bio-Rad, Hercules, California, USA) 

staining for 20 minutes in an UV light in Gel-doc 2000 apparatus (Bio-Rad, 

Hercules, California, USA). The PCR products were purified using QIAquick 

PCR purification kit (Qiagen GmbH, Hilden, Germany) and then sent to capillary 

sequencing (Macrogen Inc., Seoul, South Korea). 
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The sequences were analysed using the software SeqMan (v5.03, 

DNASTAR, Inc.). MLST types were assigned by submitting the sequences to 

the S. aureus database on the website (http://saureus.mlst.net) and eBURST 

algorithm (eBURST v.3) was applied to all MLST data in order to assign MLST 

clonal complexes (CC) (htpp://eburst.mlst.net).  

The global optimal eBURST (goeBURST) algorithm implemented in 

PHYLOViZ (http://goeburst.phyloviz.net) was applied to our isolates collection 

3 and was used to visualise CCs, including both single and double locus 

variants. Moreover, this data was supplemented with isolate metadata including 

geographical origin [370], [423]. 

Table 8: Primers used for amplification of the seven housekeeping genes [367]. 
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3.5 Staphylococcal cassette chromosome mec (SCCmec) typing 

SCCmec typing by multiplex PCR 

SCCmec typing was performed for all MRSA isolates that were previously 

characterized by MLST. The determination of SCCmec structure was performed 

by multiplex PCR strategy previously described by Milheiriço et al. [180]. The 

following reference strains were used as controls: COL (SCCmec type I), N315 

(SCCmec type II), ANS46 (SCCmec type III), MW2 (SCCmec type IVa), WIS 

(SCCmec type V) and HDE288 (SCCmec type VI). 

Reaction mixture contained 6.7µL sterile water (B.Braun Medical SA, 

Barcelona, Spain), 5µL of DNA template, 0.8µl dNTPs 10mM (Qiagen GmbH, 

Hilden, Germany), 5µL of 10X PCR Buffer II (Applied Biosystems, Roche, New 

Jersey, USA), 3µL of MgCl2 25mM (Applied Biosystems, Roche, New Jersey, 

USA), 1.25U of AmpliTaq DNA polymerase (Applied Biosystems, Roche, New 

Jersey, USA), 0.2µM of primers kdp F1 and kdp R1; 0.4µM of primers CIF2 F2, 

CIF2 R2, RIF5 F10, RIF5 R13, SCCmec III J1F, SCCmec III J1R, SCCmec V 

J1F, and SCCmec V J1R; 0.8µM of primers mecI P2, mecI P3, dcs F2, dcs R1, 

mecA P4, mecA P7, ccrB2 F2, ccrB2 R2, ccrC F2, and ccrC R2 (see Table 9). 

The amplification reaction was carried out in a PCR apparatus (Applied 

Biosystems 2720 Thermal Cycler, Applied Biosystems, CA, USA), and thermal 

cycling reactions consisted of an initial denaturation (12 minutes at 95ºC) 

followed by 30 cycles of denaturation (30 seconds at 95ºC), annealing (1 minute 

at 48ºC), and extension (1 minute at 72ºC), with a single final extension (4 

minutes at 72ºC).  
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The PCR products (10µL) were resolved in a 3% agarose gel (CertifiedTM 

Megabase Agarose, Bio-Rad, Hercules, California, USA) in 0.5X TBE (890mM 

Tris; 890mM Boric acid; 20mM EDTA, pH8) containing 0.1µg/mL of ethidium 

bromide, at 4V/cm for 2.5 hours (Bio-Rad, Hercules, California, USA) and were 

then visualized under UV light in Gel-doc 2000 apparatus (Bio-Rad, Hercules, 

California, USA). 

Table 9: Primers used in SCCmec multiplex PCR [180]. 

 

 

 

 

 

 

 

 

ccrB typing 

SCCmec type assignments were confirmed by ccrB typing in a collection of 

blood isolates, including representatives of different PFGE and spa types 

(collection 1; objective 1; study 5), as previously described by Oliveira et al. 

[395], [396]. ccrB typing was carried by sequencing the ccrB fragment amplified 
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by PCR. The primer sequences were as follows: ccrB F1, CGW YTR GCW 

MGW AAY ACH TC; and ccrB R1, CTT TTC GWC KYT TWT CRY TCC. The 

predicted amplicon sizes was 496bp. PCR was performed in a PCR apparatus 

(Professional Standard Thermocycler, Biometra, Ludwigshafen, Germany) with 

the following conditions: initial denaturation at 94ºC for 4 minutes; amplifications 

in 35 cycles (denaturation at 94ºC for 30 seconds, annealing at 42ºC for 1 

minute and extension at 72ºC for 2 minutes) and a final extension at 72ºC for 4 

minutes. In each reaction (final volume of 50µL), 5µL of template DNA, 1X 

AmpliTaq PCR buffer with 1.5mM MgCl2 (Applied Biosystems, Roche, New 

Jersey, USA), 2mM dNTP mix (MBI Fermentas, Hanover, MD, USA), 100pmol 

of each primer and 1.25U AmpliTaq DNA polymerase (Applied Biosystems, 

Roche, New Jersey, USA).  

The PCR products (2µL) were run in a 1% agarose gel (Seakem LE, Lonza, 

Rockland, ME, USA) using 1X TAE buffer (0.5M Tris; 0.05M EDTA, pH8; 1M 

acetic acid), containing 0.1 µg/mL ethidium bromide (Bio-Rad, Hercules, 

California, USA) at 5V/cm for one hour. The bands were visualized in an UV 

light in Gel-doc XR apparatus (Bio-Rad, Hercules, California, USA). The PCR 

products were purified using QIAquick PCR purification kit (Qiagen GmbH, 

Hilden, Germany) and then sent to capillary sequencing (Macrogen Inc., Seoul, 

South Korea). 

The sequences were analysed using the software SeqMan (v5.03, 

DNASTAR, Inc.). These ccrB internal sequences in the FASTA format were 

submitted in a typing tool that is freely available at http://www.ccrbtyping.net. 
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Based on this assignment, a prediction of ccrAB loci and SCCmec type is also 

outputted [396]. 

3.6 Accessory gene regulator typing 

Accessory gene regulator (agr) typing was performed for all MRSA isolates 

that were previously characterized by MLST. The detection of agr 

polymorphisms was performed by multiplex PCR strategy with a set of 1 

forward primer (agr1-4Sa-1) and 4 reverse primers (agr1Sa-2, agr2Sa-2, agr3Sa-2, 

agr4Sa-2) as described previously (see Table 10) [353]. The following strains 

were used as controls of PCR amplification: RN6390 (agrI), RN6607 (agrII), 

RN8465 (agrIII) and RN4850 (agrIV). Reaction mixture contained 29.5µL sterile 

water (B.Braun Medical SA, Barcelona, Spain), 5µL of DNA template, 2µl 

dNTPs 10mM (Qiagen GmbH, Hilden, Germany), 5µL of 10X PCR Buffer II 

(Applied Biosystems, Roche, New Jersey, USA), 3µL of MgCl2 25mM (Applied 

Biosystems, Roche, New Jersey, USA), 1.25U of AmpliTaq Gold DNA 

polymerase (Applied Biosystems, Roche, New Jersey, USA) and 25µM of each 

primer. The amplification reaction was carried out in a PCR apparatus (Applied 

Biosystems 2720 Thermal Cycler, Applied Biosystems, CA, USA) under the 

following conditions: an initial 9 minutes and 15 seconds denaturation step at 

95ºC followed by 35 cycles (45 seconds of denaturation at 95ºC, 1 minute of 

annealing at 53ºC, and 1 minute of extension at 65ºC) and a final extension 

step at 65ºC for 10 minutes.  

The PCR products (20µL) were resolved in a 2% agarose gel (Agarosa 

Estandar Media, Ecogen, Barcelona, Spain) in 0.5X TBE (890mM Tris; 890mM 

Boric acid; 20mM EDTA (pH8) and were visualized by ethidium bromide (0.375 
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µg/mL) (Bio-Rad, Hercules, California, USA) staining for 20 minutes in an UV 

light in Gel-doc 2000 apparatus (Bio-Rad, Hercules, California, USA). 

Table 10: Primers used for amplification of agr polymorphism [353]. 

 

3.7 Detection of Panton-Valentine leukocidin gene 

The presence of Panton-Valentine leukocidin (PVL) genes, lukS-PV and 

lukF-PV, was investigated by PCR in selected isolates of all collections as 

described by [94]. The strain used for positive control of pvl gene was S. aureus 

MW2 and the primers were luk-PV-1 (5’-ATC ATT AGG TAA AAT GTC TGG 

ACA TGA TCC A-3’) and luk-PV-2 (5’-GCA TCA AST GTA TTG GAT AGC AAA 

AGC-3’).  The expected size of the amplicon obtained with this protocol was 

433bp. The amplification reaction contained 2µL of template DNA in a final 

volume of 50µL containing 33.55µL of sterile water (B.Braun Medical SA, 

Barcelona, Spain), 1.25µl dNTPs 10mM (Qiagen GmbH, Hilden, Germany), 2µL 

of each forward and reverse primer (24pmol), 5µL of 10X PCR Buffer II (Applied 

Biosystems, Roche, New Jersey, USA), 3µL of MgCl2 25mM (Applied 

Biosystems, Roche, New Jersey, USA), and 1.25U of AmpliTaq Gold DNA 

polymerase (Applied Biosystems, Roche, New Jersey, USA). The amplification 

reaction was carried out in a PCR apparatus (Applied Biosystems 2720 Thermal 

Cycler, Applied Biosystems, CA, USA) and thermal cycling reactions consisted 
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of an initial denaturation (12 minutes at 95ºC) followed by 30 cycles of 

denaturation (45 seconds at 95ºC), annealing (45 seconds at 55ºC), and 

extension (1 minute at 72ºC), with a single final extension (2 minutes at 72ºC).  

The PCR products (16µL) were resolved by electrophoresis through 1% 

agarose gel (Agarosa Estandar Media, Ecogen, Barcelona, Spain) using 0.5X 

TBE buffer (890mM Tris; 890mM Boric acid; 20mM EDTA, pH8) at 5V/cm for 1 

hour (Bio-Rad, Hercules, California, USA).  This was followed by ethidium 

bromide (0.375 µg/mL) (Bio-Rad, Hercules, California, USA) staining for 20 

minutes in an UV light in Gel-doc 2000 apparatus (Bio-Rad, Hercules, 

California, USA). 

3.8 Detection of arginine catabolic element 

The presence of arginine catabolic element (ACME) was investigated in 

selected isolates of all collections by a multiplex PCR assay that uses primer 

sets specific for the arcA gene and a 16SrRNA universal target sequence was 

performed. The 16SrRNA gene, common to all bacteria was used as an internal 

control to identify potential false-negative results. The primers used were arcA F 

(5’-GAG CCA GAA GTA CGC GAG-3´) and arcA R (5’-CAC GTA ACT TGC 

TAG AAC GAG-3’) for arcA gene and Rib1 (5’-GGA ATT CAA A(T/G,1:1) GAA 

TTG ACG GGG GC-3’) and Rib2 (5’-CGG GAT CCC AGG CCC GGG AAC 

GTA TTC AC-3’) for 16SrRNA gene [111], [424]. The expected size of the 

amplicon obtained with this protocol was 733bp and 479bp for arcA and 

16SrRNA genes respectively. The strain used as positive control was a S. 

aureus USA300 strain. The reaction mixture was prepared in a final volume of 

50µL as follows: 5µL of template DNA, 29.75µL of sterile water (B.Braun 
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Medical SA, Barcelona, Spain), 2µl dNTPs 10mM (Qiagen GmbH, Hilden, 

Germany), 0.5µL of each forward and reverse primer (25µM), 5µL of 10X PCR 

Buffer II (Applied Biosystems, Roche, New Jersey, USA), 3µL of MgCl2 25mM 

(Applied Biosystems, Roche, New Jersey, USA), and 1.25U of AmpliTaq Gold 

DNA polymerase (Applied Biosystems, Roche, New Jersey, USA). The 

amplification reaction was carried out in a PCR apparatus (Applied Biosystems 

2720 Thermal Cycler, Applied Biosystems, CA, USA) and thermal cycling 

reactions consisted of an initial denaturation (12 minutes at 95ºC) followed by 

35 cycles of denaturation (45 seconds at 95ºC), annealing (45 seconds at 

56ºC), and extension (1 minute at 65ºC), with a single final extension (4 minutes 

at 65ºC).  

The PCR products (15µL) were run in a 0.75% agarose gel (Agarosa 

Estandar Media, Ecogen, Barcelona, Spain) using 0.5X TBE buffer (890mM 

Tris; 890mM Boric acid; 20mM EDTA, pH8) at 5V/cm for 1 hour (Bio-Rad, 

Hercules, California, USA).  This was followed by ethidium bromide (0.375 

µg/mL) (Bio-Rad, Hercules, California, USA) staining for 20 minutes in an UV 

light in Gel-doc 2000 apparatus (Bio-Rad, Hercules, California, USA). 

3.9 Detection of cfr (chloramphenicol-florfenicol resistance) gene 

Isolates resistant to both clindamycin and chloramphenicol, potentially 

linezolid-resistant (collection 1; objective 1; study 4) were screened for the cfr 

presence. The presence of cfr gene was analysed by PCR and the expected 

size of the amplicon was 746bp [136]. Two strains carrying the cfr gene and 

previously characterized were used as controls [220]. The amplification reaction 

contained 3µL of template DNA in a final volume of 50µL containing 36µL of 
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sterile water (B.Braun Medical SA, Barcelona, Spain), 1.15µl dNTPs 10mM 

(Qiagen GmbH, Hilden, Germany), 0.8µL of each forward (5’-TGA AGT ATA 

AAG CAG GTT GGG AGT CA-3’) and reverse primer (5’-ACC ATA TAA TTG 

ACC ACA AGC AGC-3’) (25µM), 5µL of 10X PCR Buffer II (Applied 

Biosystems, Roche, New Jersey, USA), 3µL of MgCl2 25mM (Applied 

Biosystems, Roche, New Jersey, USA), and 1.25U of AmpliTaq Gold DNA 

polymerase (Applied Biosystems, Roche, New Jersey, USA). The amplification 

reaction was carried out in a PCR apparatus (Applied Biosystems 2720 Thermal 

Cycler, Applied Biosystems, CA, USA) and thermal cycling reactions consisted 

of an initial denaturation (12 minutes at 95ºC) followed by 35 cycles of 

denaturation (30 seconds at 95ºC), annealing (30 seconds at 55ºC), and 

extension (3.5 minutes at 72ºC), with a single final extension (10 minutes at 

72ºC).  

The PCR products (16µL) were resolved by electrophoresis through 1% 

agarose gel (Agarosa Estandar Media, Ecogen, Barcelona, Spain) using 0.5X 

TBE buffer (890mM Tris; 890mM Boric acid; 20mM EDTA, pH8) at 5V/cm for 45 

min (Bio-Rad, Hercules, California, USA).  This was followed by ethidium 

bromide (0.375 µg/mL) (Bio-Rad, Hercules, California, USA) staining for 20 

minutes in an UV light in Gel-doc 2000 apparatus (Bio-Rad, Hercules, 

California, USA). 

3.10 Detection of rpoB (RNA polymerase) gene 

An internal sequence of gene rpoB of 432bp (nucleotides 1216 to 1648) 

was amplified by PCR and sequenced to detect the rifampicin resistance-

associated mutations in a selected collection of blood isolates (collection 1; 
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objective 1; study 3) [425]. The oligonucleotide sequences used were rpoB-for 

(5’-GTC GTT TAC GTT CTG TAG GTG-3’) and rpoB-rev (5’-TCA ACT TTA 

CGA TAT GGT GTT TC-3’). 

Amplification was carried out in a 50µL volume containing 36.15 µL of 

sterile water (B.Braun Medical SA, Barcelona, Spain), 20µM of each primer, 

1µL of dNTPs 10mM (Qiagen GmbH, Hilden, Germany), 5µL of 10X PCR Buffer 

II (Applied Biosystems, Roche, New Jersey, USA), 3µL of MgCl2 25mM (Applied 

Biosystems, Roche, New Jersey, USA), and 1.25U of AmpliTaq Gold DNA 

polymerase (Applied Biosystems, Roche, New Jersey, USA). The amplification 

reaction was carried out in a PCR apparatus (Applied Biosystems 2720 Thermal 

Cycler, Applied Biosystems, CA, USA) and thermal cycling reactions consisted 

of an initial denaturation (9 minutes and 30 seconds at 95ºC) followed by 35 

cycles of denaturation (30 seconds at 95ºC), annealing (30 seconds at 62ºC), 

and extension (1 minute at 72ºC), with a single final extension (10 minutes at 

72ºC).  

The PCR products (5µL) were run in a 1% agarose gel (Agarosa Estandar 

Media, Ecogen, Barcelona, Spain) using 0.5X TBE buffer (890mM Tris; 890mM 

Boric acid; 20mM EDTA, pH8) at 5V/cm for 30min. The bands were visualized 

by ethidium bromide (0.375 µg/mL) (Bio-Rad, Hercules, California, USA) 

staining for 20 minutes in an UV light in Gel-doc 2000 apparatus (Bio-Rad, 

Hercules, California, USA). The PCR products were purified using QIAquick 

PCR purification kit (Qiagen GmbH, Hilden, Germany), and then sent to 

capillary sequencing (Macrogen Inc., Seoul, South Korea). 
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The sequences were analysed using the software SeqMan (v5.03, 

DNASTAR, Inc.). The nucleotide sequences obtained were compared to the 

rpoB wild type sequence from S. aureus subsp. aureus (GenBank accession 

number: X641172) using the clustalw software 

http://www.ebi.ac.uk/tools/clustalw/index.html. Rifampicin-susceptible strains 

used as controls were ATCC29213 (rifampicin and methicillin susceptible S. 

aureus) and ATCC700698 (rifampicin susceptible MRSA). Two representatives 

of the Iberian clone were used as rifampicin-resistant MRSA controls: 

ATCCBAA44 and PER88 [426], [427]. 

3.11 DNA microarray genotyping 

Virulence genes and resistance encoding genes were characterized using 

the DNA microarray Identibac MRSA Array-Strip (Staphy-Type, Alere 

Technologies Ltd, Jena, Germany; stripe version). The DNA microarray 

technique was performed in a selected collection isolates (collection 1; 

objective 1; studies 6 and 8) and were utilized as described previously [354], 

[400], [428]. Briefly, the array covers 334 target sequences, which correspond 

to approximately 180 distinct genes and their allelic variants. Target genes, 

primers and probes were previously published in the electronic supplementary 

material of Monecke et al [304]. 

Preparation of genomic DNA 

S. aureus isolates were cultured on COS agar (Becton DickinsonTM, 

Heidelberg, Germany) (overnight at 37ºC). Two inoculation loops of colony 

material were suspended in a lysis buffer (Staphy-Type, Alere Technologies 
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Ltd, Jena, Germany; stripe version) containing lysostaphin, lysozyme, 

ribonuclease A, Tris-HCl, EDTA and Triton X-100. Culture material was 

incubated for 60 minutes at 37 °C and 550 rpm in a thermoshaker (Thermo 

shaker PHMP, Grant-bio, UK). After incubation, DNA preparation was 

processed according to the protocol of the DNeasy blood & tissue kit (Qiagen 

GmbH, Hilden, Germany).  

Microarray-based genotyping 

For amplification and labelling, a linear and thermally synchronized primer 

elongation reaction was performed using a PCR apparatus (Applied Biosystems 

2720 Thermal Cycler, Applied Biosystems, CA, USA). This allowed all targets to 

be amplified and labelled simultaneously, using one specific primer for each 

target. The 10µL labelling reaction comprised a mixture of 5µL of sterile water 

(B.Braun Medical SA, Barcelona, Spain), 4.9µL of PCR buffer B1 (primers, 

dNTPs, biotin-16-dUTP), 0.1µL of Therminator polymerase and 0.5-2µg of 

target DNA. Amplification conditions comprised an initial denaturation (5min at 

96ºC), followed by 45 cycles of 20 seconds at 50ºC, 30 seconds at 72ºC, and 

20 seconds at 96ºC. Labelled amplicons from this reaction were used 

afterwards for hybridization. 

Hybridization procedures were identical for both approaches, and have 

been described previously [304]. In brief, the labelled sample was denaturated, 

chilled on ice and hybridized to the array. This was followed by washing steps, 

and by the addition of a blocking reagent. Afterwards, 100µL of horseradish 

peroxidase substrate (Staphy-Type, Alere Technologies Ltd, Jena, Germany; 
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stripe version) were added per well and then incubated 6 minutes at 25ºC 

avoiding direct sunlight.  

After the liquid being removed completely, the resulting array image was 

recorded and analysed using the ArrayMate reader (Staphy-Type, Alere 

Technologies Ltd, Jena, Germany; stripe version). The assignation of isolates to 

clonal complexes and/or to sequence types was determined by an automated 

comparison of hybridization profiles to previously MLST-typed reference strains 

in an ArrayMate 1.1 database [354], [400]. 

 

3.12 Matrix-assisted laser desorption ionization-time of flight mass 

spectrometry (MALDI-TOF/MS)-based typing. 

MALDI-TOF/MS typing were performed to identify clonal complex (CC)-

specific biomarker peaks in isolates (collections 1 and 2; objective 1; study 7) 

that were representative of the 4 major MRSA clonal CCs in our hospital. 

All isolates studied by this tool were previously well-characterised by molecular 

typing techniques that have already been referred in this chapter such as 

PFGE, MLST, SCCmec, spa and agr typing. 

Sample preparation and MALDI-TOF/MS data acquisition  

Bacterial cultures were grown overnight on COS agar (Becton DickinsonTM, 

Heidelberg, Germany) at 37ºC and subjected to ethanol-formic acid extraction 

according to [413].  

MALDI-TOF/MS was conducted on a Microflex LT (Bruker Daltonics, 

Bremen, Germany) benchtop instrument controlled by the FlexControl software 
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(version 3.0; Bruker Daltonics). Spectra were acquired in linear positive mode at 

a laser frequency of 20Hz using the MALDI Biotyper (version 2.0; Bruker 

Daltonics, Bremen, Germany) pre-processing standard method and the Biotyper 

main spectrum (MSP) identification standard method (mass range: 2,000 to 

20,000 Da). The spectra were externally calibrated using the Bruker Daltonics 

Bacterial Test Standard. 

One microliter of each bacterial extract was spotted onto a MALDI target 

plate (MSP 96 target ground steel; Bruker Daltonics, Bremen, Germany) and 

air-dried at room temperature. For MALDI-TOF/MS analysis, each spotted 

sample was overlaid with 1µL of a saturated matrix solution (α-cyano-4-

hydroxy-cinnamic acid; Bruker Daltonics, Bremen, Germany) in 50% 

acetonitrile-2.5% trifluoroacetic acid (Sigma-Aldrich chemical Co.) and air-dried. 

Acquired spectrum for each spot was the sum spectrum accumulated from 250 

measurements (5x50 laser shots on different locations according to a 

predefined lattice raster). 

Selected bacterial isolates were included within a reference (36 strains) or a 

validation set (46 strains). Selection was performed as to include as much 

diversity as possible within both sets, prioritizing the reference set whenever an 

equitable distribution was not possible. Selection criteria were based on MLST 

variation or on spa-typing whenever MLST was too homogeneous. Bacterial 

extracts of the reference and validation sets were spotted onto a MALDI target 

plate in 10 and 3 replicas respectively. Spots for the reference set were 

measured three times, resulting in 30 mass spectra for each isolate, and those 
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of the validation set were analysed twice, resulting in 6 mass spectra per 

isolate. 

MALDI-TOF/MS data analysis 

The resulting raw spectra for each isolate of the reference set were loaded 

into the ClinProTools software (version 2.2; Bruker Daltonics, Bremen, 

Germany) and grouped into 4 different classes, each class containing the 

spectra profiles of isolates belonging to the same CC, and used to calculate the 

average spectra for each class (CC). Spectra were prepared by recalibration, 

baseline subtraction (Top Hat with a 10% minimal baseline width), peak 

selection and average peak list calculation ranging from 2,000 to 10,000 mass 

to charge ratio values (m/z). m/z values from the average spectra of each CC 

were extracted and informative peaks were identified according to their 

statistical significance, as determined by the different statistic tests supported 

by ClinProTools (Bruker Daltonics, Bremen, Germany): Anderson-Darling test, 

t-/ANOVA test and Wilcoxon/Krustal-Wallis test. Informative peaks were those 

showing a significant difference between the four CCs whether: the p value for 

the Anderson-Darling test was > 0.05 and for the t-/ANOVA or Wilcoxon/Krustal-

Wallis test was ≤ 0.05 or if the p value for the Anderson-Darling test was ≤ 0.05 

and for the Wilcoxon/Krustal-Wallis test was ≤ 0.05 [429]. 

Classification models were generated using the genetic algorithm (GA), 

supervised neural network (SNN), and QuickClassifier (QC) algorithms, in order 

to identify the algorithm providing the best recognition capability. For model 

preparation, null spectra exclusion and spectra grouping were enabled. 

Recalibration was performed with a 1,000 parts per million (ppm) maximal peak 
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shift and 30% match to calibrant peaks. Not recalibrated spectra were excluded. 

For model generation, the default settings were left unaltered. The recognition 

capability and cross validation values were calculated to demonstrate the 

reliability and accuracy of the model. 

BioTyper MSPs representing each CC were created with the BioTyper MSP 

creation method using the following parameters: frequency threshold for spectra 

adjusting: 50; frequency threshold for score calculation: 5; maximal mass error 

of the raw spectrum: 2,000; desired mass tolerance of the adjusted spectrum: 

500; furthermore accepted mass tolerance of a peak: 800; parameter of the 

intensity correction function: 0.25. Subtyping MSPs for each CC were derived 

from the typing MSPs using the BioTyper subtyping MSP creation method with 

default parameters. Specific weights for each peak in the subtyping MSPs were 

set to 0% or replaced by the weight value calculated with the pattern generation 

models for informative peaks.  
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Results 
 

1. Microbiological features of endemic methicillin-resistant S. 

aureus (MRSA) isolated from patients admitted to Hospital 

Universitari de Bellvitge (HUB) over 25 years (1990-2014). 
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1.1.  Analysis of methicillin resistance evolution among S. aureus 

strains and study of MRSA’s antimicrobial susceptibility to old and new 

anti-staphylococcal therapeutic agents. 

The percentage of methicillin resistance among clinical S. aureus isolates 

obtained at the Microbiology Department of Hospital Universitari de Bellvitge 

(HUB) during the 1990-2014 period is shown in Figure 15. The MRSA average 

among S. aureus over the last 11 years (2004-2014) was stabilized around 

24%. 

Figure 15: Evolution of methicillin resistance, among S. aureus strains isolated 

in the HUB during the 1990-2014 period. 
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In this study, 5061 clinical MRSA strains were isolated from patients 

admitted in the HUB from 1990 to 2014. Antibiotic susceptibility testing was 

performed in all isolates and the global resistance percentages of MRSA clinical 

isolates to antimicrobial agents is shown in Table 11. All the isolates were 

susceptible to vancomycin, and teicoplanin following EUCAST and CLSI 

breakpoints. 

Table 11: Global resistance percentages of MRSA clinical isolates (n=5061) to 

antimicrobial agents.  

Resistance to ciprofloxacin remained high over the whole period. 

Decreased in the rate of aminoglycosides and other antibiotics was the result of 

a clonal replacement observed during second and third periods (from 1995 to 

2004) when the Iberian clone (resistant to all antibiotics in table 11, but 

cotrimoxazole) was replaced by other clones with variable resistance to 

amynoglicosides, rifampicin, erythromycin and clindamycin. Of note, 

Study 1: Antimicrobial susceptibility of the MRSA clinical strains 

isolated in the HUB (1990-2014). 
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erythromycin resistance (MSB phenotype), mediated by msrA gene was 

increasing over the years being found in the 38% of the strains during the fifth 

period. 

The 5061 MRSA strains were grouped in 100 resistance patterns (RP), 

although, 75% (75/100) were detected after 2000. RPs that were frequently 

found among MRSA strains isolated in the HUB during the studied period are 

shown in Table 12.  

Table 12: Resistance patterns (RP) mostly found among MRSA strains isolated in 

HUB.  

E=Erythromycin; CC=Clindamycin; NN=Tobramycin; CIP=Ciprofloxacin; G=Gentamicin; 

C=Chloranphenicol; TE=Tetracycline; RA=Rifampicin; SXT=Trimethoprim-sulphamethoxazole 

During the first decade (1990-1999), the dominant antibiotic RP among 

MRSA strains showed resistance to erythromycin, clindamycin, gentamicin, 

tobramycin, ciprofloxacin, rifampicin and tetracycline. Isolates were only 

susceptible to vancomycin and co-trimoxazole. This resistance pattern, named 

RP1, was found in 82% of the MRSA isolates (1,369/1,675; 82%) and the 

isolates belonged to the Iberian clone. In the following years, this clone was 
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gradually replaced by isolates with variable RP and susceptible to more 

antibiotic classes (see Figure 16). 
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(RP30: ciprofloxacin; RP12: beta-lactams; RP4: tobramycin, ciprofloxacin; RP2: erythromycin, clindamycin, tobramycin, ciprofloxacin; RP10: erythromycin, clindamycin, 

ciprofloxacin; RP1: erythromycin, clindamycin, gentamicin, tobramycin, tetracycline, ciprofloxacin, rifampicin; RP33: erythromycin, tobramycin, ciprofloxacin; RP48: erythromycin, 

clindamycin, gentamicin, tobramycin, ciprofloxacin, rifampicin; RP26: erythromycin, ciprofloxacin). 

Figure 16: Antibiotic resistance patterns (RP) frequently found among MRSA strains isolated in the HUB during the 1990-2014 period.
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Daptomycin (DA) is the first of the cyclic lipopeptides that shows rapid 

bactericidal activity against S. aureus, including strains tolerant or resistant to 

glycopeptides. This work aimed to assess the in vitro activity of DA compared to 

vancomycin (VA) against selected MRSA isolates from bacteremic adult 

patients attended at HUB.   

Minimum inhibitory concentration (MIC) and minimal bactericidal 

concentration (MBC) values to DA and VA were performed by microdilution in 

185 MRSA blood isolates. The strain selection included isolates from the 1990-

2009 period and the following clones: CC5 (ST5, ST125, ST146-SCCmecIV-

agrII) (n=76); Iberian ST247-SCCmecI-agrI (n=54); ST228-SCCmecI-agrI 

(n=27); EMRSA-15 ST22-SCCmecIV-agrI (n=13) and ST8-SCCmecIV-agrI 

(n=15).  Analyses of MICs and MBCs variations throughout the studied period 

are shown in Tables 13 and 14. 

Table 13: MICs (mg/L) results at various vancomycin (VA) and daptomycin (DA) 

concentrations during two different periods. 

 

 

 

Study 2: Comparative in vitro activity of daptomycin and vancomycin 

against MRSA blood strains isolated in the HUB. 
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Table 14: MBCs (mg/L) results at various vancomycin (VA) and daptomycin (DA) 

concentrations during two different periods. 

Both VA and DA MICs decreased from the first period (1990-1999) to the 

second (2000-2009). A significant decrease on the VA MBC was observed from 

a geometric mean of 17.61 mg/L to 0.86 mg/L. The clonal composition of 

analyzed strains in each period was responsible for the observed differences. 

MIC50/MIC90 and MBC50/MBC90 values for each clone are shown in Table 15. 

Table 15: MIC50/MIC90 and MBC50/MBC90 values for each clone. 
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VA-tolerance was found only in isolates of Iberian clone (43/54; 80%) which 

account for 23% of the total isolates studied (43/185) (see Table 16). The rate 

of VA-tolerance is higher among isolates with an MIC of 2mg/L (10/10). MICs 

and MBCs to VA and DA from the other clones were similar. 

Table 16: Vancomycin (VA)-tolerance and association with different MICs. 
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S. aureus accessory gene regulator (agr) operon controls the expression of 

several virulence factors and metabolic pathways. Mutations causing agr 

dysfunction can modify the expression of autolysins and hemolysins and have 

been associated with reduced vancomycin (VA) bactericidal activity, this 

situation being described in agr type II. In addition, mutations in the rpoB gene 

have been described as contributors to VA resistance in S. aureus. The aim of 

this work was to study the agr function, rpoB mutations and VA activity in a 

selection of MRSA isolates. 

The studies were performed in the same MRSA collection used in the 

previous study 2: One-hundred and eighty-five MRSA blood isolates from 

single pts admitted to HUB from 1990 to 2009, and belonging to the most 

common MRSA clones endemic in the HUB. Table 17 shows molecular 

characteristics and number of studied isolates. Negative delta-hemolysin, 

indicative of dysfunctional agr operon, was found in 42% (43/103) of agr II 

isolates and 35% (29/82) of agr I. In the agr II-group, 67% (29/43) had a VA-

MIC of 1 mg/L and in the agr I-group, 10% (3/29) had VA-MIC of 2 mg/L.  

The agr dysfunction was associated with both VA-tolerant and non-VA-

tolerant isolates and could be detected in both agr types. 

 

 

Study 3: Accessory gene regulator function, rpoB mutations and 

vancomycin susceptibility in MRSA blood isolates. 
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Table 17: Vancomycin (VA) activity and agr functionality. 

Mutations in rpoB, and their association with VA activity were studied in 47 

rifampicin (RA) resistant isolates belonging to ST247-SCCmecI-agrI (n=20) and 

ST228-SCCmecI-agrII (n=27) clones (see Table 18). RA resistance was mainly 

due to rpoB mutation H481N in strains of ST228 (1-4 mg/L) and to H481N plus 

S529L in strains of ST247 (≥ 8 mg/L). VA MICs of corresponding isolates are 

shown in the Table 18. 

Thus, rpoB mutations were detected in both VA-tolerant and non-VA-tolerant 

isolates.   

Table 18:  Vancomycin (VA) activity and rpoB mutations. 
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Study 4: Prevalence of cfr-mediated linezolid resistance among MRSA 

in the HUB. 

 

128 



Results 
     

Linezolid (LZD) is an effective antimicrobial agent to treat MRSA. 

Resistance to LZD due to the cfr gene is described worldwide. Of note, LZD 

was introduced in the clinical practice in HUB during 2003. The present study 

(article 1, Annex I) aimed to analyse the prevalence of the cfr–mediated LZD 

resistance among MRSA clinical isolates in our area. The cfr gene is mostly 

plasmid-located and confers cross-resistance to phenicols, lincosamides, 

oxazolidinones, pleromutilines and streptogramin A. Only 16 MRSA isolates 

(0.7%) had the clindamycin and chloramphenicol resistance profile. LZD MICs 

were ≤2 mg/L in all but one strain, which showed MIC of 8 mg/L and carried the 

cfr gene (see Table 19). The LZD resistant isolate was also resistant to 

erythromycin, clindamycin, gentamicin, tobramycin, ciprofloxacin, rifampicin and 

chloramphenicol and belonged to clone ST228-MRSA-SCCmecI with agr type 

II. LZD susceptible MRSA strains also belonged to clone ST228-MRSA-

SCCmecI. No further spread of the LZD resistant strain to other patients was 

detected. In our series, overall LZD resistance mediated by the cfr gene is very 

low in this period (0.05%; 1/2,215). Among clindamycin and chloramphenicol 

resistant strains, cfr-mediated LZD resistance was 6.25%. The only LZD 

resistant isolate arose in a patient, previously colonized by MRSA, following 

LZD therapy. 

Table 19: Linezolid susceptibility by MIC and disc-diffusion in 16 clindamycin 

and chloramphenicol resistant MRSA isolates and presence of the cfr gene (from 

Table 1, article 1, Annex I).  
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1.2. Molecular epidemiology description of emergent and endemic MRSA 

clones using genotypic and proteomic based methods. 

 

Seven hundred and sixteen bloodstream infections were documented from 

single patients admitted at HUB between 1990 and 2014. Four hundred and 

eighty-five bacteremic isolates were available for this study. The yearly 

distribution of these isolates, along with antibiotic resistance percentages are 

shown in Table 20.  

Table 20: Yearly distribution of MRSA blood isolates and trends in antimicrobial 

resistance of MRSA bacteremic isolates. 

To describe the genotypic diversity of this MRSA population, PFGE was 

performed in all 485 bacteremic isolates. Out of this collection a selection of 328 

(328/485; 68%) isolates, including all genetic variants detected by PFGE, was 

Study 5: Molecular characterization of the emergent and endemic 

MRSA clones by standard typing methods. 
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typed by SCCmec, MLST, and agr. Additionally, a collection of 257 (257/485; 

53%) isolates was typed by spa and characterized by PVL and ACME 

detection. Genetic background of the remaining isolates was inferred by PFGE 

genotype. 

Pulsed-field gel electrophoresis (PFGE) characterization  

PFGE analysis showed that 5 PFGE types accounted for 95% (460/485) of 

the studied strains: PFGE-D;E (198/485; 41%), PFGE-A;B (105/485; 22%), 

PFGE-C (73/485; 15%), PFGE-F (55/485; 11%) and PFGE-G (29/485; 6%). 

The remaining 25 (5%) isolates belonged to sporadic profiles. The yearly 

distribution of the main clonal types is shown in Figure 17. 

Figure 17: Pulsed-field gel electrophoresis (PFGE) genotypes from 1990 to 2014 

in HUB (n=485 bacteremic MRSA isolates) * Isolates of PFGE D and E; A and B had 

similar PFGE patterns and belonged to same Clonal Complexes by MLST, thus the 

figures are plotted together. 

 

131 



Chapter IV 
     

Staphylococcal cassette chromosome mec (SCCmec) types 

SCCmec element was investigated in a selection of 328 MRSA blood 

isolates and four different polymorphisms were found: type I, II, IV, and V The 

most common SCCmec type was IV (214/328; 65%) followed by SCCmec type I 

(109/328; 33%). Minor SCCmec polymorphisms were SCCmec type V (4/328; 

1.2%) and type II (1/328; 0.3%).  

SCCmec type IV was included in three major PFGE types (PFGE-D;E, 

PFGE-C and PFGE-G) accounting 94% (202/214) of the studied isolates, and in 

10 minor clones mostly represented by single isolates.  

SCCmec type I (95%; 104/109) was mainly present in genotypes PFGE-A;B 

and PFGE-F and in four sporadic clones (accounting for five isolates).  

SCCmec type V was detected in four isolates (PFGE NTSmaI-MRSA, n=2; 

PFGE-D;E, n=1 and PFGE-H, n=1) and SCCmecII was only present in a minor 

clone (PFGE-I, n=1). 

SCCmec type assignments were confirmed by ccrB typing in a selection of 

62 isolates including representatives of different PFGE and spa types All the 

isolates that present the ccrB allotype 412 that was described in a methicillin 

susceptible coagulase negative isolate (DFT676NR1) belong to clone ST8-

SCCmecIV-agrI (see Table 21). Two additional isolates, highly related to 

USA300 (PFGE type C, ST8-SCCmecIV-agrI) showed the ccrB allotype 400. 

The presumptive SCCmec types defined by ccrB typing were concordant with 

the results previously obtained by SCCmec multiplex strategy. 
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Table 21: SCCmec analysis by ccrB typing. 

Multilocus sequence typing (MLST) 

 Molecular typing by MLST of 328 isolates showed that ST247/ST1819-

SCCmecI (named Iberian clone) was the main clone until 1999 (see Figure 18). 

This pandemic clone (PFGE-A;B) belonged to CC8 and was found in 58 

(58/328; 18%) isolates. Between 1996 and 2003, isolates of CC5 rapidly 

increased and become prevalent until the end of the studied period (2014). 

Thus,135 (135/328; 41%) isolates of PFGE-D;E and two isolates of two minor 

PFGE types (PFGE-L and PFGE-O) clustered in CC5 group and included 

variants of the paediatric clone: eight isolates of ST5-SCCmecIV, 124 of ST125, 

ST146-SCCmecIV, and three single isolates of ST965-SCCmecIV, ST1398-

SCCmecIV and ST2853-SCCmecIV.  

After 2004, other clones were introduced in HUB such as PFGE-G 

belonging to ST22-SCCmecIV (n=24) and PFGEs-F, -M, -N and -Q, belonging 

to ST228-SCCmecI (n=51).  

Since 2010, CC8 (ST8, ST450, ST2840-SCCmecIV) became the second 

major clone circulating in our hospital, accounting for 14% (46/328) of the 

studied isolates. In this group the following PFGE patterns were identified: 

PFGEs-C, -P, -USA300 and -USA300/ACME negative. 
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Recently, sporadic clones (14/328; 4%) emerged in our setting such as 

ST72-SCCmecIV (n=4), ST45-SCCmecIV (n=3), ST2222-SCCmecIV (n=1), 

ST36-SCCmecII (n=1), ST50-SCCmecIV (n=1), ST59-SCCmecV (n=1), ST398-

SCCmecV (n=1), ST3207-SCCmecV (n=1) and ST1-SCCmecIV (n=1). 

The distribution of the major MLST sequence types over time is shown in 

Figure18. 

Figure 18: Clonal distribution of the studied strains isolated from 1990 to 2014. 

Accesory gene regulator (agr) types  

The agr group was investigated in a selection of 328 MRSA blood isolates 

and its distribution followed the clonal assignment. Similar proportion of isolates  

were found in both agr polymorphisms type II and I. agr type II was present in 

187 (57%) of the strains belonging to the major clones PFGE D;E (ST5, ST125, 

ST146-SCCmecIV), PFGE-F (ST228-SCCmecI) and to the sporadic clone 

ST2222-SCCmecIV. agr type I was detected in 138 (42%) isolates and grouped 

strains belonging to three major clones PFGE-A;B (ST217/ST1819-SCCmecI), 

PFGE-C (ST8/ST450/ST2840-SCCmecIV) and PFGE-G (ST22-SCCmecIV) 
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and three minor clones (ST45-SCCmecIV, ST59-SCCmecV and ST72-

SCCmecIV). Only 0.6% of the MRSA strains harboured agr type III; these 

strains belonged to the ST36-SCCmecII. One isolate presented agr type IV and 

was associated with ST50-SCCmecIV.  

Panton-Valentine leukocidine (PVL) genes and arginine catabolic mobile 

element (ACME). 

Among 257 MRSA blood isolates, five were PVL positive, showed PFGE 

genotype C and belonged to the ST8-SCCmecIV-agrI (n=4) and ST2840-

SCCmecIV-agrI (n=1). Additionally, two of them presented the typically 

community acquired genotype of the USA300, one with a positive ACME, the 

other with negative ACME. 

Molecular features and antibiotic resistance patterns (RP) relationship. 

Molecular and resistance traits of MRSA endemic clones in HUB over 25 

years are summarized in Table 22. In general, PFGE-A;B (ST247/ST1819) was 

mostly associated (90.5%; 95/105) with the single multiresistant profile RP1. 

More than half of the strains belonging to PFGE-C (ST8/ST450/ST2840) were 

associated (60.5%; 46/76) with RP2, RP4 and RP33. PFGE-D;E 

(ST5/ST125/ST146) was mainly associated (73.2%; 145/198) with four different 

RPs (RP2, RP4, RP30 and RP33). In contrast, PFGE-F (ST228) showed 

particularly (96.4%; 53/55) a single multiresistant profile – RP48. Finally, PFGE-

G (ST22) was mostly associated with non- multiresistant profiles RP10 and 

RP30. 
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Table 22: Molecular features and resistance patterns of 485 MRSA blood strains 

isolated in HUB during the 1990-2014 period. 
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S. aureus protein A (spa) typing 

All the spa sequences were analyzed with the Ridom software and 44 

different spa types were assigned to the 257 isolates. The overwhelming 

majority of the isolates (213/257; 83%) belonged to seven different spa types:  

t067 (n=61), t008 (n=40), t051 (n=39), t002 (n=33), t032 (n=16), t041 (n=18) 

and t200 (n=6). Over time, spa type t051 was the most prevalent spa between 

1990 and 1999 (34/46; 74%). Since 2000, several spa types were detected with 

similar isolates proportion between them (see Figure 19).  

Excellent correlation between spa type and MLST type was observed:  i) 

Isolates of CC5 (ST5, ST125, ST146-SCCmecIV-agrII) presented either spa 

t067 (61/121; 50%) or spa t002 (33/121; 27%); ii) isolates of CC8 (ST8, ST450, 

ST2840-SCCmecIV-agrI) belonged to spa type t008 (36/38; 95%); iii) isolates of 

ST247 or ST189-SCCmecI-agrI belonged to spa type t051 (39/49; 80%); iv) 

isolates of ST228-SCCmecI-agrII belonged to t041 (18/20; 90%); and v) isolates 

of ST22-SCCmecIV-agrI belonged to spa type t032 (16/21; 76%). 

Figure 19: Distribution of spa types between 1990-2014 in the HUB.  
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The BURP algorithm generated by RIDOM software assigned three spa 

clonal complexes (spa-CC002, spa-CC051/008 and spa-CC032/025), six 

singletons and two spa types were excluded from the collection (see Figure 20). 

The spa-CC002 is the prevalent clonal complex since 2002, while the spa type 

t051, the founder of spa-CC051/008 was not detected in this period. 
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Figure 20: BURP analysis of spa data obtained from isolates collected in HUB (1990-2014). spa types are represented by dots and the 

related spa types are linked by a line. The shade of the line varies according to the evolutionary cost between the spa types, where a darker 

shade represents a lower evolutionary cost. The ancestor of spa-CC cluster is represented in blue dots while yellow dots show a co-founder. 

139 



Chapter IV 
     

Finally, clonal composition of MRSA isolates that are circulating in the HUB 

over 25 years (1990-2014) are summarized in Table 23. 

Table 23: Clonal composition of MRSA strains isolated in HUB from 1990 to 2014. 

CC, clonal complex; ST, sequence type; SCCmec, staphylococcal cassette chromosome mec; agr, 

accessory gene regulator; spa, staphylococcal protein A; PVL, leukocidin Panton-Valentine; ACME, 

arginine catabolic mobile element. 

* Nd, not-determined 

# Numbers in parentheses indicate the number of strains sharing the same characteristic. 
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Study 6: Prevalence and molecular characterization of livestock-associated 

MRSA-ST398 isolated in the HUB. 
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MRSA-ST398, associated with livestock animals, was described in 2003 as 

new lineage infecting/colonizing humans. Resistance to tetracycline (Tet-R), 

commonly used in pig farming, and the inability to be typed by SmaI restriction 

(NTSmaI) are characteristic traits of MRSA-ST398 isolates. The aim of this study 

(article 2, Annex I) was to evaluate the prevalence and molecular 

characteristics of MRSA-ST398 isolated in the HUB (2000-2011). 

Among 164 Tet-R MRSA isolated between 2000 and 2011 from single 

patients, 33 (20%) NTSmaI-MRSA strains were found. All 33 isolates belonged to 

ST398 and showed an agr type I. The first MRSA-ST398 isolate was identified 

in 2003. Yearly distribution of MRSA-ST398 isolates is shown in Figure 21. It is 

noted that out of 33 MRSA-ST398, 22 (67%) were isolated during the 2010-

2011 period.  

Figure 21: Distribution of 164 tetracycline resistant MRSA isolates from 2000 to 
2011 in HUB (from Figure 1, article 2, Annex I). 
 

Digestions with ApaI restriction of MRSA-ST398 isolates provided five 

unrelated pulsotypes (A – E) using a cut-off at 80% similarity (see Figure 22). 
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Among these five major clusters, type A accounted for 76% (25/33) of the 

studied strains. SCCmec type V was carried by 29 (88%) isolates and SCCmec 

type IV was only found in four isolates. A total of six different spa types were 

detected, with t011 as the dominant type present in 23 (70%) isolates. The 

other spa types identified were: t1255 (n=2), t1197 (n=2), t108 (n=2), t1451 

(n=2) and t899 (n=1). One strain was spa negative both by PCR and microarray 

analysis (Figure 22). The BURP algorithm assigned all spa types, except 

singleton t899, to Spa-CC011 (n=31; 94%). 

Figure 22: Cluster analysis of Pulsed-field Gel Electrophoresis (PFGE) ApaI 
macrorestriction fragments of methicillin-resistant Staphylococcus aureus 
ST398 isolates followed by multilocus sequence typing (MLST), staphylococcal 
protein A (spa), staphylococcal cassette chromosome (SCCmec), accessory 
gene regulator (agr) typing and year of isolation. For dendogram construction, 

optimization and band position tolerance were both set at 0.7%. The cut-off value to 

define the PFGE patterns was set at 80% similarity (from Figure 2, article 2, Annex I). 
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The percentage of antibiotic resistance among the 33 isolates of ST398 was 

as follows: resistance to erythromycin was found in 11 isolates (33%), to 

clindamycin in 16 (48%), to tobramycin in 8 (24%) and to ciprofloxacin in 22 

(67%). No resistance was found to vancomycin, daptomycin, rifampicin or 

mupirocin.  Fourteen antibiotic resistance patterns were found among the 

MRSA-ST398 isolates (Table 24). The most frequent combination of 

resistances were: tetracycline plus ciprofloxacin (8/33; 24%) and tetracycline, 

ciprofloxacin, erythromycin plus clindamycin (6/33; 18%), with 49% (16/33) of 

the isolates being resistant to three or more antibiotic groups, in addition to 

beta-lactams. 

Antibiotic resistance genes, as determined by DNA hybridization, are shown 

in Table 24. 

Table 24: Antibiotic resistance patterns and resistance genes of the 33 MRSA-

ST398 isolates recovered in Hospital Universitari de Bellvitge, 2000-2011 (from 

Table 1, article 2, Annex I).  

TET, tetracycline; CIP, ciprofloxacin; CLI, clindamycin; TOB, tobramycin; GEN, gentamicin; SYN, synercid; 

ERY, erythromycin; CLO, chloramphenicol; SXT, sulfamethoxazole-trimethoprim. 
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All 33 strains harboured mecA and the beta-lactamase gene blaZ. 

Tetracycline resistance in most of the cases (26/33) was mediated by both 

tet(K) and tet(M) genes. In addition to tetracycline resistance, erythromycin and 

clindamycin combined resistance was seen in 10 (30%) isolates carrying the 

gene erm(C)– one of these isolates harbored erm(A) in addition to erm(C)-, and 

one isolate was negative for these genes. Other macrolide and lincosamide 

resistance genes reported to occur in staphylococci such as erm(B), msr(A), 

mph(C), vga(A) and lnu(A) were negative in this subgroup of strains. Five 

isolates (15%) showed an unusual erythromycin-susceptibility/clindamycin-

resistance pattern. No genes associated with this resistance phenotype such as 

vga(A) or lnu(A) were identified by microarray in the MRSA-ST398 strains 

studied. Two isolates showing resistance to gentamicin harbored the gene 

aacA/aphD. Tobramycin resistance was mediated by aacA/aphD (1/8) and by 

aadD (7/8) genes. Chloramphenicol resistance was detected in two strains 

carrying the cat gene. 

Regarding the presence of genes coding for virulence factors, none of the 

MRSA-ST398 isolates harbored the genes encoding PVL (luK-F/lukS), 

enterotoxins (sea to ser), exfoliative toxins (etA/etB/etD), egc cluster 

(seg/sei/sem/sen/seo/seu) or TSST (tst). A single isolate carried the seb gene 

encoding enterotoxin B. The vast majority of the strains were positive for 

haemolysins genes hla, hlb, hld, hlgA, hlgB and hlgC. All but one, were positive 

for the cna gene responsible by the collagen-binding adhesion. Genes carried 

on mobile genetic elements and involved in immune evasion such as scn 

(staphylococcal complement inhibitor), sak (staphylokinase) and chp 

(chemotaxis inhibitory protein) were identified in a single isolate of spa type 
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t899. Fibronectin-binding protein A gene (fbnA) was detected in 9/33 (27%) of 

the isolates. All isolates carried genes codifying capsule type 5. 

The clinical characteristics of patients infected or colonized by MRSA-ST398 

are shown in Table 25.  

Table 25: Clinical features of 33 patients colonized or infected by MRSA-ST398 

(from Table 2, article 2, Annex I). 

 

 

 

 

 

 

 

 

 

 

In total, there were 27 men (81.8%) and six women (18.2%) with a mean 

age of 65 years (range 41 to 92). In 23 patients (70%), the isolation of MRSA-

ST398 was considered colonization, more frequently as result of active 

surveillance for nasal MRSA colonization (17/23; 78%). MRSA-ST398 was 

causing infection in 10 patients. Eight patients experienced non-invasive 

infections: in four cases the source of the infection was the respiratory tract and 

in the other four cases the patients experienced non-invasive skin and soft 

tissue (SST) infections. Two patients, with prior community-acquired MRSA-

No. (%) or mean ± SD  with variable

Men 27 (81)

Age, years (range) 65 (41-92) ± 12.9

Rural area 24 (77)

Underlying conditions

Cancer 11 (33)

Sample Source Colonization Infection 

Blood 0 (0) 1 (3)

Respiratory tract 1 (3) 4 (12)

Skin and Wound 4 (12) 4 (12)

Nares 18 (55) 0 (0)

Central Nervous System 0 (0) 1 (3)

Total number (%) 23 (70) 10 (30)
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ST398 nasal colonization, went through invasive infections: one of them 

suffered a catheter-related bacteremia and the other a subdural empyema 

following a surgical drainage of a subdural haemorrhage. The patient with the 

catheter-related bacteremia was the sole case where death could be related to 

the MRSA-ST398 infection. The most frequent underlying disease was cancer, 

with this condition found in 11 patients, of whom six were colonized and five 

were infected by MRSA-ST398. 
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The increased rate of MRSA-ST398 clone observed from 2010 to 2011 in 

our setting, lead us to the prospective surveillance of this microorganism during 

2012 and 2013 (article 3, Annex I). 
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 Of the 1,127 MRSA strains isolated during the 2012-2013 period from single 

patients, 16 (1.4%) NTSmaI-MRSA isolates were found. All 16 isolates share 

MLST ST398 and agr type I. 

Six unrelated pulsotypes (A-F) were provided by ApaI-PFGE restriction, 

with type A accounting 56% (9/16) of the strains (see Figure 23). All isolates 

carried the SCCmec type V with the exception of one isolate that carried the 

SCCmec type IV. Further analysis by spa typing revealed 4 different types, with 

t011 as the most frequent type (n=12; 75%), followed by t1451 (n=2; 13%), 

t5524 (n=1; 6%) and t899 (n=1; 6%). The BURP cluster analysis assigned all 

spa types, except singleton t899, to spa-CC011 (n=15; 94%). 

Susceptibility testing identified that all MRSA-ST398 isolates were resistant 

to tetracycline, 81% (13/16) to ciprofloxacin, 38% (6/16) to clindamycin, 31% 

(5/16) to erythromycin and 25% (4/16) to tobramycin. All isolates were 

susceptible to glycopeptides, daptomycin, rifampin and mupirocin. Six different 

antibiotic resistance patterns were found among the MRSA-ST398 isolates (see 

Table 26), the most common one being the combination of resistance to 

tetracycline plus ciprofloxacin (8/16; 50%). By DNA microarray Tet-R was 

(12/16) mediated by both tet(M) and tet(K) genes in 12 isolates (12/16; 75%) 

(see Table 26). All the strains carried mecA and harbored the beta-lactamase 

gene blaZ. Combined resistance to macrolides-lincosamides was detected in 5 

isolates carrying the erm(C) (4/5) and erm(C) plus erm(B) (1/5) genes. A single 

isolate showed an uncommon erythromycin-susceptible/clindamycin resistance 

profile with the absence of typical genes associated to this phenotype such as 

vga(A) or lnu(A). Gentamicin resistance was detected in two isolates: one 

carried the aacA-aphD gene and the other one carried both aacA-aphD and 
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aadD genes. In four isolates tobramycin resistance was mediated by aacA-

aphD (1/4), aacA-aphD plus aadD (1/4), and aadD (2/4) genes. The czrC, 

cadmium and zinc resistance genes, were identified in all ST398 isolates 

carrying the SCCmec type V. 

 

Figure 23: Dendogram of ApaI-Pulsed-field Gel Electrophoresis (PFGE) 
representing the  genetic relationship among 16 MRSA-ST398 isolates. 
Multilocus sequence typing (MLST), staphylococcal protein A (spa), 
staphylococcal cassette chromosome (SCCmec) and accessory gene regulator 
(agr) typing, year of isolation and patient data were shown at the right side of the 
figure. Lambda ladder marker was included in two lanes to normalize the PFGE 

patterns. The similarities among the fingerprints were calculated using the Jaccard 

coefficient (optimization, 0%; band position tolerance, 0.7%). The cut-off value to define 

the PFGE patterns was set as 80% similarity (from Figure S1, article 3, Annex I).
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Concerning the virulence content of MRSA-ST398 isolates, DNA 

hybridization was negative for genes encoding PVL (lukS-PV/lukF-PV), 

enterotoxins (sea to ser), exfoliative toxins (etA/etB/etD), egc cluster 

(seg/sei/sem/seo/seu) or TSST (tst). All the strains were positive for the 

haemolysins genes hla, hlb, hld, hlgA, hlgB and hlgC and carried genes 

codifying capsule 5 (capH5, capJ5, capK5). 
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Table 26: Characteristics of MRSA-ST398 isolated in southern Barcelona metropolitan area, Spain 2012-2013 (n=16) (from Table 1, 

article 3, Annex I) 

aTET, tetracycline; CIP, ciprofloxacin; ERY, erythromycin; CLI, clindamycin; GEN, gentamicin; TOB, tobramycin. 
b hlgA, gamma-hemolysin component A; hglB, gamma-hemolysin component B;  hglC, gamma-hemolysin component C; hla, alpha-hemolysin; hld, delta-hemolysin; scn, 

staphylococcal complement  inhibitor;  sak, staphylokinase; chp, chemotaxis inhibitory protein. 
c icaA, intercellular adhesion biofilm gene A; icaC, intercellular adhesion biofilm gene C; icaD, intercellular adhesion biofilm gene C. 
d bbp, sialoprotein binding protein; cflA,  clumping factor A; cflB,  clumping factor B; cna, collagen binding protein; fnbA, fibronectin binding protein A; fnbB, fibronectin binding 

protein B 

e Patient code 
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The biofilm formation and MSCRAMM (microbial surface components 

recognizing adhesive matrix molecules) carriage genes was similar among all 

isolates including icaACD (intercellular adhesion biofilm genes A, C, and D), 

cflA and cflB (clumping factors A and B), cna (collagen-binding protein), fnbA 

and fnbB (fibronectin-binding proteins A and B). Additionally, our study revealed 

that all isolates lacked sasG (S. aureus surface protein G) gene and 13 isolates 

(13/16; 81%) were positive for the bbp (bone sialoprotein-binding protein) gene. 

Two isolates carried genes encoding proteins that were involved in human-

specific innate immune system such as staphylococcal complement inhibitor 

(scn), chemotaxis inhibitory protein (chp) and staphylokinase (sak) (see Table 

26). 

Clinical features of the 16 patients colonized or infected by MRSA-ST398 

were reviewed. No significant difference between gender was observed (man, 

n=9; women, n=7) and the mean age was 58 years (range 33 to 81). Fourteen 

patients underwent surgical procedures during admission. The most common 

underlying disease was cancer (7/16; 44%). In 10 patients (10/16; 63%), 

MRSA-ST398 was associated with colonization. Six patients (6/16; 38%) were 

infected: four experienced non-invasive SSTIs, one a bacteremia and the other 

one a surgical bone infection (see Table 27). Prior nasal colonization by MRSA-

ST398 was detected in four infected patients (two SSTIs, one bacteremia and 

one bone infection). Three cases (two SSTIs and one colonization detected by 

tracheostomy swab) were hospital acquired, since all three had the nasal swab 

taken at admission negative for MRSA. No epidemiological links could be 

identified among the three patients with hospital acquired strains. In the 

remaining 13 cases, acquisition of colonization was ascribed to the community.
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Table 27: Patients colonized or infected by MRSA-ST398 in southern Barcelona metropolitan area, Spain 2012-2013 (n=16) (from Table 

2, article 3, Annex I).  

a RA, rheumatoid arthritis; DM, diabetes mellitus; HIV, human immunodeficiency virus; HCV, hepatitis C virus; RF, renal failure; CD, cardiovascular disease; 

COPD, chronic obstructive pulmonary disease; HT, hepatic transplantation; NA, not available; HBV, hepatitis B virus 
 b STT, skin and soft tissue 
c C, colonization; I, Infection 
d Hyphens stand for negative persistence 
e CA, community-acquired; HA, hospital-acquired
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In five patients (two with SSTIs and three showing only nasal colonization), 

nasal swabs were repeatedly positive for MRSA-ST398 for a mean period of 25 

months (range 5-66 months) (see Table 27).Compared to the 2010-2011 period 

when 48% (22/46) of the Tet-R MRSA belonged to clone MRSA-ST398, the 

current period of study 2012-2013 showed  a similar proportion of  Tet-R MRSA 

belonging to ST398: 37% (16/43). Referred to the total number of MRSA 

isolates, in the 2010-2011 period MRSA-ST398 represented 2.0 % (22/1119) of 

MRSA isolates. This proportion in the 2012-2013 period was 1.4% (16/1127). 
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Study 7: Automated categorization of MRSA clinical isolates into 

different clonal complexes by MALDI-TOF mass spectrometry. 
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Early identification of methicillin-resistant Staphylococcus aureus (MRSA) 

dominant clones involved in infection and initiation of adequate infection control 

measures are essential to limit MRSA spread and understand MRSA population 

dynamics. In this study (article 4, Annex I) we evaluated the use of matrix-

assisted laser desorption ionization-time of flight mass spectrometry (MALDI-

TOF/MS) for the automated discrimination of the major MRSA lineages (clonal 

complexes, CC) identified in our hospital during a 20-year period (1990-2009).  

Eighty-two MRSA clinical isolates representative of the four major MRSA 

CCs in our hospital were used to identify CC-specific biomarker peaks for 

MALDI-TOF/MS-based subtyping (see Table 28). Isolates were divided in two 

sets. i) A reference set of 36 isolates belonging to eight different sequence 

types (ST): ST146 (n=5), ST125 (n=5), ST228 (n=5) from CC5, ST22 (n=5) 

from CC22, ST398 (n=5) from CC398, and ST8 (n=5), ST247 (n=4), ST1819 

(n=2) from CC8 and, ii) A validation set of 46 isolates belonging to six different 

ST and classified within the same CC as those of the reference set: ST146 

(n=5), ST125 (n=5), ST228 (n=5) of CC5, ST22 (n=4) of CC22, ST398 (n=12) of 

CC398 and ST8 (n=15) of CC8.  

An additional set of 13 isolates (see Table 28) representing sporadic MRSA 

clones isolated in our hospital were also included: ST1 (n=2) of CC1, ST30 

(n=2), ST36 (n=1), ST714 (n=1), ST1870 (n=1) of CC30, ST45 (n=1), ST1871 

(n=1) of CC45, ST72 (n=3) of CC72 and ST88 (n=1) of CC80. 
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Table 28: Molecular features of all isolates included in the study (n=95) (from 

Table S1, article 4, Annex I). 

 

 

 

 

 

 

 

 

 

 

aCC, clonal complex;  
bST, sequence type;  
cagr, allele type of accessory gene regulator;  
dSCCmec, staphylococcal cassette chromosome mec;  
ePVL, Panton-Valentine leukocidin. 

Generation and validation of pattern recognition models 

The acquired raw spectra for each isolate of the reference set were loaded 

into the ClinProTools software and grouped according to their corresponding 

CC. The average spectrum from each CC was calculated and used to generate 

pattern recognition models based on the GA, SNN and QC algorithms to identify 

an optimal set of peaks for the best class separation of the model generation 

spectra. The SNN algorithm yielded the model with the highest recognition 

capability and cross validation values (100% and 99.11%, respectively, Table 
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29) and was therefore chosen to provide an optimal set of peaks for class 

discrimination.  

Table 29: Performance of the pattern recognition models for the differentiation of 

the main MRSA clonal lineages generated by ClinProTools using the 36 strains 

from the reference set (from Table 1, article 4, Annex I). 

SNN, supervised neural network; GA, genetic algorithm; QC, quick classifier; RC, recognition 

capability; CV, cross-validation 

a maximum number of peaks for model generation. 
b number of peaks selected by the model. 
 

The model identified 11 peaks ranging from 3,278 to 6,592 m/z values as 

well as the specific contribution of each peak to the model (see Table 30). Eight 

out of the 11 peaks showed low p values (≤0.05) for the Anderson-Darling test 

evidencing the non-normal distribution of these data (see Table 30) and, thus, 

the p value of the Wilcoxon/Krustal-Wallis was preferred over the p value of the 

t-/ANOVA test to consider them as informative peaks. The remaining 3 peaks 

showed p values for the Anderson-Darling test >0.05 (normally distributed); 

hence, the t-/ANOVA was considered instead of Wilcoxon/Krustal-Wallis test 

(Table 30). The statistical analysis showed that the intensity differences of the 

individual peaks were statistically significant, suggesting their potentiality to 

discriminate spectra from all four CCs. 
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Table 30: ClinProTools peak statistics for the eleven peaks of interesta (from Table 3, article 4, Annex I) 

 

 

 

 

 

 

 

 

 

 

ª Peak number: correlative numbering of the peak in the average spectra; Mass: m/z value; Weight: relative contribution of each peak to the model; DAve: difference between the 

maximal and the minimal average peak area/intensity of all classes; PTTA: p value of t-/ANOVA test; PWKW: p value of Wilcoxon/Krustal-Wallis test (preferable for nonnormally 

distributed data); PAD: p value of Anderson-Darling test, which gives information about normal distribution (p-value AD ≤ 0.05, nonnormally distributed; p-value AD > 0.05, 

normally distributed); Ave1, Ave2, Ave3 and Ave4, peak area/intensity average of class 1 (CC5), class 2 (CC8), class 3 (CC22) and class 4 (CC398), respectively.

Peak Number Mass Weight DAve PTTA PWKW PAD Ave1 Ave2 Ave3 Ave4

12 3278.56 0.01575683258213178 2.99 0.0000272 0.00934 < 0.000001 2.64 2.51 2.7 5.51

16 3445.33 0.01537836986752119 30.57 0.000136 0.00116 0.164 15.93 27.23 46.5 37.35

20 3876.68 0.01770379511151569 4.73 0.0383 0.00137 < 0.000001 1.16 5.89 5.88 2

21 3891.54 0.1795355741539599 4.37 0.0000535 0.000839 0.000109 4.95 0.89 1.08 0.58

32 4514.26 0.1323120474380986 3.16 0.0000274 0.00236 < 0.000001 0.67 0.59 0.82 3.75

33 4540.27 0.01417947900114844 0.75 0.0000295 0.00116 0.645 1.43 1.7 1.95 2.19

38 4939.09 0.01460380606676501 1.46 0.0000295 0.00619 0.297 2.07 2.09 2.73 3.53

39 5004.15 0.152500867738517 19.07 0.0000624 0.00137 < 0.000001 1.94 2.1 20.38 1.32

58 6481.8 0.1413270015769095 2.21 < 0.000001 0.00116 0.000238 2.65 0.49 2.61 2.7

60 6553.06 0.1348150106140109 10.08 0.00000118 0.000449 0.033 8.34 2.15 6.52 12.24

62 6591.84 0.1677498605462907 7.98 < 0.000001 0.000503 < 0.000001 2.65 10.6 2.62 3.36
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Figure 24 shows the best peaks whose presence or absence is specific for 

a given CC. For instance, the biomarker peak found at 3,891 m/z was only 

present in the spectra of CC5 strains and absent in all other spectra (see Figure 

23). Mass spectra from non-CC5 isolates exhibited a peak at 3,876 m/z. A 

biomarker peak found at 6,592 m/z was unique to the spectra of CC8 isolates 

and peaks at 6,481 and 6,553 m/z were always absent in CC8 isolates while 

present in all other CCs. Specific peaks for CC22 and CC398 at 5,004 and 

4,514 m/z, respectively, were also identified.  

 

 

 

 

 

 

 

 

Figure 24:  Averaged spectra plots showing the presence or absence of the 
relevant peak biomarkers for MALDI-TOF MS discrimination of the main 4 MRSA 
CCs in the SNN model. CC5 (red), CC8 (green), CC22 (blue); CC398 (yellow). X-

axis shows the mass per charge ratio values (m/z) and y-axis indicates the intensities 

of peaks expressed in arbitrary intensity units (from Figure 1, article 4, Annex I). 
 

Figure 25 shows the pairwise two-dimensional distribution for the best 

separating peaks and supports their potential to differentiate isolates belonging 

to different clonal complexes. For instance, peaks at 3,876 and 3,891 m/z 

clearly discriminate isolates belonging to CC5, peaks at 6,553 and 6,592 m/z 

distinguish isolates from CC8 and peaks at 4,514 and 5,004 m/z categorise 

isolates from CC398 and CC22, respectively. 
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Figure 25: 2D peak distribution diagrams displaying the paired distribution for 

the best separating peaks in the SNN model; the ellipses represent the standard 

deviation of the class average of the peak areas/intensities. CC5 (red), CC8 (green), 

CC22 (blue); CC398 (yellow). The peak numbers and m/z values are indicates on the 

x- and y-axis (from Figure 2, article 4, Annex I). 

 

An external validation of the model using the 46 isolates of the validation set 

was implemented to further assess the performance of the model. Six 

independent spectra per strain were loaded into the ClinProTools software and 

classified according to the 11 biomarker peaks selected with the SNN algorithm. 

All but one replica were correctly classified into their corresponding CC, 

resulting in a positive predictive value (PPV) of 99.6% (see Table 31). 
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Table 31: External validation of the supervised neural network model using the ClinProTools and the MALDI BioTyper software (from 

Table 3, article 4, Annex I). 

 

 

 

 

 

 

 

 

CC, clonal complex; PPV, positive predictive value 

ª Each isolate was spotted three times and each spot was analysed twice resulting in 6 mass spectra per isolate.

Spectra Classification

Software Used CC Nº of Isolates Nº of Spectraª CC5 CC8 CC22 CC398 Correct classified part 
of valid spectra (%) PPV (%)

ClinProTools

5 15 90 90 0 0 0 100

99.6
8 15 90 0 90 0 0 100

22 4 24 0 0 23 1 96

398 12 72 0 0 0 72 100

MALDI BioTyper

5 15 90 87 0 2 1 96.7

98.9
8 15 90 0 90 0 0 100

22 4 24 0 0 24 0 100

398 12 72 0 0 0 72 100
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Automated classification of spectra 

In order to attempt automated subtyping of MRSA isolates to their 

corresponding CCs using the MALDI BioTyper software, spectra from each 

strain within the reference set were used to generate BioTyper Main Spectra 

(MSP) signatures representative of all 4 CCs that were subsequently 

incorporated to our local taxonomy database. CC-specific MSPs were then 

used to create associated subtyping MSPs that were manually edited by 

resetting the weights of all peaks to 0% except for those peaks identified in the 

SNN model, that were modified to incorporate the weight values provided by the 

model (see Table 30). 

Spectra from all 46 isolates of the validation set were then analysed with the 

MALDI BioTyper software against a local database that contained the subtyping 

MSPs. The best subtyping MSP match was recorded for each spectrum and, 

with the exception of three spectra from two CC5 isolates that were identified as 

either CC22 or CC398 (logscore values ≤ 2.4), all spectra were correctly 

classified (logscore values ≥ 2.6) resulting in a PPV of 98.9% (see Table 31). In 

view of these results, an arbitrary cut-off logscore value of 2.6 was chosen to 

determine the correct subtyping of test spectra. 

To test the performance of the subtyping MSPs when faced against isolates 

belonging to CCs other than those included in the model, spectra from an 

additional set of 13 isolates representing sporadic MRSA clones (see Table 28) 

were also analysed with the automated approach. As expected, the MALDI 

BioTyper aligned the peak profiles of sporadic isolates to the best matching 

subtyping reference spectrum and, therefore, attempted to classify them into 

one of the 4 CCs included in the database. The majority of the spectra were 
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classified as either belonging to CC398 or CC22 with logscore values < 2.6. 

Five out of the 13 sporadic isolates [CC30 (n=3), CC45 (n=1) and CC80 (n=1)], 

however, presented at least one spectra with a logscore value ≥ 2.6 (see Table 

32), above the arbitrary confidence threshold. 

Table 32: Discriminatory power of the supervised neural network model 

performed in 13 isolates representing the minor MRSA clones circulating in the 

Hospital Universitari de Bellvitge using MALDI Biotyper software (from Table 4, 

article 4, Annex I). 

 

 

 

 

 

 

 

 

CC: clonal complex; ST: sequence type. Isolates showing logscore values ≥ 2.6 are highlighted in grey 

a Only the logscore with the highest value for all spectra originated from the same isolate is shown. 

b Best score obtained for the subtyping classification of the 6 replicas. 
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1.3. Investigation of resistance and virulence genetic determinants of 

MRSA bacteremic clones.  

 

 

DGM technology provides genetic information on resistant and virulence 

determinants allowing a complete characterization of MRSA isolates. The main 

objective of this study was to apply this new diagnostic microarray technique to 

genotype the major MRSA clones circulating in the HUB. 

DMG was performed on 130 MRSA blood isolates from the 1990-2013 

period using the Staphytype kit (Clondiag). The selection of isolates included: 

CC8 [ST247-SCCmecI-agrI (n=26); ST8-SCCmecIV-agrI (n=21); ST1819-

SCCmecI-agrI (n=6)]; CC5 [ST125-SCCmecIV-agrII (n=36); ST146-SCCmecIV-

agrII (n=13); ST228-SCCmecI-agrII (n=12); ST5-SCCmecIV-agrII (n=4)] and 

CC22 [ST22-SCCmecIV-agrI (n=12)]. 

The DNA microarray assigned all the MRSA isolates investigated to the 

correct CC and agr polymorphism. However, SCCmec typing was not solved in 

13% (17/130) of the studied isolates: two of ST5, four of ST125, nine of ST146, 

one of ST228 and one of ST8. Another drawback of this technique was the 

assignation of ST247 to strains belonging ST1819 (a Single Locus Variant of 

ST247). 

Antimicrobial resistance genes detected by DMG were according to 

phenotypic resistance expression (see Table 33). All 130 MRSA isolates were 

positive for mecA gene and 119 isolates were positive for blaZ gene in array 

hybridization. Macrolide resistance of ST247/ST1819 (32/32), ST8 (4/21) and 

ST228 (11/12) strains with a MLSB phenotype was due to the presence of ermA 

Study 8: Resistance and virulence determinants characterization of endemic 

MRSA strains analysed by DNA-Microarray Genotyping (DMG). 
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gene while ermC gene was the responsible for the MLSB phenotype in ST125 

(6/36), ST146 (5/13), ST8 (1/21) and ST22 (7/12) strains. The MSB phenotype, 

which is mediated by msrA gene, was observed in strains belonged to ST125 

(25/36), ST146 (1/13) and ST8 (5/21) strains.  

Aminoglycoside resistance (gentamicin and tobramycin) mediated by the 

bifunctional modifying enzyme aacA_aphD plus aadD genes was detected in all 

strains of ST1819/ST247 (n=32) and in a single isolate of ST8. The remaining 

aminoglycoside resistance isolates harboured combinations of several genes 

for aminoglycoside-modifying enzymes such as: aacA_aphD plus aadA plus 

aphA3 in a single isolate of ST8 and two isolates of ST125; aacA_aphD plus 

aphA3 in isolates belonged to ST228 (n=11/12); aadD plus aphA3 in ST8 

(4/21), ST125 (23/36) and ST146 (1/13) isolates; aacA_aphD in ST8 (1/21), 

ST5 (1/4) and ST125 (1/36) isolates; aphA3 in ST228 (1/12); aadD in ST8 

(7/21), ST125 (6/36) and ST146 (9/13) isolates. 

Tetracycline resistance was mediated by tetM in all isolates of 

ST247/ST1819 and was mediated by tetK in one isolate of ST8 and one isolate 

of ST125. Additionally, cotrimoxazole resistance was detected in two isolates of 

ST247/ST1819 and harboured the dfrA gene. However, this gene was also 

found in five isolates that were susceptible to cotrimoxazole. Chloramphenicol 

resistance was only detected in isolates of ST125 (n=7) and is due to the cat 

gene. Finally, the only resistance determinant that was detected in all CCs 

except in CC22 was chromosomal fosB (metallothiol transferase, fosfomycin 

resistance) (see Table 33). 
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Table 33: Antibiotic resistance patterns and resistance genes of the 130 MRSA isolates recovered in HUB (1990-2013). 

* Oxacillin (OX), Erythromycin (E), Clindamycin (CC), Tetracycline (TE), Gentamicin (GM), Tobramycin (NN), Ciprofloxacin (CIP), Rifampicin (RA), Trimethoprim-

sulphamethoxazole (SXT), Chloramphenicol (C), Quinupristin-dalfopristin (SYN).  
#  Numbers in parentheses indicate the number of strains sharing the same characteristic. 
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Regarding virulence genes, one isolate of ST125 presented the tsst-1 gene 

that encodes Toxic Shock Sindrome Toxin (TSST-1). Exfoliative toxins etA, etB 

were detected in one isolate of ST228. Three ST8 strains were positive for 

Panton-Valentine leucocidin (PVL). Enterotoxins profiles differed between the 

two main clones: ST247 carried entA gene while ST125 presented entG,I, M, N, 

O and U genes (see Table 34). All MRSA strains produce superantigen-like 

toxins, called ssl/set, but different ST groups were encoded by different allelic 

variants (see Table 35). Strains belonging to ST22 (CC22) did not exhibited 

ssl03, ssl06, ssl08 and ssl11 genes and strains of CC5 did not show the ssl06 

gene. Only CC8 strains presented ssl06 genes. Moreover, strains of CC8 and 

CC5 presented the same allelic profile of superantigens ssl01-02-03-04-07-08 

genes.  

Concerning capsule and biofilm genes, all tested isolates belonged to 

capsule type 5 and have the same biofilm genes profile: positive for icaA, icaC 

and icaD genes, encoding the intercellular adhesion proteins, and negative for 

bap gene, encoding a surface protein involved in biofilm formation (see Table 

36). Most microbial surface components recognizing adhesive matrix molecules 

(MSCRAMM) genes were widely distributed and occurred in nearly all clonal 

groups. Several genes, like ebh (cell wall associated fibronectin-binding 

protein), fib (fibrinogen binding protein) and fnbB (fibronectin-binding protein B), 

were not detectable in ST22 (CC22) (see Table 36). The cna (encoding 

collagen adhesion) occurred only in ST22 (CC22). Some isolates showed 

deletions of MSCRAMM genes. For instance, bbp (bone sialoprotein-binding 

protein), cflA (clumping factor A) and fnbB were usually present in CC5. 
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However, all isolates of the ST146 (CC5) and one isolate of ST5 (CC5) lacked 

bbp gene. Only three isolates of ST228 (CC5) showed fnbB gene. 
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Table 34: Enterotoxin profiles exhibited by each clone circulating in HUB (1990-2013). 

#  Numbers in parentheses indicate the number of strains sharing the same characteristic. 

Table 35: Superantigen profiles (ssl/set genes) exhibited by each clone circulating in HUB (1990-2013).  

# Numbers in parentheses indicate the number of strains sharing the same characteristic. 
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Table 36: Biofilm and MSCRAMMs genes revealed by each clone circulating in HUB (1990-2013).  

a icaA, intercellular adhesion protein A (N-glycosyltransferase); icaC, intercellular adhesion protein C; icaD, biofilm PIA synthesis protein D; bap, surface protein involved in biofilm 

formation. 

b MSCRAMMs, microbial surface components recognizing adhesive matrix molecules; bbp, bone sialoprotein-binding protein; cflA, clumping factor A; cflB, clumping factor B; cna, 

collagen-binding adhesin; ebh,  cell wall associated fibronectin-binding protein; eno, enolase - phosphopyruvate hydratase; fib, fibrinogen binding protein; ebpS, cell wall 

associated fibronectin-binding protein; fnbA, fibronectin-binding protein A; fnbB, fibronectin-binding protein B; map, major histocompatibility complex class II analog protein; sdrC, 

 Ser-Asp rich fibrinogen-binding - bone sialoprotein-binding protein C; sdrD, Ser-Asp rich fibrinogen-binding - bone sialoprotein-binding protein D; vwb, Willebrand factor binding 

protein; sasG,  S. aureus surface protein G. 

#  Numbers in parentheses indicate the number of strains sharing the same characteristic. 
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2. Phenotypic and genotypic analysis of the MRSA bacteremic 

isolates from patients admitted to Spanish hospitals from 2008 

to 2009. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Additional clinical research information is attached 

in the papers referred in Annex II 
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These studies were conducted through a multicentre project assisted by the 

Spanish Network for Infectious Diseases Research (REIPI).Twenty-three 

Spanish hospitals sent MRSA strains causing bacteremia to the Microbiology 

Department at HUB, which centralized the microbiology studies.  

 

2.1. Resistance to methicillin and antimicrobial resistance patterns among 

S. aureus strains isolated in different Spanish hospitals.  

A total of 610 bacteremic patients were prospectively followed in 23 Spanish 

hospitals from June-2008 to December-2009 and 626 MRSA isolates were sent 

for study to the Microbiology Department at the HUB. (see Figure 26). 

 

 
Figure 26: a) Distribution of the 23 Spanish hospitals participating in the study (in red) 

and isolates number sent to our setting (in blue). b) MRSA rate in 2009 of some 

hospitals participants.  

a) b) 
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Antibiotic susceptibility testing was performed in all isolates and the global 

resistance percentages of MRSA clinical isolates to antimicrobial agents is 

shown in Figure 26. The antibiotic resistance percentages were as follows: 

erythromycin 62%, clindamycin 28%, gentamicin 19%, tobramycin 66%, 

ciprofloxacin 95%, rifampicin 3%, tetracycline 3% and mupirocin 20% (see 

Figure 27).  

 

Figure 27: Percentage of antibiotic resistance among 626 MRSA blood strains 

isolated in 23 Spanish hospitals (2008-2009).  

Among isolates resistant to erythromycin: 34% (212/626) showed the MSB 

phenotype, 19% (121/626) showed the constitutive MLSB phenotype and 9% 

(55/626) showed the inducible MLSB phenotype. 

The 626 MRSA strains were grouped in 31 antibiotic resistance patterns 

(RP).  Figure 28 shows the most frequent RPs of the MRSA strains isolated in 

Spain (2008-2009). The most frequent combination of resistances were: 
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erythromycin, tobramycin plus ciprofloxacin (124/626; 20%), ciprofloxacin 

(97/626; 15%) and tobramycin plus ciprofloxacin (96/626;15%) (see Figure 28). 

Figure 28: Resistance antibiotic profiles among 626 MRSA blood strains isolated 
in 23 Spanish hospitals (2008-2009). (E, erythromycin; CC, clindamycin; NN, 

tobramycin; CIP, ciprofloxacin; GM, gentamicin) 

Intermediate-level vancomycin resistance was observed in three isolates 

(MIC=3mg/L) by broth microdilution method (BMD) and in six (MIC=3mg/L, n=5; 

MIC=4mg/L, n=1) by Etest method. The Etest provided vancomycin MIC results 

that were consistently higher than those provided by the reference BMD 

method. Resistance to daptomycin was observed in three isolates by BMD 

(MIC=2mg/L), only recognized in one isolate using the Etest method 

(MIC=1.5mg/L).  

Vancomycin, daptomycin and linezolid MIC90 values by microdilution were 1, ≤1 

and ≤2mg/L respectively (see Tables 37 A, B and C).  
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Table 37: CMI values for A) VA (vancomycin); B) DA (daptomycin); C) LZD 
(linezolid), among 626 MRSA blood isolates identified in 23 Spanish hospitals 
(2008-2009). *Mdil, microdilution. 

2.2. Molecular characteristics of MRSA clones causing bloodstream 
infections using genotypic techniques. 

To describe the molecular characteristics of the Spanish MRSA population, 

PFGE, agr type and PVL genes determination was performed in all 626 

bacteremic isolates. Out of this collection a selection of 391 (391/626; 63%) 

isolates, including all genetic variants detected by PFGE, was characterized by 

SCCmec, MLST, and spa typing. Of note, in the remaining 235 isolates, genetic 

background classification was inferred using the PFGE genotype.   

Pulsed-field gel electrophoresis (PFGE) characterization  

Thirty PFGE types were detected, with types PFGE-2 (413/626; 66%) and 

PFGE-4 (57/626; 9%) accounting 75% (470/626) of the strains. The third most 

prevalent PFGE type was PFGE-12 (43/626; 7%) followed by PFGE-5 (35/626; 

6%). The remaining 78 (12%) isolates belonged to sporadic clones (27 different 

PFGE types) that were mostly represented by less than eight isolates and 

included the majority of community-acquired clones (see Figure 30). 
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Staphylococcal cassette chromosome mec (SCCmec) types 

SCCmec element was investigated in a selection of 391 MRSA blood 

isolates. The distribution of the different SCCmec types among the major 

genotypes is shown in Figure 28. SCCmec type IV accounted for 91% 

(355/391) of the isolates and was detected in three major PFGE types (PFGE-2, 

PFGE-4 and PFGE-12) and 12 minor clones. SCCmec type I was identified in 

21 isolates and was associated with one of the major genotypes (PFGE-5) and 

two minor clones. SCCmecII was found in five isolates of two sporadic clones. 

SCCmec type V was only found in nine isolates that belonged to nontypable 

(NT)-PFGE clone. Finally, one isolate could not be typed by the SCCmec typing 

scheme used in this study. 

Multilocus sequence typing (MLST) 

Molecular typing by MLST of 391 isolates showed that isolates of type 

PFGE-2 were CC5 (ST5, ST125, ST146-SCCmecIV) and isolates of PFGE-4 

were CC22 (ST22, ST217-SCCmecIV) accounting 75% of all studied isolates. 

Moreover, PFGE-12 corresponded to clone ST8-SCCmecIV and PFGE-5 

belonged to clone ST228-SCCmecI, a double locus variant (DLV) of ST5 and 

ST125 (see Figure 30). Twelve percent of the isolates were associated to 26 

different PFGE types and corresponding to minor clones such as ST72-

SCCmecIV (a triple locus variant, TLV of ST8), ST931-SCCmecIV, ST398-

SCCmecIV/V, ST30-SCCmecII/IV, ST36-SCCmecII, ST714-SCCmecIV, 

ST1870-SCCmecIV, ST1870-SCCmecII, ST1-SCCmecIV, ST45-SCCmecIV, 

ST1871-SCCmecIV and ST88-SCCmecII  (see Figure 30 and Table 39). 
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To plot the distribution of each ST in different autonomous communities of 

Spain, we constructed a tree using PHILOViZ software (see Figure 29). For 

instance, ST125, ST146 and ST8 could be detected in most of the Spanish 

autonomous communities. In contrast, ST5, ST45, ST435, ST30 and ST217 

were only found in Cataluña.  
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Figure 29: goeBURST diagram of the relationships between 391 MRSA isolates recovered from bloodstream infections in distinct 
Autonomous Communities of Spain. The size of each circle is proportional to the number of isolates with that particular ST in a logarithmic 

scale. Coloring depends on geographical origin of isolates. STs assigned to the same CC at TLV level are linked by straight lines: black lines, 

link drawn without recourse to tiebreak rules; blue lines, link drawn using tiebreak rule 1 (number of SLVs); gray lines, link drawn at DLV (darker 

gray) or TLV (lighter gray). Putative CC founders are identified by a light green line.  
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Accesory gene regulator (agr) types  

agr group was investigated in all isolates (n=626) included in this study. The 

most frequent agr type was type II (472/626; 75%), which grouped strains 

belonging to the major clones CC5 (ST5, ST125, ST146-SCCmecIV) and 

ST228-SCCmecI and 17 sporadic clones. agr type I was present in 23 % 

(141/626) of the strains belonging to the major clones ST22, ST217-SCCmecIV 

and ST8-SCCmecIV and 11 sporadic clones including community clones such 

ST398-MRSA pig-associated clone and USA300 or USA300-like variants. Only 

2% (13/626) of the MRSA strains harboured agr type III; these strains belonged 

to clones ST1-SCCmecIV (n=4), ST30-SCCmecII (n=1), ST30-SCCmecIV 

(n=2), ST88-SCCmecII (n=1), ST36-SCCmecII (n=1), ST1870-SCCmec-II (n=1) 

and ST714-SCCmecIV (n=2). None of the MRSA strains presented agr type IV.  

Panton-Valentine leukocidine (PVL) genes and arginine catabolic mobile 

element (ACME). 

PVL was found to be positive in 20 isolates; 8 of them belonged to the 

USA300 genotype (ST8-SCCmecIV-agrI), 7 related to the USA300/ACME-

negative (ST8-SCCmecIV-agrI), 2 related to non USA300 genotype (ST8-

SCCmecIV-agrI), 2 to PFGE-2 (ST125-SCCmecIV-agrII) and one related to the 

CA-MRSA clone ST30-SCCmecIV-agrIII (see Figure 30). 
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Molecular features and antibiotic resistance patterns (RP) relationship. 

Overall, molecular features of MRSA strains isolated in Spain from 2008 to 

2010 collection are summarized in Figure 30. 

Figure 30: Molecular characterization of 626 MRSA blood strains identified in 23 

Spanish hospitals (2008-2009). 

Additional molecular and resistance traits of MRSA clones circulating in 

Spain during the 2008-2009 period are summarized in Table 38. In general, 

PFGE-2 was mainly associated (92%; 381/413) with eight different RPs (RP2, 

RP4, RP10, RP20, RP26, RP30, RP33 and RP35). In contrast, PFGE-4 was 

mostly characterized by two non-multiresistant profiles such as RP10 and RP30 

(95%; 54/57). All strains that belonged to PFGE-5 were associated with the 

multiresistant profile RP20. PFGE-8 was associated with a wide diversity of RPs 

(see Table 38). 
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Table 38: Molecular features and resistance patterns of 626 MRSA blood strains 

isolated in Spain during the 2008-2009 period. 
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S. aureus protein A (spa) typing 

A collection of 391 isolates was selected to evaluate the distribution and 

frequencies of spa types including all PFGE types and subtypes and all the 

antibiotic resistance profiles identified in each hospital. 

Among the 391 studied isolates between 2008 and 2009, 365 (93.4%) 

clustered into four main spa-CCs (55 spa types), 19 (4.9%) were singletons (5 

spa types), five (1.3%) were excluded (2 spa types) from the BURP analysis 

and two (0.5%) were not typable. The main spa-CC found was spa-CC686/002 

(36 spa types) which included 270 strains, associated with CC5 (ST5, ST125, 

ST146). Two predominant types, t067 and t002, were detected in spa-

CC686/002, accounting for 42% (163/391) and 11% (43/391) respectively of all 

selected isolates. spa type t067 was the only type identified in all hospitals. 

However, t002 and t008 have also been found in many Spanish hospitals. spa-

CC008, the second spa-CC, included 45 strains with 6 different spa types and 

belonged to CC8 (ST8 and ST931). The most common spa type was t008 

(38/45). In this group, 15 (33%) isolates were PVL positive, showing the PFGE 

patterns of the USA300 and the USA300-like (ACME negative). On the third 

position, was spa-CC032 (34/391) associated with CC22 (ST22 and ST217) 

which contained 34 strains and 71% (24/34) of them were spa-type t032. 

Finally, spa-CC012/1197 harboured 16 strains (8 different spa types), was 

associated with CC30 (ST30, ST36, ST435, ST714, ST1870) and CC398 

(ST398) (see Figure 31). Of note spa types t109 (n=13) and t041 (n=6) were 

only detected in the autonomous communities of Madrid and Cataluña 

respectively (see Figure 32). 
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Figure 31: BURP analysis of spa data obtained for all 391 strains isolates collected in Spanish hospitals (2008-2009). spa types are 

represented by dots and the related spa types are linked by a line. The shade of the line varies according to the evolutionary cost between the 

spa types, where a darker shade represents a lower evolutionary cost. The diameter of the dot is proportional to the quantity of the 

corresponding spa type. The ancestor of spa-CC cluster is represented in blue dots while yellow dots show a co-founder.
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Figure 32: Distribution of spa types in the Autonomous Communities of Spain. 
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Finally, clonal composition of MRSA isolates that are circulating in Spain 

from 2008 to 2009 are summarized in Table 39. 

 

Table 39: Clonal composition of MRSA strains isolated in Spanish hospitals from 

2008 to 2009. 

CC, clonal complex; ST, sequence type; SCCmec, staphylococcal cassette chromosome mec; agr, 

accessory gene regulator; spa, staphylococcal protein A; PVL, leukocidin Panton-Valentine; ACME, 

arginine catabolic mobile element. 

* NT, non-typable 

# Numbers in parentheses indicate the number of strains sharing the same characteristic. 
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Discussion 
    

The aim of the studies presented in this Thesis was to characterise and 

define the microbiology features of different MRSA clones present not only in 

our clinical setting (Hospital Universitari de Bellvitge, HUB) but also in other 

Spanish hospitals. This microbiologic approach included the following aspects: 

(i) rate of resistance to methicillin among S. aureus clinical isolates detected in 

HUB and other Spanish hospitals; (ii) antimicrobial susceptibility and activity of 

therapeutic agents against MRSA clinical isolates; (iii) genetic background of 

MRSA clones circulating in the HUB and in other Spanish hospitals; and (iv) 

clonal evolution and geographic spread of MRSA in national environments. The 

phenotypic and genotypic methods used for the characterization of MRSA 

isolates allowed us to analyse the value of each technique based on the type of 

study and type of question to be answered.  

The novel automated approach of MRSA categorization into different CC by 

MALDI-TOF/MS constituted a major contribution on the continuous updating 

and validation of typing methods required for the characterization of S. aureus 

populations. Additionally, this new typing methodology could easily be 

implemented in routine laboratories and has a great potential as an 

epidemiologic tool in MRSA infection control. 
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1. Epidemiology of endemic MRSA observed in the HUB over 

the last 25 years (1990-2014). Epidemiology of MRSA in 

Spanish hospitals (2008-2009). 

MRSA is one of the most frequently identified antimicrobial drug-resistant 

pathogens worldwide and has evolved in a relatively few lineages. Enright and 

colleagues revealed that some lineages are ecologically highly successful and 

that most isolates belong to pandemic clones [151]. The multi-resistant nature 

of most MRSA clones found in hospitals represents a therapeutical challenge 

for treating serious MRSA infections.  

1.1. Evolution of methicillin resistance in S. aureus strains and MRSA’s 

antimicrobial susceptibility to old and new anti-staphylococcal agents. 

In this study, we report the evolution of MRSA in the HUB during the 1990-

2014 period. Following the high rate achieved in 1992, when 34% of all S. 

aureus isolated in the HUB were methicillin resistant, we have observed a 

steadily increase in the rate of methicillin resistance from 1996 (5%) to 2004 

(25%). Since 2004 to 2014, the rate remained stable around 24%. Although not 

explicitly reported in the literature, most hospitals in Spain observed similar 

waves [185], [271], [430], [431]. This evolution may reflect the impact of many 

factors, and an important one could be the control measures undertaken in our 

institution over the years [432].  

The results of the multicentre study assisted by the Spanish Network for 

Infectious Diseases Research (REIPI), performed for 18 months (2008-2009) in 

23 Spanish hospitals, revealed an average of methicillin resistance among S. 
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aureus of 25%. In 2006, a rate of 29.2% was reported in a point-prevalence 

study which was performed in 145 Spanish hospitals [271]. The European 

Antimicrobial Resistance Surveillance Network (EARS-Net) reported that the 

proportion of invasive isolates resistant to methicillin in 2009 was about 25.9% 

in Spain [433]. Other countries with a MRSA proportion above 25% were 

located in Southern Europe and on the British Isles [433]. In contrast, Nordic 

countries had low MRSA rates (<3%) [433]. The wide range of MRSA 

prevalence in Europe might be associated with the effectiveness of 

implementation of national antibiotic prescribing and infection control policies, 

among other factors [433], [434]. 

The latest data of the EARS-Net reported nine countries (Latvia, 

Luxembourg, Germany, United Kingdom, Belgium, France, Ireland, Hungary 

and Portugal) with decreasing trends for invasive MRSA, whereas an increasing 

trend was observed in four other countries (Sweden, Estonia, Austria and 

Romania) [185]. In any case, the rates above 22% detected in ten countries, 

Spain among them, are worrisome, with the MRSA problem being a public 

health priority  [185]. 

Antimicrobial susceptibility of the MRSA clinical strains isolated in the 

HUB (1990-2014) and in other Spanish hospitals (2008-2009). 

During the the first decade (1990-1999) of the study, the predominant 

pattern (82%) among MRSA strains isolated in the HUB involved resistance to 

erythromycin, clindamycin, gentamicin, tobramycin, ciprofloxacin, rifampicin and 

tetracycline and was related to the Iberian clone [435]. This clone has been 

reported to be resistant to multiple antibiotics and susceptible only to 
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glycopeptides, cotrimoxazole, and the new antimicrobial agents such as 

linezolid and daptomycin [436]. In the following years, this multiresistant clone 

was gradually replaced by MRSA isolates that showed resistance only to 

tobramycin and ciprofloxacin combined with variable resistance to clindamycin 

and/or erythromycin. Since the late 1990s, similar resistance trends have been 

observed in other hospitals in Spain and in other countries such as France, 

Germany, Belgium or Portugal, with involvement of different clonal lineages. 

The Iberian clone practically disappeared in the 2005-2008 period [430], [431], 

[437]–[443], and we could not find any isolate related to this clone among the 

MRSA studied in the REIPI-multicenter study, performed in 2008-2009.  

The evolution of antibiotic resistance was linked to the evolution of the 

different MRSA clones. For example, tetracycline and rifampicin resistance 

strains decrease significantly since 1995 along with the decrease of the Iberian 

clone. The emergence of a new MRSA phenotype in 2004 increased the 

rifampicin resistance rate from 21% (2000-2004) to 33% (2005-2009). This new 

phenotype of multiresistance differed from that of the Iberian clone on the low 

level of rifampicin resistance and on the tetracycline susceptibility, and was 

genetically related to the so called Southern Germany clone [425]. In 2014, only 

2% of the MRSA isolates were rifampicin resistant, and again this was related 

with the disappearance of the Southern Germany clone.  

In the REIPI-multicenter study conducted during 2008-2009, 31 different 

MRSA antibiotic resistance patterns were found, of which the most frequent 

were resistance to erythromycin, tobramycin plus ciprofloxacin, tobramycin plus 

ciprofloxacin or only ciprofloxacin in addition to beta-lactams. These resistance 
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patterns matched those observed in earlier studies performed in the HUB and in 

other Spanish hospitals [431], [444]–[446]. In this work 78% of MRSA isolates 

were non-multiresistant, as they were resistant to less than three antibiotics 

classes in addition to beta-lactams. This scenario is in agreement with the 

presence of the prevalent lineage CC5 harbouring SCCmec type IV, which 

carries no further resistance elements [112], [447].  

 A high rate of ciprofloxacin resistance (mean average: 96%) was a 

constant both, in the MRSA collection isolated from patients admitted to the 

HUB and in the REIPI-multicenter collection. High rates of ciprofloxacin 

resistance were detected in other Spanish studies and also in the last EARSS 

report [185], [445], [446]. Ciprofloxacin resistance is, in general, a marker of HA-

MRSA among adult patients [431], [444].  

Mupirocin resistance has been, in average, under 2% of the isolates 

obtained at the HUB (results not shown in chapter IV because it is not an 

antibiotic routinely tested against bacteremic isolates in our setting). Among 

isolates of the REIPI-multicenter study, mupirocin resistance accounted for 20% 

of all MRSA blood isolates and 35% of them were detected at a particular 

hospital in Madrid. Cuevas et al. communicated a similar mupirocin resistance 

percentage (18%) in a Spanish multicentre study, performed in 2002 [448]. 

However, in other countries mupirocin resistance remains under 9% [449]. 

Walker and colleagues, have shown rates of high-level mupirocin resistance 

following mupirocin usage, can disminished with restriction of mupirocin [450].  
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Comparative in vitro activity of vancomycin and daptomycin against 

MRSA blood strains isolated in the HUB and susceptibility of MRSA from 

other Spanish hospitals to these compounds. 

S. aureus is the major cause of serious hospital- and community- acquired 

infections, and glycopeptides, particularly vancomycin (VA), have been the 

recommended therapy for serious MRSA infections for decades. MRSA spread 

has led to increased usage of glycopeptides and hence increased the selective 

pressure for the development of resistance. Consequently, reduced 

susceptibility to these compounds have been reported in S. aureus (both 

homogeneous and heterogeneous) [188], [193]. Daptomycin (DA) is an acidic 

lipopeptide that has demonstrated excellent activity against S. aureus and has 

activity against a small number of glycopeptide-intermediate S. aureus strains. 

Acquired resistance to DA in S. aureus is rare but it is being increasingly 

reported in relation to the use of this drug  [214].  

In the present study, we evaluated the activity of VA and DA (minimum 

inhibitory [MIC] and bactericidal [MBC] concentration) against MRSA blood 

strains of different lineages.  

Among HUB MRSA isolates and during the first period (1990-1999), VA 

MIC90/MBC90 values were significantly higher than in the second period (2000-

2009), and this fact could be, at least in part, explained by the significant 

consumption of VA use for the treatment of severe MRSA infections from 1990 

to 1999. A total of 23% of the strains tested exhibited tolerance to VA 

(MBC/MIC, ≥32). All isolates that showed an MIC of 2mg/L were VA-tolerant 

and all VA-tolerant isolates belonged to the Iberian clone (ST247-SCCmecI-
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agrI). These findings are concordant with a previous study reported by our 

research group, that concluded that heteroresistant subpopulations of VA-

susceptible S. aureus (hVISA) have been present in our hospital since 1990 

and that heteroresistance may be a general and long standing property of the 

Iberian MRSA clone [189]. 

According to CLSI guidelines, susceptibility to VA is defined as an MIC ≤ 

2mg/L [202]. Even with this definition of susceptibility, some studies reported 

the lack of relationship between MIC values, within the defined susceptible 

range, and VA clinical efficacy [451]–[453]. The vancomycin therapeutic 

guidelines, edited by the Infectious Diseases Society of America,  

recommended  standard VA therapy  only for patients whose MRSA isolates 

have an MIC<1mg/L [454].  

Over our study we have observed that MICs of VA were not predictive of 

tolerance; however, the percentage of strains exhibiting tolerance increased as 

the MICs of VA increased. In this regard has been suggested that MBC instead 

of MIC could be of better use to predict VA tolerance, and could be useful for 

therapeutic decisions. However, MBC it is not routinely measured in clinical 

laboratories because it is labour intensive, doubles the turnaround time for 

results, and is not standardized [452], [455], [456]. 

Values of DA MIC90/MBC90 among HUB isolates remained under 1mg/L 

over time. Tolerance to DA was not observed for any of the 185 isolates tested 

(in this selection all VA-tolerant strains were included). These results are 

consistent with previous studies pointing the daptomycin efficiency “in vitro” 

against MRSA and vancomycin-tolerant S. aureus strains [457], [458].  
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The REIPI-multicenter study allowed us to test susceptibility to VA and DA 

in parallel by two methods: E-test and broth microdilution (BMD). Regarding VA, 

the Etest provided vancomycin MIC results that were consistently higher (one or 

two dilution steps) than those provided by the reference BMD method. These 

findings are in line with those of previous studies [456], [459], [460]. In our 

opinion, as Rojas et al. stressed, there is lack of evidence in favor of using the 

E-test instead of the recommended microdilution method to assess MRSA 

vancomycin MIC [461]. Sadder and colleagues reported that daptomycin MICs 

were also affected by the method used but to a lesser degree (MICs were found 

to be 0.5 to 1 dilution step higher by the Etest method than by the reference 

method) and may also suffer from the perception of declining DA potency [462].  

Acessory gene regulator function, rpoB mutations and vancomycin 

susceptibility in MRSA blood isolates.  

A number of studies have linked reduction in agr function with vancomycin 

tolerance, reduction in the antibacterial activity, and the development of the 

hVISA or VISA phenotype. These changes being described in association with 

agr type II in the United States [463]–[467]. A clinical study also linked agr 

group II polymorphism with poor responses to vancomycin therapy for patients 

with MRSA infections [468]. In contrast, our results indicated that vancomycin 

tolerance was only related to the Iberian clone (ST247-SCCmecI) which 

presented agr type I, Apparently, agr type II isolates were dominant in the 

collection of strains used for describing agr dysfunction and reduction of VA 

susceptibility [465]. Other authors, described a collection of hVISA isolated from 

France and Belgium where the dominant agr group was type I [469]. 
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In a number of in vitro studies, the reduction of the agr function has been 

shown to favour the development of vancomycin resistance and may confer a 

potential advantage in a hospital setting [465]–[467], [470]. Delta-hemolysin is a 

virulence factor regulated by agr: encoded by hld within the agr locus, it is a 

protein  derived from translation of RNAIII, the effector molecule of agr [49]. In 

the present study, we found that 42% of agr type II and 35% of agr type I 

isolates presented a dysfunctional agr operon – negative delta-haemolysin 

synthesis, suggesting that agr dysfunction could be linked to the two agr groups 

and not with a single one. Interestingly, 85% of Southern-Germany (ST228-

SCCmecI-agrII) MRSA isolates have demonstrated a loss of agr function (delta-

haemolysin absence) in spite of their conserved susceptibility to VA.  

Mutations of the rpoB gene are known mechanisms of rifampicin resistance 

in S. aureus and have been reported to contribute to the VISA phenotype [471]–

[473]. We investigated the rpoB mutations in representative isolates of the two 

clones (ST247-SCCmecI-agrI and ST228-SCCmecI-agrII) showing resistance 

to rifampicin. The results of our study identified two rpoB mutations causing aa 

substitutions H481N and S529L in all studied isolates of Iberian clone, including 

VA-tolerant and no VA-tolerant isolates. On the other hand, rifampicin 

resistance was mainly due to rpoB mutation H481N in isolates of Southern 

Germany clone. Of note, this clone showed VA-MICs ≤ 1mg/L and did not show 

the VA tolerance phenotype. Our findings indicate that these rpoB mutations 

conferred resistance to rifampicin but were not responsible for vancomycin 

susceptibility. Screening for hVISA by the population analysis profile-area under 

the curve (PAP-AUC) method or the Etest macromethod should be performed 

to confirm our discordant findings [474]. 
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Prevalence of cfr-mediated linezolid (LZD) resistance among MRSA in the 

HUB (1999-2010). 

Since the introduction of LZD in the clinical practice several mechanisms of 

LZD-resistance have been described. The major mechanism of resistance is 

mediated by mutations in the V domain of the 23S rRNA [215], [216]. Another 

mechanism involved in LZD resistance is the RNA methylation by two different 

methyltranferases: RlnM - a codon insertion in the methyltransferase gene rlmN 

reduces LZD susceptibility in clinical S.aureus, and a methyltranferase encoded 

by the cfr gene [223], [224]. The cfr gene is mostly plasmid-located and confers 

cross resistance to phenicols, lincosamides, oxazolidinones, pleromutilines amd 

streptogramin A (PhLOPS phenotype). Some outbreaks of cfr-mediated LZD-

resistant strains have been reported in the literature [219], [475]. LZD was 

introduced in the clinical practice in HUB during 2003. LZD prescription average 

in our hospital during the 2004-2010 period was of 0.28 defined daily dose 

(DDD) /100 patients-days, with a peak of 0.50 DDD/100 patients-days in 2009. 

After screening for resistance to clindamycin and chloramphenicol, a 

potential cfr-mediated linezolid resistant phenotype, a single isolate of LZD MIC 

of 8 mg/L was positive for the cfr gene.  The presence of the cfr gene has been 

described in different S.aureus genotypes either of community, ST8-MRSA-

SCCmecIV and ST398-MRSA-SCCmecV, or nosocomial origin, ST125-MRSA-

SCCmecIVc [220], [476], [477]. Thus, the presence of this mechanism of 

resistance in different S.aureus genotypes could be potentially spread 

worldwide due to its plasmid location. 
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In our series, overall LZD resistance mediated by the cfr gene is very low in 

this period, similar to other surveillance studies [478]. Among clindamycin and 

chloramphenicol resistant strains, cfr-mediated LZD resistance was 6.25% 

(1/16). Kerenberg et al. found the cfr gene in 3% of chloramphenicol-resistant 

strains of Staphylococcus spp. of animal and human origin [136]. 

The disc-diffusion technique is not suitable to recognize LZD resistance 

mediated by the cfr gene with the current CLSI breakpoints [202]. In our 

experience the detection of coincident resistance to clindamycin and 

chloramphenicol in a staphylococcal isolate would alert to the possibility of LZD 

resistance and could be used as a simple marker. 

1.2. Molecular epidemiology description of emergent and endemic 

MRSA clones using genotypic and proteomic based methods. 

Epidemiological characterization of MRSA isolates recovered in the HUB 

using different molecular and proteomic techniques, allowed us to detect 

important shifts in the clonal nature of endemic MRSA since 1990. In addition, 

the study of isolates from the REIPI-multicenter survey, carried out from 2008 to 

2009, allowed to confirm that the evolution or MRSA clones has been similar in 

most of the hospitals included in the study.  
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Molecular characterization of the emergent and endemic MRSA clones by 

PFGE, MLST, SCCmec and spa typing. 

During the 90’s in Spain, ST247-SCCmecI (classically known as the Iberian 

clone) had been the most frequently observed type in the clinical environment. 

However, this clone has been gradually replaced by others, and currently, ST5-

SCCmecIV and ST125-SCCmecIV are the predominant clones in Spanish 

hospitals [431], [441], [479]. The results of our study are in agreement with that 

trend and have revealed major shifts in the clonal nature of these isolates, 

namely, the massive replacement of the Iberian clone (ST247-SCCmecI, PFGE 

type A;B) by Paediatric related clones (ST5, ST125, ST146-SCCmecIV, PFGE 

type D;E) as the major lineage (41% of all 485 MRSA isolates studied) in HUB.  

From 1990 to 1999 the majority of strains isolated in HUB, belonged to the 

multiresistant Iberian clone (ST247-SCCmecI-agrI) (see Figure 18). This clone, 

which is one of the most widely spread MRSA clones in Southern and Western 

Europe, displayed a SCCmec element that is commonly associated to HA-

MRSA and have historically been associated with multiresistance (resistance to 

more than three antimicrobials) [431], [480]. The SCCmec type I found in 

representative isolates of the Iberian clone element remained highly conserved 

over time. This clone showed four different spa types out of which the spa t051 

was the most frequent (see Figure 19). These results are in line with those of 

previous studies [264], [437], [481]. Since 1996, the Iberian clone was gradually 

replaced by isolates of CC5 (ST125, ST146; SCCmec-IV-agrII) related to the 

Paediatric clone (ST5-SCCmecIV-agrII). ST125 isolates have rarely been 

recovered worldwide, according to the S. aureus MLST database 

202 



Discussion 
    

(http://saureus.mlst.net). In fact, only 33 out of the 5322 isolates available from 

that database belong to ST125 (0.62% on 11/02/2015). Thirty of the isolates 

occurred in Spain and the other three in Norway, Finland, and France, 

respectively. The reason for the apparent evolutionary success clone ST125-

SCCmecIV-agrII in Spanish hospitals is not clear, nor is it understood why that 

clone has not spread to other European countries. Regarding spa types 

distribution among ST5, ST125 and ST146 isolates, spa types t002 and t067 

were dominant (77% of all ST5, ST125, ST146 strains group). Several studies 

reported that these two spa types were dominant in Spain [431], [446], [479], 

[482], [483]. The high frequency of t067 and t002 in Spain contrasted with the 

relatively low frequency (t067, 0.81%; t002, 6.93%) that were found in other 

countries (http://spa.ridom.de). Of note, the high frequency of t067 and t002 in 

Spanish hospitals limits the usefulness of spa typing for local investigations and 

makes it necessary to differentiate these frequent strains by other typing tools. 

The SCCmec type IV polymorphism was also conserved through the different 

clones included in these genotypes of CC5.  

From 2004 to 2014, additional clones emerged in HUB: CC8 (ST8, ST450, 

ST2840-SCCmecIV-agrI) mostly associated with spa type t008; ST228-

SCCmecI-agrII mainly associated with spa type t041 and ST22-SCCmecIV-agrI 

with t032 as the predominant spa type. These clones also showed a stable 

SCCmec structure over extended periods of time and have been described 

previously in studies carried out in our country and worldwide [431], [479], 

[482]–[486]. CC22 is a British clone (EMRSA-15) which was detected in Spain 

in 1999, and it has always been found at a very low percentage (<2%) [484]. 

From 2004 to 2006 the Southern Germany (ST228-SCCmecI-agrII) clone was 
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associated to an MRSA outbreak in our setting [425]. This clone is was one of 

the major HA-MRSA clones widely disseminated around the world [237].  

Notably, an important increase of CC8 (ST8, ST450, ST2840-SCCmecIV-

agrI) isolates has been observed from 2003-2009 (26%, n=20/76) to 2010-2014 

(74%, n=56/76) in HUB. Five isolates belonging to ST8-SCCmecIV-agrI were 

PVL positive and have been considered CA-MRSA. The substitution of HA-

MRSA isolates by CA-MRSA isolates has already been reported by others [87], 

[239], [487], [488]. 

Finally, the most frequent SCCmec type found was SCCmec type IV, which 

was present in 65% of the isolates. Its presence in the predominant clones, in 

the sporadic clones, and in the community-acquired clones demonstrated 

successful persistence [260]. The successful introduction and persistence of the 

genetically shorter of SCCmecIV in the clinical environment has led to a global 

change in MRSA resistance profiles. Many studies have reported the gradual 

replacement of the classical multiresistant HA-MRSA clones by non-

multiresistant isolates harbouring SCCmecIV [306], [437], [444], [447], [482], 

[489]. Furthermore, the analysis of ccrB typing was concordant with the results 

previously obtained by SCCmec typing. However, in order to predict SCCmec 

subtypes ccrB typing is not enough. The finding of ccrB allotype 412, previously 

described in coagulase-negative staphylococci (CoNS), suggests that CoNS 

may act as reservoir for the assembly and disseminations of the SCCmec 

elements [396]. 

The results of the molecular typing performed among the MRSA isolates 

(n=626) obtained at the REIPI-multicenter study were similar to those found 
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among HUB isolates in the same period (2008-2009). Overall, CC5 (ST5, 

ST125, ST146-SCCmecIV-agrII) was the most frequently detected clone (66%), 

followed by CC22 (ST22-SCCmecIV-agrI; 9%), CC8 (ST8-SCCmecIV-agrII; 

7%) and CC5 (ST228-SCCmecIV-agrII; 6%).  

The most frequent SCCmec type found was SCCmec type IV, which was 

present in 91% of the isolates. SCCmec type IV was identified in the 

predominant clones, but also in sporadic clones and in the community-acquired 

clones, suggesting a great degree of successful persistence [260]. SCCmec 

types I and II, which have historically been associated with multiresistance 

(resistance to more than three antimicrobials), were very uncommon in this 

study an in certain cases were associated with sporadic isolates.  

SCCmec type V was only associated with the livestock-related MRSA 

clone, which was non typable by PFGE using the SmaI enzyme. It has been 

suggested that the use of zinc and others metals in animal feed formulations, 

can co-select SCCmec type V, carrying the czrC zinc resistance gene [337]. 

Concerning the clonal nature of our isolates, ST125-SCCmecIV clone 

emerged in Spain during 1996, although it was first reported in 2001, and has 

currently become predominant in Spanish hospitals [441], [479], [482], [484]. At 

a lower frequency, ST22-SCCmecIV, commonly named EMRSA-15 was the 

second most frequent clone detected in Spain during the studied period. This 

clone was first described in United Kingdom, where it became the major HA-

MRSA clone, together with EMRSA-16, accounting for more than 95% of 

bacteraemia in this country [490]. It has also spread throughout Europe, being 

reported in Germany, Malta, Italy, and representing the major clone in hospitals 
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in Majorca, Czech Republic, and Portugal [264], [437], [491], [492]. Since 2010, 

this non-multiresistant clone ST22-SCCmecIV, and became the second major 

MRSA clone in our clinical setting. This clone is, as well, disseminated around 

the world [493], [494]. The third most frequent clone in our collection was the 

clone ST8-SCCmecIV-agrI and was mainly associated to non-multiresistant 

antibiotic profiles as previously reported in this clone [447].  

Finally, 6% of the studied REIPI-multicenter isolates belonged to ST228-

SCCmecI that is known as the Southern Germany clone. In contrast to ST8-

SCCmecIV, this clone is associated to a multiresistant antibiotic pattern that 

differed from that of the Iberian clone on the low level RIF-R and on the 

tetracycline susceptibility. The Southern Germany clone had a large SCCmec 

type I that harboured several antibiotic resistance determinants. This clone was 

firstly reported in Germany in 1997-98 [495]. Since then, it has been reported in 

several European countries: Belgium, Slovenia or Switzerland [151]. 

Other minor community-acquired clones, accounting for 12% of all studied 

isolates, were identified. Twenty PVL positive isolates, 15 of them belonged to 

the ST8-SCCmecIV showing two distinct PFGE profiles (USA300, n=8; and 

USA300-ACME negative; n=7). These clones were the major source of 

community-acquired infections in the USA, Latin America, Canada, and Europe 

[111]. In Spain, USA300 strains are now resident in the community, but the 

reason for this specific epidemiology remains unclear, and it might be due to 

differences in predisposing conditions in the community and the high level of 

exchanges and migrants between Spain and Latin America [496]. The five 

remaining PVL positive isolates belonged to ST125 (n=2), ST8 (n=2) and ST30 

(n=1) clones. A fatal case of  necrotizing pneumonia in an an immunocompetent 
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adult patient, due to a CA-MRSA isolate of genotype ST30-SCCmecIV-spat019 

was described in Argentina [497]. This case highlighted the virulence traits of 

CA-MRSA clones and the importance of an accurate surveillance system of 

these genetic lineages. The livestock-associated clone (ST398-SCCmecIV/V-

agrI) was another minor clone (n=10) identified in the REIPI-multicenter study. 

 An additional PHILOViZ clustering analysis of the distribution of each ST in 

Spain revealed that ST125, ST146 and ST8 were widely disseminated among 

the different autonomous communities of Spain. These results are in accord 

with previous studies indicating the spread of these clones across the Spanish 

hospitals [431], [441], [446], [482]. However, several STs such as ST5, ST45, 

ST435, ST30 and ST217 were only detected in Cataluña revealing the epidemic 

nature of these clonal lineages in Spain. 

Regarding the agr types, our study revealed that most isolates presented 

agr type II (75%) were correlated to isolates that mostly clustered in the CC5 

such as ST5, ST125, ST146-SCCmecIV and ST228-SCCmecI. agr types I and 

III were also found in our strain collection (23%) but in lower proportions than 

agr type II, and were correctly assigned to their clonal lineages. Monecke et al. 

previously reported this CC-agr type correlation [400]. 

It has been reported that MRSA spa-types mainly have a regional 

distribution in European countries [498]. In our work, the t067 spa-type was the 

most prevalent type among all 391 spa-typed strains and was the only type 

identified in all hospitals. These results are in line with those of previous studies, 

which reported that this spa type is the one most frequently found in Spain 

[479]. It has also been reported in Finland; however, it has been found at very 
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low frequency in other European countries, in the United States, and in South 

America [499], (http://spa.ridom.de/spa-t067.shtml). Another spa-type (t002) 

related to CC5 was identified in our collection. This spa-type has already been 

detected in other studies carried out in Spanish hospitals [431], [479], [482]. 

Additionally, this two spa-types was mainly associated with CC5 (ST5, ST125, 

ST146) and these results are in agreement with those obtained by Lozano et al. 

[446]. spa t008 was the third most frequently spa that was found in our isolates 

selection. This spa type have also been found in many Spanish hospitals and 

was associated with CC8 (ST8 and ST931). Several studies reported this spa 

type with the same CC association that we found in this work and is widely 

spread in worldwide [343], [500], [501], (http://spa.ridom.de/spatypes.shtml). 

Lastly, spa type t032 was only detected among isolates of CC22 (ST22 and 

ST217), the second major clone circulating in Spain during the studied period. 

Several reports revealed the spreading of this spa and the same clonal 

association [329], [485], (http://spa.ridom.de/spa-t032.shtml). Of note spa types 

t109 and t041 were only detected in the autonomous communities of Madrid 

and Cataluña respectively revealing the epidemic nature of these isolates. 

According to Ridom web page, t109 was mainly detected in Spain and in 

Germany, whereas t041 is widely spread in Europe and is related to the 

Southern Germany clone (ST228) (http://spa.ridom.de/spatypes.shtml). 
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Prevalence and molecular characterization of MRSA-ST398 isolated in the 

HUB. 

Since 2005, several studies have been carried out focusing on livestock-

associated methicillin-resistant Staphylococcus aureus (LA-MRSA) isolates, 

mainly on isolates of CC398 [242], [243], [331], [335], [336], [339], [341], [502]. 

Human colonization with LA-MRSA was first described among swine farmers in 

France and The Netherlands in 2003 [339], [346]. This is the first retrospective 

study of MRSA-ST398 in Spain covering a period from 2000 to 2011. In order 

to evaluate the prevalence and molecular characteristics of this clone in our 

hospital, one hundred and sixty-four isolates obtained between 2000 and 2011 

from different sources were investigated. Prior to year 2000 Tet-R was very 

high among the MRSA isolated from the patients admitted to the HUB. This 

was due to the presence of an endemic clone – the Iberian clone (ST247) that 

was resistant to several antibiotics, including tetracycline. In the following years, 

tetracycline resistance dropped, often below 5%. Antibiotic susceptibility 

analysis revealed an unexpected diversity of resistance profiles among MRSA-

ST398 isolates. In total, 14 different resistance patterns were seen with 10 of 

them represented by only one or two isolates. Of note, 49% of the isolates 

exhibited resistance to three or more antimicrobial agents, in addition to 

methicillin-resistance. Ciprofloxacin resistance was high (67%) considering the 

low percentage of resistance to this antibiotic exhibited by other MRSA 

community clones. Spanish and Belgian studies described resistance to 

fluoroquinolones of 58% and 83% respectively [343], [502]. However, in other 

European, USA or Canadian studies, the resistance percentage to 

fluoroquinolones is very low or even inexistent [241], [331], [333]. The 
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veterinary use of quinolones in Spain is difficult to assess. The public data 

available on the website of the Spanish Ministry of Health (Ministerio de 

Sanidad, Politica Social y Igualdad) (www.aemps.gob.es) only describes the 

total amount of antimicrobials sold for veterinary purposes, and does not 

distinguish between the therapeutic use of antibiotics and the use of antibiotics 

to enhance growth. In any case, total sales of quinolones was about 50 tons in 

2009, much lower than the sales of other antibiotics such as tetracyclines (350 

tons), sulfonamides (250 tons) or beta-lactams (180 tons) during the same 

year. 

The combination of tet(K) and tet(M) resistance genes was commonly seen 

among the 33 MRSA-ST398 isolates. The methylase erm(C) gene was present 

in 10 out of 11 erythromycin resistant strains. Resistance to cotrimoxazole was 

found in a single isolate, whereas in other MRSA-ST398 studies cotrimoxazole 

resistance was more prevalent and in some cases exceeded 80% [502], [503]. 

Some strains showed the unusual erythromycin-susceptibility/clindamycin-

resistance pattern. This phenotype seems to be related to animal clonal 

lineages of S. aureus animals and has been associated with the presence of 

plasmid-borne resistance genes vga(A), vga(C), lnu(A) or lnu(B) [504], [505]. 

Some resistance genes described in MRSA CC398 strains such as erm(T), 

vga(B), vga(C), lnu(B), dfrSI, dfrK, dfrG and tet(L) were not included in the DNA 

microarray applied in this study [503]. 

The dominant spa type t011 in our collection has been commonly found in 

other studies, both in Spain, and in other countries [80], [243], [244], [330], 

[343]. There was a single isolate of spa type t899, with only two repeats in 
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common with t011. Therefore, this t899 isolate did not cluster in Spa-CC011 

after BURP analysis. As described previously, this could be explained by the 

acquisition of a large DNA region which includes the spa gene, from a remote 

S. aureus clone. spa type t899 has been described in association to ST9, a 

clone also described in samples of animal origin [80], [506]. The linkage of the 

same spa type in two different ST types would suggest exchange of genetic 

material between two clones of animal origin.    

The presence of genes coding for virulence factors was very poor in our 

collection. None of the studied isolates carried the PVL - encoding genes lukF-

PV and lukS-PV, contrasting to studies from Sweden and China that report 

PVL-positive isolates in patients who had no previous contact with animals 

[332], [507]. Generally, MRSA-ST398 lacks certain important virulence factors 

for humans [336]. In our study genes involved in immune evasion (scn, sak and 

chp) were only detected in the single t899 isolate. These virulence factors are 

active only against the innate immune system in humans [68]. The lack of these 

virulence factors may partially explain why these strains do not appear to be 

highly infectious for humans, and usually are associated with SST infections 

[243]. However, a few severe infections by ST398 have been sporadically 

published in several countries, such as pneumonia or bacteraemia [242], [244]. 

Even though the majority of the patients in our study were colonized by MRSA-

ST398 (70%), four SST infections and four respiratory tract infections were 

detected in our series. In addition, two invasive infections, bacteraemia and 

subdural empyema, were also detected, in patients showing previous nasal 

colonization. Death was related to the MRSA-ST398 infection in the bacteremic 

patient: an 84-year-old woman who was hospitalized in the HUB because of a 
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thoracic aortic aneurysm. One month after the surgery, the patient experienced 

a febrile episode and MRSA-ST398 was recovered from blood and from the 

central venous catheter tip. The isolate was resistant to tetracycline and beta-

lactams. One week after treatment with vancomycin, the patient died.  

The isolates causing infection did not differ from the colonizing isolates, 

regarding genotype, virulence or antibiotic resistance profile.  

In our study, some data could not be collected properly such as the contact with 

animals, a risk factor for infection by LA-MRSA. However, a high percentage 

(73%) of the patients lived in or near to a rural environment. Another limitation 

was the selection of the isolates to be studied by the presence of tetracycline 

resistance. Although this is a common feature among MRSA-ST398, this 

approach could underestimate the number of isolates belonging to CC398 in 

HUB [343]. 

In conclusion, in the last two years (2010-11) the number of MRSA-ST398 

isolates infecting or colonizing patients increased significantly in our setting, as 

well as the increase in tetracycline resistance. The emergence of this clonal 

lineage has also been reported in other countries in Europe [242], [243], [330], 

[508]. These studies showed a remarkable increase in the proportion of LA-

MRSA isolates, including outpatients and primary health care patients, which 

were not covered in our hospital-based study. According to our results, the 

majority of studied isolates carried the genes encoding haemolysins and 

adhesion cellular factors, but other virulence factors usually found among S. 

aureus were not detected. Phenotypic expression of antibiotic resistance was 

variable among the MRSA-ST398 isolates and nearly half of the isolates were 
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resistant to multiple antibiotics. In addition, patients harbouring this clone were 

often debilitated by underlying diseases, such as cancer. Due to the increased 

public health interest about MRSA-ST398, further studies should be conducted 

to record risk factors from infected or colonized patients by this lineage such as 

routes of transmission and association with animals. 

The increased rate of MRSA-ST398 clone observed from 2010 to 2011 in 

our setting, lead us to the prospective surveillance of this microorganism during 

2012 and 2013. Recently, a multicentre study carried out in Spain, described 

the increased rate of MRSA-ST398 among CA-MRSA during 2012 [325]. We 

described a similar trend in our clinical setting, where MRSA-ST398, in spite of 

low numbers, represented 48% of tetracycline resistant MRSA strains isolated 

between 2010 and 2011 [509]. However, we find a similar proportion of MRSA-

ST398, 37%, during the 2012-2013 period, representing 1.4% of all MRSA. 

Higher proportions of MRSA-ST398 among MRSA clinical isolates (5%) were 

described in a different Spanish region, as well as in other European countries 

that also carried  out their studies in areas with high levels of livestock 

production, i.e. Netherlands 11.9% or Belgium 4.7% [330], [343].  

Most of the MRSA-ST398 isolates were spa type t011 which is the 

predominant spa type among pig-associated isolates often reported in Spain 

and other countries [80], [243], [244], [330], [343], [509]. A single isolate was 

ascribed to spa type t899 and did not cluster in spa-CC011 by BURP analysis. 

Price et al. reported that the strains carrying spa type t899 did not follow the 

whole genome sequencing phylogeny, and this fact could be explained by the 

acquisition of a large DNA region including SCCmec and the spa gene from a 
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ST9 donor [80]. The linkage of the same spa type in two different ST types 

would suggest exchange of genetic material between two clones of animal 

origin. All isolates but one carried the SCCmec type V. It has been suggested 

that the use of zinc and others metals in animal feed formulations, can co-select 

SCCmec type V, carrying the czrC zinc resistance gene [337]. 

Antibiotic susceptibility analysis provided evidence of a variety of resistance 

profiles among MRSA-ST398 isolates. The diversity of antimicrobial resistance 

phenotypes and genotypes among MRSA-CC398 strains has been reported 

worldwide and results from the capability of this lineage to acquire external DNA 

combined with the antimicrobial selection pressure applied to the 

microorganisms in diverse environments [336], [504]. Of note, ciprofloxacin 

resistance was detected in 13 out of 16 isolates (81%), in contrast to other 

MRSA community clones which exhibit a low resistance rate to this antibiotic 

[325]. All MRSA-CC398 were Tet-R, this fact do reflect the antimicrobial 

veterinary use in our country. The European Medicines Agency reported Spain 

to be the second country consuming veterinary antimicrobial agents in 2012, 

with sales of tetracyclines, penicillins, macrolides, lincosamides, and polymyxins 

accounting for 82.7% and quinolones accounting for 3.4% of the various 

veterinary antimicrobial classes sold in Spain during 2012 [510]. 

Resistance to macrolides-lincosamides was mainly mediated by erm(C) 

gene. An unusual erythromycin-susceptibility/clindamycin-resistance phenotype 

was detected in a single isolate. Our strain lacked vga(A) and lnu(A) genes. 

However, other genes such as vga(C) and lnu(B) that could be associated to 

this phenotype were not tested in our study [504], [505]. 
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In the context of the CC398, the absence of tet(M) has been considered 

a marker of human origin [80]. In our study, the single isolate (patient number 

12) carrying only tet(K) and lacking tet(M), could thus be derived from a human-

associated lineage [80], [511]. Interestingly, only two isolates (patient numbers 

7 and 12) presented the genes encoding the IEC protein complexes (scn, chp 

and sak) located on φ3 bacteriophages that are exclusively carried in human 

CC398 isolates [512], [513]. In contrast to a previous study, the IEC genes 

were not only detected in an invasive isolate but also in a human colonization 

isolate, suggesting that these genes they don´t play an essential role in 

invasive disease [513]. Molecular findings could suggest that these two isolates 

belonged to two different clades: one carrying both ICE and tet(M) genes 

(patient number 7) and other (patient number 12) only carrying the ICE genes 

[511]. However, further in-depth analysis is needed to determine whether the 

two aberrant strains belong to the human- or livestock-adapted CC398 lineage. 

Moreover, the low frequency of these IEC genes indicates that they are not 

crucial for human adaptation of CC398 and could help to understand why these 

strains are less virulent in humans than other clone lineages and are most 

commonly associated with SST infections [80], [243], [513]. In general, this 

MRSA-ST398 clone typically lacks important virulence genes, including the 

PVL gene, which is in accordance with our results [245], [336]. Only a few 

studies reported PVL-positive strains isolated from patients with or without 

previous contact with livestock [332], [507], [514]. Moreover, the majority of the 

studied MRSA-ST398 isolates shared the same genes for biofilm production 

and genes encoding MSCRAMMs and were similar to those described from 

other CC398 strains [515], [516]. 
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The phenotype and genotype of isolates causing infection in our study did 

not significantly diverge from the colonizing isolates. The patients carrying 

MRSA-ST398 in HUB were admitted to the hospital to undergo surgical 

procedures, to be treated for an underlying disease (mainly cancer or 

cardiovascular dysfunction) or both. In four infected patients, colonization by 

the MRSA-ST398 was detected at admission prior to the development of the 

infection. Two more patients acquired the infection while admitted to the 

hospital. However, no other nosocomial transmitted cases were generated, and 

no carriers were found among hospital staff. Also of note, is the persistent 

carriage found in some patients and in one case the nasal colonization was 

invariably detected for more than five years.   

Limitation to our study was the difficulty in assessing the patients exposure 

to animals, a risk factor for carriage of MRSA-ST398 [341]. However, 

colonization or infection by MRSA-ST398 have been reported in persons 

lacking identified livestock-associated risk factors [245], [333]. 

In conclusion, our study shows that the MRSA-ST398 clone was present in 

the Southern Barcelona Metropolitan area, although in low numbers, and 

patients attending the hospital showed colonization mainly of community origin. 

In three cases (two infections and one tracheostomy colonization), hospital 

transmission was hypothesized since the patients were repeatedly negative for 

nasal carriage, prior to the isolation of the MRSA-ST398 from a clinical sample. 

Interestingly, genetic analysis revealed two MRSA-ST398 isolates with 

molecular patterns of human re-adaptation. 
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Automated categorization of MRSA clinical isolates into different clonal 

complexes by MALDI-TOF mass spectrometry. 

Previous studies introduced the use of MALDI-TOF/MS to discriminate 

MRSA clones or clonal lineages using different MALDI-TOF/MS approaches 

[355], [356], [418]. Wolters et al. described a preliminary MALDI-TOF-based 

MRSA typing scheme including 13 specifics peaks that allowed the 

discrimination of 5 MRSA CCs (CC5, CC8, CC22, CC30 and CC45) [355]. 

However, this strategy had several limitations that made it difficult to implement 

in routine analysis, such as: no clear criteria for peak selection, tedious binary 

conversion and the requirement to generate hierarchical clusters for CC 

designation. More recently, Josten et al. evaluated the use of MALDI-TOF/MS 

to differentiate 6 S. aureus CCs (CC5, CC22, CC8, CC45, CC30 and CC1) by 

correlating peak shifts to point mutations, i.e., the genotypes of the strains [356]. 

Yet again, the methodology used required the close examination of spectra by 

expert personnel, thus making its implementation into routine diagnostic 

analysis not feasible. 

In this study, we have evaluated for the first time a strategy that relies on a 

robust statistical analysis and the automated use of MALDI-TOF/MS to 

discriminate the major MRSA clonal lineages identified in our hospital. The 

ClinProTools statistical software was applied to generate and validate a pattern 

recognition SNN model that allowed the classification of MRSA epidemic clones 

predominant in our area with a sensitivity and specificity of 100% and 99.11%, 

respectively, providing a PPV of 99.6%. The SNN model identified eleven peaks 

with the highest separation power between all four CCs (3,278, 3,445, 3,876, 
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3,891, 4,514, 4,540, 4,939, 5,004, 6,481, 6,553, and 6,591 m/z). Some of such 

peaks matched with those previously identified by Wolters et al. (3,276, 3,876, 

4,511, 5,002 and 6,591 m/z) and Josten et al. (3,875, 3,891, 4,511, 5,002, 

6,552, and 6,592 m/z), thus reinforcing the discriminatory value of our analysis 

[355], [356]. Interestingly, those peaks showing a greater contribution to the 

model in our study (3,876, 3,891, 4,514, 5,004, 6,553 and 6,592 m/z) were 

already highlighted by Josten et al., and peaks 3,891, 5,004 and 6,592 have 

been identified as respective biomarkers for CC5, CC22 and CC8 in both 

studies. Of note, peak 4,511 was identified as a biomarker for CC398 in our 

study while Josten et al. identified this peak as a biomarker also for CC30, 

CC45 and CC88, which were not included in our model due to low number of 

strains in our collection to achieve statistical significance. Close inspection of 

spectra from representative isolates belonging to such CCs identified the 

presence of peak 4,511, confirming the results by Josten et al [356]. 

Nevertheless, while our SNN model shows excellent specificity and 

sensitivity, it has the same flaws of precedent studies. It requires tedious and 

expert analysis and it is not suitable for routine analysis. In addition, the 

ClinProTools software is not freely available and may be out of reach to some 

laboratories. The SNN model, however, allowed us: i) to identify the most 

relevant peaks that discriminate between the main 4 CCs present in our local 

area, ii) use this information to adjust the weight of those peaks to generate 

specific subtyping MSPs with the MALDI Biotyper software and, iii) allocate test 

strains into their proper CCs, basically using the same procedure that is already 

implemented in many centres for species identification, without any further 

analysis. 
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The automated approach proved to be highly successful in the correct 

identification of isolates belonging to CCs included in the SNN model (PPV of 

98.9%) and although it misidentified isolates from other CCs, it usually provided 

logscore values below our arbitrary threshold. Nevertheless, a few isolates 

belonging to CC30 (n=3), CC45 (n=1) and CC80 (n=1) were incorrectly 

allocated to CC398 with logscore values above the threshold, likely due to the 

presence of the 4,511 m/z peak that was identified in our model as a specific 

biomarker for CC398 but that is present in those CCs as well. We are aware 

that a recalculation of the model including representative strains from other CCs 

is needed to overcome this limitation. There were no relevant differences 

between the spectra from invasive vs. non-invasive isolates of CC398, although 

the sample size was too small to perform a robust analysis. Differences 

between all isolates could only be attributed to their categorisation into different 

CCs. 

In summary, we have established a simple, automated and accurate 

methodology for the classification of MRSA clinical isolates into different CCs by 

MALDI-TOF/MS, which removes the need for batch or retrospective 

epidemiological analysis and allows interlaboratory comparison. While further 

studies are needed to include additional CCs, we find this novel automated 

MALDI-TOF/MS approach to be a promising, powerful and reliable tool for S. 

aureus typing that could easily be implemented in routine laboratories already 

using mass spectrometry. 
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1.3. Antibiotic resistance and virulence genetic determinants of MRSA 

bacteremic clones.  

S. aureus is a versatile pathogen capable of causing a wide range of human 

diseases. The intrinsic arsenal of virulence determinants and the ability 

of acquiring antibiotic resistance in the face of antimicrobial challenge have 

enabled it to remain an ongoing, significant human pathogen. 

Virulence and resistance determinants characterization of endemic MRSA 

strains analysed by DNA-Microarray Genotyping. 

The DNA microarray genotyping (DMG) methodology [304], [354], [400] 

allowed us to study a large number of resistance genes and pathogenicity 

markers in a large number of S. aureus  strains. 

In this study, we investigated the virulence and the antibiotic resistance 

determinants of 130 MRSA blood isolates, representing the major MRSA clones 

circulating in the HUB.  

All MRSA isolates were correctly assigned to their respective CC and agr 

polymorphism. However, SCCmec was not solved in 13% of the studied 

isolates. A possible explanation for this might be that these clones have an 

atypical resistance and virulence determinants profile, thus the array could not 

correctly identify the isolates. Another drawback was the assignation of ST247 

to strains belonging ST1819. ST1819 is a single locus variant of ST247. 

Therefore, this technique is not reliable for identifying new genotypes or some 

epidemic clones. Kuhn et al. discussed these limitations previously [517]. 
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Overall, antimicrobial resistance genes detected by array were according to 

phenotypic expression. As we expected, all isolates presented the mecA gene 

and blaZ gene, which encodes the PBP2A and beta-lactamase gene 

respectively. Macrolide resistance genes were variable according to their clonal 

nature and resistance pattern. For instance, ST247/ST1819, ST8 and ST228 

with MLSB phenotype harboured the ermA gene while ST125, ST146 and ST22 

harboured the ermC gene. msrA gene was associated to the MSB phenotype, 

and was mainly detected in strains belonged of ST125 and ST146. These 

genes are commonly associated to macrolides resistance among MRSA strains 

[518]. It has been suggested that macrolide/lincosamide resistance genes could 

have a geographical distribution, however was not possible to perform this 

analysis in this study [336].  

Aminoglycoside resistance (gentamicin and tobramycin) is mediated by the 

bifunctional modifying enzyme aacA-aphD, usually accompanied by the aadD 

gene. These resistance determinants were present in ST247, ST1819, ST228 

and in a few isolates of ST125 and ST146. Of note, most of the S125 and 

ST146 isolates that showed tobramycin resistance were positive for the aadD 

gene. The presence of an aminoglycoside resistance gene(s) detected by array 

profiling could be used to accurately predict an isolate's phenotypic 

aminoglycoside resistance pattern.  However, the phenotypic expression of 

aminoglycoside resistance could not always be used to infer which 

aminoglycoside resistance gene(s) was present [519].  

Tetracycline resistance was commonly based on the presence of tetM in all 

isolates of ST247/ST1819. tetK gene was rarely detected in our isolates. tetM 

genes confer resistance to tetracycline and minocycline and were the most 
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prevalent resistance determinants in MRSA The association of resistance 

genes with mobile genetic elements possibly enhances the spread of resistant 

traits in MRSA [520]. 

The gene dfrA, related to co-trimoxazole resistance, was found in isolates of 

the Iberian clone both, resistant and susceptible to the antibiotic.  Apparently, 

although the gene could be detected by the array it did not have effect on 

phenotypic expression of co-trimoxazol resistance. Gene dfrA was raraly 

described in MRSA [521]. Likewise, chromosomal fosB, detected in all CCs 

except in CC22, was not associated withfosfomycin resistance. In this case, the 

probe included in the microarray was an incomplete gene fragment intended to 

differenciate hybridization profiles. Other authors, reported similar results [522]. 

Regarding virulence genes, tsst-1 gene was detected in a single isolate of 

ST125. Interestingly, this toxin is mostly found in ST30-MSSA isolates. 

However, several studies performed in different countries have been reported 

this toxin in other MRSA genetic backgrounds such as CC30, C22 and CC80 

[523]–[525].  

ST228 was the only clone that was positive for exfoliative toxins etA, etB. 

These toxins are responsible for staphylococcal scalded skin syndrome (SSSS) 

[526]. The prevalence of these genes might be due to the specific geographic 

region [527]. 

ST247 and ST125 could be distinguished by their enterotoxins profiles. 

ST247 carried entA and ST125 presented more enterotoxins genes such as 

entG, I, M, N, O, and U genes. These gene factors may conferred s selective 
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advantage and could explain why ST125 is a more successful clone than the 

Iberian clone [528]. 

In addition S. aureus also produces a family of exotoxins named 

superantigen like proteins (ssl genes) that seemed to be involved in virulence 

[400], [529]. These genes are present in all MRSA studied, but individual genes 

are variable, resulting a strain-specific pattern, Monecke et al, described the 

usefulness of this genes to distinguish CC5 from CC8 [400]. In our study, the 

presence or absence of these genes also allowed to discriminate among CC5, 

CC8 and CC22. 

All isolates showed the same capsule (capsule type 5) and biofilm genes 

profile. It means that all isolates were positive for adherence (icaA, icaC and 

icaD genes) but were negative for the bap gene encoding a surface protein 

involved in biofilm formation. The “microbial surface components recognizing 

adhesive matrix molecules” (MSCRAMM) profile and cna genes, were enough 

to identify CC22, based on the absence of some MSCRAMM genes (ebh, fib, 

fnbB) and the unique presence of cna gene. These findings are in line with 

those of previous studies [530]. Finally, some isolates of CC5 showed deletions 

of MSCRAMM genes. Monecke et al described that partly deletions of 

MSCRAMM genes could be observed in CC5 group [95]. Although virulence 

gene expression may also affect the clinical outcome, it is difficult to predict the 

impact of  genes expression  in vivo [530]. 
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Conclusions 

1. The global average of methicillin resistance among S. aureus in Hospital 

Universitari de Bellvitge (HUB) from 1990 to 2014 was 20%. Over the last 10 

years, methicillin resistance percentage was around 24%. This figure is similar 

in other hospitals in Spain.  

2. From 1990 to 1999 the dominant lineage in HUB was the multiresistant 

Iberian clone (ST247-SCCmecI-agrI) and its genetic background remained 

highly conserved over extended periods. 

3. The Iberian clone was gradually replaced by isolates of Clonal Complex 

(CC) 5 (ST125 and variants; SCCmec-IV-agrII) related to the Pediatric clone 

(ST5-SCCmecIV-agrII). CC5 has been the dominant lineage from 2000 to 2014.  

4. Over the last 10 years additional endemic clones emerged, such are ST8-

SCCmecIV-agrI, ST22-SCCmecIV-agrI and ST228-SCCmecI-agrII. Of these, 

ST8-SCCmecIV-agrI has become the second most frequent lineage in 2014. 

5. The major antibiotic resistance profiles of contemporary isolates in the HUB 

included resistance to tobramycin and ciprofloxacin combined with resistance to 

erythromycin and/or clindamycin. These resistance phenotypes were commonly 

shared by isolates of the dominant genetic lineages, CC5 and ST8.  

6. The presence of specific antibiotic resistance determinants was related to 

particular clones. Macrolide resistance of ST247, ST1819, ST8 and ST228 strains 

with a MLSB phenotype was due to the presence of ermA gene; while ermC gene 

was the responsible for the MLSB phenotype in ST125, ST146 and ST22 strains. 
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The MSB phenotype, which is mediated by msrA gene, was observed in strains of 

ST125, ST146 and in some ST8 strains. 

Aminoglycoside resistance (gentamicin and tobramycin) was mainly codified by 

the bifunctional modifying enzyme aacA_aphD, generally accompanied by the 

aadD gene in isolates of ST247, ST1819 and ST228; while tobramycin 

resistance encoded by aadD gene was found in most isolates of ST125 and 

ST146. 

7. The genetic polymorphisms of the SCCmec element have remained stable 

over the study period within each genetic lineage.  

8. The majority of the MRSA positive for the Panton-Valentine leukocidin 

isolated in the HUB, belonged to clone the ST8-SCCmecIV-agrI. 

9. The first isolate belonging to the MRSA-ST398 clone (ST398-SCCmecV-

agrI) was identified in the HUB in 2003. Isolates of MRSA-ST398 showed a low 

virulence gene content, were always resistant to tetracycline and had variable 

resistance profiles to other antibiotics. Patients colonized or infected by MRSA-

ST398 were often debilitated by underlying comorbidities. 

10. Discrimination of MRSA isolates into major Clonal Complexes was possible 

using the MALDI-TOF/MS system. Automated resolution of patterns eliminated 

the need for working on batches or retrospective epidemiological analysis and 

allowed interlaboratory comparison. 

11. The in vitro phenomenon of vancomycin (VA) tolerance was only found 

among isolates of Iberian clone (ST247-SCCmecI-agrI). On these isolates, 

studies of VA-MBC (minimum bactericidal concentration) were more accurate 
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on predicting in vitro activity of VA against MRSA than VA-MIC (minimum 

inhibitory concentration) itself. 

12. Reduced susceptibility to VA was a lineage-related property in the collection 

of isolates studied in this work. There was no detected relationship with the agr 

dysfunction, agr type or rpoB mutations. 

13. Daptomycin showed an excellent in vitro bactericidal activity against 

different MRSA isolates in spite of their clonal nature.   

14. Linezolid resistance was very low in our study and cfr-mediated resistance 

was found in a single case. Staphylococcal isolates exhibiting a phenotype of 

resistance to clindamycin, chloramphenicol and linezolid could be suggestive of 

cfr-mediated linezolid resistance.  

15. Combination of virulence factors was associated with each clone. Isolates 

of CC5 and CC22 presented more virulence determinants than isolates of CC8. 

This fact might help enhancing the invasive capacities of these CC.  

16. Molecular epidemiology and antibiotic resistance profiles of MRSA isolates 

in other hospitals in Spain, were similar to those found in the HUB in the same 

frame of time (2008-2009): 

i) The average of methicillin resistance among S. aureus from other Spanish 

hospitals in 2009 was 25%. 

ii) More than half of the studied isolates from other hospitals belonged to the 

CC5, mainly to ST125-SCCmecIV-agrII. 

229 



Chapter VI 
    

iii) The most common phenotypes of antibiotic resistance included resistance 

to tobramycin, ciprofloxacin and/or erythromycin.  

iv) Clones of community origin accounted for less than 5% of the isolates, and 

belong mainly to the USA300 clone (ACME positive and negative) and MRSA-

ST398 clone. 
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Abstract

Linezolid is an effective antimicrobial agent to treat methicillin-resistant Staphylococcus aureus (MRSA). Resistance to
linezolid due to the cfr gene is described worldwide. The present study aimed to analyze the prevalence of the cfr–mediated
linezolid resistance among MRSA clinical isolates in our area. A very low prevalence of cfr mediated linezolid resistance was
found: only one bacteremic isolate out of 2 215 screened isolates. The only linezolid resistant isolate arose in a patient,
previously colonized by MRSA, following linezolid therapy. Despite the low rate of resistance in our area, ongoing
surveillance is advisable to avoid the spread of linezolid resistance.
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Introduction

Linezolid has been introduced into the medical practice to treat

Gram-positive infections, especially those related with staphylo-

coccal infections including methicillin resistance Staphylococcus

aureus (MRSA).

Since the introduction of linezolid in the clinical practice several

mechanisms of linezolid-resistance have been described. The

major mechanism of resistance is mediated by mutations in the V

domain of the 23S rRNA. The most common mutation found is

located in the position 2,576 (E.coli numbering). Other mutations

close to the 2,576 position could also confer linezolid resistance

[1,2]. Due to the presence of multiple copies of the 23SrRNA

gene, a relationship between the number of mutated genes and the

level of resistance is well established, and known as ‘‘gene dosage’’

[3]. Another mechanism involved in linezolid resistance is the

modification of ribosomal proteins L3 and L4 encoded by rplC and

rplD genes, respectively. Some of the mutations found in these

genes are concurrent with mutations in the V domain of the 23S

rRNA [4]. Finally, RNA methylation by two different methyl-

tranferases has been related to linezolid resistance: RlnM - a codon

insertion in the methyltransferase gene rlmN reduces linezolid

susceptibility in clinical S.aureus [5], and a methyltranferase

encoded by the cfr gene. The cfr gene is mostly plasmid-located

[6] and confers cross resistance to phenicols, lincosamides,

oxazolidinones, pleromutilines amd streptogramin A (PhLOPS

phenotype). Some outbreaks of crf-mediated linezolid-resistant

strains have been reported in the literature, such as the recent

outbreak described in Spain by Morales et al [7]. In this case, the

epidemic strain was involved in surgical site infections; ventilator-

assisted pneumonia; and primary bacteremia in an intensive care

unit, affecting a total of 12 patients.

The objective of our work was to evaluate the prevalence of cfr

gene among MRSA clinical isolates in Hospital Universitari de

Bellvitge (HUB) from 1999 to 2010.

Materials and Methods

In the HUB 2,215 clinical MRSA isolates from single patients

were isolated from 1999 to 2010. Antibiotic susceptibility to

cefoxitin, oxacillin, erythromycin, clindamycin, gentamicin, to-

bramycin, ciprofloxacin, tetracycline, rifampin, chloramphenicol,

vancomycin and teicoplanin was studied in all strains by the disc

diffusion method, following CLSI guidelines. Isolates resistant to

both clindamycin and chloramphenicol, potentially linezolid-

resistant, were screened for the cfr presence. Susceptibility to

linezolid was studied in this group by the disc diffusion method

and microdilution (0.06 mg/L to 128 mg/L) according to CLSI

guidelines. The presence of cfr gene was analyzed by PCR. Two

strains carrying the cfr gene and previously characterized [8] were
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used as controls. Linezolid-resistant strains were genotyped by

multilocus sequence typing (MLST), following the methodology

described by Enrigh et al. [9], sequence types (STs) were

determined by comparing with the MLST database (www.mlst.

net). Staphylococcal Chromosome Cassette mec (SCCmec) typing

and agr polymorphism were studied by PCR according to

previously published procedures [10,11].

Results and Discussion

Linezolid was introduced in the clinical practice in HUB during

2003. Linezolid prescription average in our hospital during the

2004–2010 period was of 0.28 defined daily dose (DDD)/100

patients-days, with a peak of 0.50 DDD/100 patients-days in

2009.

Only 16 MRSA isolates (0.7%) had the clindamycin and

chloramphenicol resistance profile. Linezolid MICs were #2 mg/

L in all but one strain which showed MIC of 8 mg/L and carried

the cfr gene. Summarized MICs and results are shown in table 1.

The linezolid resistant strain was isolated from a blood culture in

April 2009 from a 76 year-old man. The patient had been

admitted to the intensive care unit (ICU) in February 2009

because of complications derived from a laryngeal cancer surgery

performed on December 2008. The patient carried a nasal MRSA

on admittance. During March multiple antibiotics were adminis-

tered, including linezolid over 19 days, to treat a MRSA

respiratory low-tract infection. The initial respiratory MRSA

isolates as well as the nasal isolate were resistant to erithromycin,

clindamycin, gentamycin, tobramycin, ciprofloxacin, rifampin and

susceptible to chloramphenicol and linezolid. The linezolid-

resistant MRSA strain was isolated, after linezolid administration,

in a single central catheter blood culture and subsequently in

different respiratory samples, though no specific therapy was

adopted. The patient finally died on May 2009, from a cardiac

arrest of unknown etiology. The linezolid resistant isolate was also

resistant to erithromycin, clindamycin, gentamycin, tobramycin,

ciprofloxacin, rifampin and chloramphenicol and belonged to

clone ST228-MRSA-SCCmecI with agr type II. Linezolid suscep-

tible MRSA strains also belonged to clone ST228-MRSA-

SCCmecI. No further spread of the linezolid resistant strain to

other patients was detected.

Other reports worldwide described the presence of the cfr gene

in different S.aureus genotypes either of community, ST8-MRSA-

SCCmecIV and ST398-MRSA-SCCmecV [12,13], or nosocomial

origin, ST125-MRSA-SCCmecIVc [8]. Thus, the presence of this

mechanism of resistance in different S.aureus genotypes could

potentially be easily spread worldwide due to its plasmid location.

In the case reported here, we did not perform additional studies on

coagulase-negative staphylococci, isolated from the same patient or

from other patients admitted to the ICU, that could play a role as

potential reservoir of the cfr gene for MRSA strains.

In our series, overall linezolid resistance mediated by the cfr

gene is very low in this period (0.05%; 1/2,215), similar to other

surveillance studies [14]. Among clindamycin and chloramphen-

icol resistant strains, cfr-mediated linezolid resistance was 6.25%

(1/16). Kerenberg et al [15] found the cfr gene in 3% of

chloramphenicol-resistant strains of Staphylococcus spp. of animal

and human origin.

The disc-diffusion technique is not suitable to recognize

linezolid resistance mediated by the cfr gene with the current

CLSI or EUCAST breakpoints. In our experience, staphylococcal

isolates exhibiting a resistance phenotype to clindamycin, chlor-

amphenicol and linezolid could suggest for a possible presence of

cfr. However, further molecular investigations are needed due to

the low cfr prevalence (6.25%) observed in this studied population.

Other linezolid resistance mechanisms, non cfr-mediated, are

possible, but they do not necessarily involve clindamycin and

chloramphenicol resistance.
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Abstract

Methicillin-resistant Staphylococcus aureus (MRSA) ST398, associated with livestock animals, was described in 2003 as a new
lineage infecting or colonizing humans. We evaluated the prevalence and molecular characteristics of MRSA ST398 isolated
in the Hospital Universitari de Bellvitge from January 2000 to June 2011. Tetracycline resistant (Tet-R) MRSA isolates from
single patients (pts) were screened by SmaI-pulsed field gel electrophoresis (PFGE). Nontypable MRSA strains by SmaI
(NTSmaI)-MRSA were further analysed by ApaI-PFGE, spa, SCCmec, agr, MLST typing, and by DNA microarray hybridization.
Among 164 pts harboring Tet-R MRSA, NTSmaI-MRSA ST398-agrI was found in 33 pts (20%). Although the first pt was
detected in 2003, 22/33 pts (67%) were registered in the 2010–2011 period. Ten pts (30%) were infected and cancer was the
most frequent underlying disease. In one case, death was due to MRSA-ST398-related infection. Five pulsotypes (A–E) were
detected using ApaI-PFGE, with type A accounting for 76% of the strains. The majority of the studied isolates presented spa
type t011 (70%) and SCCmec type V (88%). One strain was spa negative both by PCR and microarray analysis. Forty-nine
percent of the studied isolates showed resistance to 3 or more antibiotic classes, in addition to beta-lactams. Ciprofloxacin
resistance was 67%. Tet-R was mediated by tet(M) and tet(K) in 26 isolates. All isolates lacked Panton-Valentine Leukocidin
production, as well as other significant toxins. This study displays the molecular features of MRSA-ST398 clone and shows
the increase in tetracycline resistance together with arise in MRSA-ST398 isolates infecting or colonizing patients in our
clinical setting.
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Introduction

Methicillin-resistant Staphylococcus aureus (MRSA) is an important

human pathogen causing nosocomial and community-acquired

infections worldwide [1]. In recent years, community acquired

MRSA strains that are genetically unrelated to the traditional

hospital have emerged [2]. MRSA Clonal Complex (CC) 398

associated with livestock (LA-MRSA) has been described as a new

clonal lineage infecting or colonizing humans in several countries

around the world [3].

According to several studies, human’s exposure to livestock

constitutes a risk-factor for carriage of MRSA CC398 strains an’

development of a possible infection [4]. Carriage prevalence in

livestock farming profession is very high [1,5], but some strains

have been detected in people without risk factors [6]. The majority

of the MRSA sequence type (ST) 398 strains are related to skin

and soft tissue infections (SSTIs) [7]. However severe infections

can occur and have been reported in Europe, Asia, and the United

States [8,9,10,11]. Although there is little information on the

percentage of this clone associated to human infections, the

Netherlands, Belgium, Denmark, Germany and Austria appear to

be the countries that have more cases [8]. MRSA-ST398 was first

reported in Spain in 2010 associated to a skin lesion [12].

Some microbiologic traits define isolates belonging to the

MRSA-ST398 clone: chromosomal DNA cannot be restricted by

SmaI enzyme and CC398 strains generally present resistance to

tetracycline, which is commonly used in pig farming [1,13,14].

The absence of certain important virulence factors such as Panton-

Valentine Leukocidin (PVL) and Toxic Shock Syndrome Toxin

(TSST) seems to be common in CC398 isolate. Nevertheless, this

clone has been associated with both animal and human disease

[14].
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The aims of this study were to evaluate the prevalence and

molecular characteristics of MRSA ST398, isolated in the Hospital

Universitari de Bellvitge from January 2000 to June 2011.

Materials and Methods

Clinical Setting
The present study has been approved by the Clinical Research

Ethics Committee of the Hospital Universitari de Bellvitge. The

Ethics Committee granted an exemption on obtaining the patients

informed consent as this retrospective study focused on bacteria

characterization and did not require any specific patient involve-

ment. The study was conducted at the Hospital Universitari de

Bellvitge (HUB), a 900-bed tertiary care academic institution

located in the Barcelona metropolitan area, Spain. It is a reference

centre for adult patients with approximately 35,000 admissions per

year providing medical and surgical care for a population of

1,000,000 inhabitants. Most of the patients live and work in urban

areas; however, the HUB is also the reference hospital for some

rural population living to the south of the city of Barcelona. All

episodes of infection or colonization by MRSA of ST398 were

reviewed. Clinical information including patient age, sex, associ-

ated diseases and infection source were recorded.

Bacterial Strains
S. aureus isolates were identified using standard tests: catalase,

latex agglutination (Microgen Staph, Microgen Biproducts,

Camberley, England) and tube coagulase test (Staph-ase, bioMér-

ieux, Marcy l-Étoile, France).

The average rate of total MRSA among S. aureus clinical isolates

in our hospital was 21% for the 2000–2011 period (ranging from

15% in 2001 to 26% in 2006). A total of 184 MRSA tetracycline

resistant (Tet-R) strains were isolated from single patients from

January 2000 to December 2011, accounting for 6% of all MRSA

recovered during this time period. One hundred and sixty-four of

these Tet-R MRSA strains were available for this study. We failed

to re-culture the remaining 20 isolates so they could not be

included in the study.

Susceptibility Testing
Susceptibility testing was carried out by the disk-diffusion

method following the Clinical and Laboratory Standards Institute

(CLSI) recommendations [14,15]. The antibiotics tested were:

penicillin (10 units), oxacillin (1 mg), cefoxitin (30 mg), erythromy-

cin (15 mg), clindamycin (2 mg), gentamicin (10 mg), tobramycin

(10 mg), rifampicin (5 mg), tetracycline (30 mg), trimethoprim-

sulfamethoxazole (1.25/23.75 mg), chloramphenicol (30 mg), cip-

rofloxacin (5 mg), teicoplanin (30 mg), quinupristin/dalfopristin

(15 mg), and linezolid (30 mg). Vancomycin and daptomycin

susceptibility was studied by broth microdilution.

Molecular Typing and DNA microarray hybridization
Pulsed Field Gel Electrophoresis (PFGE). The Tet-R

MRSA isolates available for the study (n = 164) were tested for

SmaI restriction as previously described [16]. Nontypable MRSA

strains by SmaI (NTSmaI)-MRSA were further re-analyzed by ApaI-

PFGE with pulse times from 0.5 to 15 s for 20 h. The resulting

restriction patterns by ApaI enzyme, were interpreted both by

visual inspection, using the criteria of van Belkum et al. [17], and

by analysis with the FINGERPRINTING TM II software, version

3.0 (BioRad Laboratories, Inc., Madrid, Spain). The dendogram

was generated using the unweighted-pair group with arithmetic

averages method based on Dice coefficients, where optimization

and band position tolerance were both set at 0.7%. PFGE type

clusters were defined by a similarity coefficient of 80%.

Multilocus sequence typing (MLST). MLST was per-

formed on representative strains of each ApaI-PFGE subtype as

described by Enright et al [18]. S. aureus MLST database (http://

www.mlst.net) was used to assign sequence types.

agr typing. The detection of agr polymorphism was per-

formed in all strains using the multiplex PCR as described

previously [19].

SCCmec typing. The staphylococcal cassette chromosome

mec (SCCmec) type was characterized for all the NTSmaI-MRSA

isolates, using the multiplex PCR strategy developed by Milheiriço

et al. [20].

spa typing. All NTSmaI-MRSA strains were characterized by

spa typing as described previously [21] using the Ridom

StaphType software, version 1.4 (Ridom GmbH Münster,

Germany) and the spa types were assigned according to the

Ridom web server (http://www.spaserver.ridom.de). The BURP

algorithm was used to calculate spa clonal complexes (spaCC) with

the defaults parameters set by the software, i.e. spa types shorter

than five repeats were excluded and spa types were clustered in the

same spaCC if cost was less or equal to six.

DNA microarray hybridization. DNA microarray hybrid-

ization (Staphy-Type Kit, Alere Technologies Ltd, Jena, Ger-

many; stripe version) was conducted in all NTSmaI-MRSA strains

following the manufacturer’s guidelines. The protocols and

procedures have been previously described in detail [22]. Briefly,

this microarray contains 334 probes, including approximately 180

different genes and their allelic variants. Target genes, primers and

probes were previously published in the Electronic supplementary

material of Monecke et al. [23].

Results

Among 164 Tet-R MRSA isolated between 2000 and 2011

from single patients, 33 (20%) NTSmaI-MRSA strains were found.

All 33 isolates belonged to ST398 and showed an agr type I. The

first MRSA-ST398 isolate was identified in 2003. Yearly

distribution of MRSA-ST398 isolates is shown in Figure 1. It is

noted that out of 33 MRSA-ST398, 22 (67%) were isolated during

the 2010–2011 period.

Digestions with ApaI restriction of MRSA-ST398 isolates

provided five unrelated pulsotypes (A–E) using a cut-off at 80%

similarity (Figure 2). Among these five major clusters, type A

accounted for 76% (25/33) of the studied strains (Figure S1).

SCCmec type V was carried by 29 (88%) isolates and SCCmec type

IV was only found in four isolates. A total of six different spa types

were detected, with t011 as the dominant type present in 23 (70%)

isolates. The other spa types identified were: t1255 (n = 2), t1197

(n = 2), t108 (n = 2), t1451 (n = 2) and t899 (n = 1). One strain was

spa negative both by PCR and microarray analysis (Figure 2). The

BURP algorithm assigned all spa types, except singleton t899, to

Spa-CC011 (n = 31; 94%).

The percentage of antibiotic resistance among the 33 isolates of

ST398 was as follows: resistance to erythromycin was found in 11

isolates (33%), to clindamycin in 16 (48%), to tobramycin in 8

(24%) and to ciprofloxacin in 22 (67%). No resistance was found to

vancomycin, daptomycin, rifampicin or mupirocin. Fourteen

antibiotic resistance patterns were found among the MRSA-

ST398 isolates (Table 1). The most frequent combination of

resistances were: tetracycline plus ciprofloxacin (8/33; 24%) and

tetracycline, ciprofloxacin, erythromycin plus clindamycin (6/33;

18%), with 49% (16/33) of the isolates being resistant to three or

more antibiotic groups, in addition to beta-lactams.
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Figure 1. Distribution of 164 tetracycline resistant MRSA isolates studied from 2000 to 2011 in Hospital Universitari de Bellvitge,
Barcelona, Spain.
doi:10.1371/journal.pone.0072828.g001

Figure 2. Cluster analysis of Pulsed-field Gel Electrophoresis (PFGE) ApaI macrorestriction fragments of methicillin-resistant
Staphylococcus aureus ST398 isolates followed by multilocus sequence typing (MLST), staphylococcal protein A (spa), staphylococcal
cassette chromosome (SCCmec), accessory gene regulator (agr) typing and year of isolation. For dendogram construction, optimization
and band position tolerance were both set at 0.7%. The cut-off value to define the PFGE patterns was set at 80% similarity.
doi:10.1371/journal.pone.0072828.g002
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Antibiotic resistance genes, as determined by DNA hybridiza-

tion, are shown in Table 1. All 33 strains harboured mecA and the

beta-lactamase gene blaZ. Tetracycline resistance in most of the

cases (26/33) was mediated by both tet(K) and tet(M) genes. In

addition to tetracycline resistance, erythromycin and clindamycin

combined resistance was seen in 10 (30%) isolates carrying the

gene erm(C)– one of these isolates harbored erm(A) in addition to

erm(C)-, and one isolate was negative for these genes. Other

macrolide and lincosamide resistance genes reported to occur in

staphylococci such as erm(B), msr(A), mph(C), vga(A) and lnu(A) were

negative in this subgroup of strains. Five isolates (15%) showed an

unusual erythromycin-susceptibility/clindamycin-resistance pat-

tern. No genes associated with this resistance phenotype such as

vga(A) or lnu(A) were identified by microarray in the MRSA-ST398

strains studied. Two isolates showing resistance to gentamicin

harbored the gene aacA/aphD. Tobramycin resistance was

mediated by aacA/aphD (1/8) and by aadD (7/8) genes. Chloram-

phenicol resistance was detected in 2 strains carrying the cat gene.

Regarding the presence of genes coding for virulence factors,

none of the MRSA-ST398 isolates harbored the genes encoding

PVL (luKS-PV/ lukF-PV), enterotoxins (sea to ser), exfoliative toxins

(etA/etB/etD), egc cluster (seg/sei/sem/sen/seo/seu) or TSST (tst). A

single isolate carried the seb gene encoding enterotoxin B. The vast

majority of the strains were positive for haemolysins genes hla, hlb,

hld, hlgA, hlgB and hlgC. All but one, were positive for the cna gene

responsible by the collagen-binding adhesion. Genes carried on

mobile genetic elements and involved in immune evasion such as

scn (staphylococcal complement inhibitor), sak (staphylokinase) and

chp (chemotaxis inhibitory protein) were identified in a single

isolate of spa type t899. Fibronectin-binding protein A gene (fbnA)

was detected in 9/33 (27%) of the isolates. All isolates carried

genes codifying capsule type 5.

The clinical characteristics of patients infected or colonized by

MRSA-ST398 are shown in Table 2. In total, there were 27 men

(82%) and 6 women (18%) with a mean age of 65 years (range 41

to 92). In 23 patients (70%), the isolation of MRSA-ST398 was

considered colonization, more frequently as result of active

surveillance for nasal MRSA colonization (17/23; 78%). MRSA-

ST398 was causing infection in 10 patients. Eight patients

experienced non-invasive infections: in four cases the source of

the infection was the respiratory tract and in the other four cases

the patients experienced non-invasive skin and soft tissue (SST)

infections. Two patients, with prior community-acquired MRSA-

ST398 nasal colonization, went through invasive infections: one of

them suffered a catheter-related bacteremia and the other a

subdural empyema following a surgical drainage of a subdural

haemorrhage. The patient with the catheter-related bacteremia

was the sole case where death could be related to the MRSA-

ST398 infection. The most frequent underlying disease was

cancer, with this condition found in 11 patients, of whom 6 were

colonized and 5 were infected by MRSA-ST398.

Discussion

Since 2005, several studies have been carried out focusing on

livestock-associated methicillin-resistant Staphylococcus aureus (LA-

MRSA) isolates, mainly on isolates of CC398 [1,3–5,10,13,24,25].

Human colonization with LA-MRSA was first described among

swine farmers in France and The Netherlands in 2003 [4,9]. This

is the first retrospective study of MRSA-ST398 in Spain covering a

period from 2000 to 2011. In order to evaluate the prevalence and

Table 1. Antibiotic resistance patterns and resistance genes of the 33 ST398-MRSA isolates recovered in Hospital Universitari de
Bellvitge, 2000–2011.

Resistance pattern1 (n)

Tetracycline resistance
genes Other resistance genes No. Isolates

tet(K) tet(M) erm(A) erm(C) aacA-aphD aadD cat

TET, CIP (8) + + 2 2 2 2 2 6

2 + 2 2 2 2 2 2

TET (7) + + 2 2 2 2 2 3

2 + 2 2 2 2 2 3

+ 2 2 2 2 2 2 1

ERY, CLI, TET, CIP (6) + + 2 + 2 2 2 6

CLI, TET, CIP (2) + + 2 2 2 2 2 2

CLI, TOB, TET, CIP (1) + + 2 2 2 + 2 1

ERY, CLI, GEN, TOB, TET, CIP (1) + + + + + 2 2 1

ERY, CLI, TOB, TET, CIP(1) + + 2 2 2 + 2 1

CLI, GEN, TOB, TET, CIP, SYN (1) + + 2 2 + + 2 1

ERY, CLI, CLO, TOB, TET (1) + + 2 + 2 + + 1

ERY, CLI, TOB, TET (1) + + 2 + 2 + 2 1

ERY, CLI, TOB, TET, SXT, CIP (1) + + 2 + 2 + 2 1

TOB, TET, CIP (1) 2 + 2 2 2 + 2 1

CLI, TET (1) + + 2 2 2 2 2 1

CLO, TET (1) + + 2 2 2 2 + 1

Total No of Isolates 33

1TET, tetracycline; CIP, ciprofloxacin; CLI, clindamycin; TOB, tobramycin; GEN, gentamicin; SYN, synercid; ERY, erythromycin; CLO, chloramphenicol; SXT,
sulfamethoxazole-trimethoprim.
doi:10.1371/journal.pone.0072828.t001
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molecular characteristics of this clone in our hospital, one hundred

and sixty-four isolates obtained between 2000 and 2011 from

different sources were investigated. Prior to year 2000 Tet-R was

very high among the MRSA isolated from the patients admitted to

the HUB. This was due to the presence of an endemic clone – the

Iberian clone (ST247) that was resistant to several antibiotics,

including tetracycline. In the following years, tetracycline resis-

tance dropped, often below 5%. Antibiotic susceptibility analysis

revealed an unexpected diversity of resistance profiles among

MRSA-ST398 isolates. In total, 14 different resistance patterns

were seen with 10 of them represented by only one or two isolates.

Of note, 49% of the isolates exhibited resistance to three or more

antimicrobial agents, in addition to methicillin-resistance. Cipro-

floxacin resistance was high (67%) considering the low percentage

of resistance to this antibiotic exhibited by other MRSA

community clones. Spanish [7] and Belgian [5] studies described

resistance to fluoroquinolones of 58% and 83% respectively.

However, in other European countries [14], USA [10] or

Canadian studies [26], the resistance percentage to fluoroquino-

lones is very low or even inexistent. The veterinary use of

quinolones in Spain is difficult to assess. The public data available

on the website of the Spanish Ministry of Health (Ministerio de

Sanidad, Politica Social y Igualdad) (www.aemps.gob.es) only describes

the total amount of antimicrobials sold for veterinary purposes,

and does not distinguish between the therapeutic use of antibiotics

and the use of antibiotics to enhance growth. In any case, total

sales of quinolones was about 50 tons in 2009, much lower than

the sales of other antibiotics such as tetracyclines (350 tons),

sulfonamides (250 tons) or beta-lactams (180 tons) during the same

year.

The combination of tet(K) and tet(M) resistance genes was

commonly seen among the 33 MRSA-ST398 isolates. The

methylase erm(C) gene was present in 10 out of 11 erythromycin

resistant strains. Resistance to cotrimoxazole was found in a single

isolate, whereas in other MRSA-ST398 studies cotrimoxazole

resistance was more prevalent and in some cases exceeded 80%

[5,27].

Some strains showed the unusual erythromycin-susceptibility/

clindamycin-resistance pattern. This phenotype seems to be

related to animal clonal lineages of S. aureus animals and has been

associated with the presence of plasmid-borne resistance genes

vga(A), vga(C), lnu(A) or lnu(B) [28,29]. Some resistance genes

described in MRSA CC398 strains such as erm(T), vga(B), vga(C),

lnu(B), dfrSI, dfrK, dfrG and tet(L) [27] were not included in the DNA

microarray applied in this study.

The dominant spa type t011 in our collection has been

commonly found in other studies, both in Spain [7], and in other

countries [8,25,30,31]. There was a single isolate of spa type t899,

with only two repeats in common with t011. Therefore, this t899

isolate did not cluster in Spa-CC011 after BURP analysis. As

described previously [30], this could be explained by the

acquisition of a large DNA region which includes the spa gene,

from a remote S. aureus clone. spa type t899 has been described in

association to ST9, a clone also described in samples of animal

origin [32]. The linkage of the same spa type in two different ST

types would suggest exchange of genetic material between two

clones of animal origin.

The presence of genes coding for virulence factors was very

poor in our collection. None of the studied isolates carried the

PVL – encoding genes lukF-PV and lukS-PV, contrasting to studies

from Sweden and China that report PVL-positive isolates in

patients who had no previous contact with animals [6,11].

Generally, MRSA-ST398 lacks certain important virulence factors

for humans [13]. In our study genes involved in immune evasion

(scn, sak and chp) were only detected in the single t899 isolate. These

virulence factors are active only against the innate immune system

in humans [33]. The lack of these virulence factors may partially

explain why these strains do not appear to be highly infectious for

humans, and usually are associated with SST infections [25].

However, a few severe infections by ST398 have been sporadically

published in several countries, such as pneumonia or bacteraemia

[24,31]. Even though the majority of the patients in our study were

colonized by MRSA-ST398 (70%), four SST infections and four

respiratory tract infections were detected in our series. In addition,

two invasive infections, bacteraemia and subdural empyema, were

also detected, in patients showing previous nasal colonization.

Death was related to the MRSA-ST398 infection in the

bacteremic patient: an 84-year-old woman who was hospitalized

in the HUB because of a thoracic aortic aneurysm. One month

after the surgery, the patient experienced a febrile episode and

MRSA-ST398 was recovered from blood and from the central

venous catheter tip. The isolate was resistant to tetracycline and

beta-lactams. One week after treatment with vancomycin, the

patient died. The isolates causing infection did not differ from the

colonizing isolates, regarding genotype, virulence or antibiotic

resistance profile.

In our study, some data could not be collected properly such as

the contact with animals, a risk factor for infection by LA-MRSA.

However, a high percentage (73%) of the patients lived in or near

to a rural environment. Another limitation was the selection of the

isolates to be studied by the presence of tetracycline resistance.

Although this is a common feature among MRSA-ST398 [7], this

approach could underestimate the number of isolates belonging to

CC-398 in HUB.

In conclusion, in the last two years (2010–11) the number of

MRSA-ST398 isolates infecting or colonizing patients increased

significantly in our setting, as well as the increase in tetracycline

resistance. The emergence of this clonal lineage has also been

reported in other countries in Europe [8,24,25,34]. These studies

showed a remarkable increase in the proportion of LA-MRSA

isolates, including outpatients and primary health care patients,

which were not covered in our hospital-based study. According to

our results, the majority of studied isolates carried the genes

encoding haemolysins and adhesion cellular factors, but other

virulence factors usually found among S. aureus were not detected.

Table 2. Clinical features of 33 patients colonized or infected
by ST398-MRSA.

No. (%) or mean ± SD with variable

Men 27 (81)

Age, years (range) 65 (41–92)612.9

Rural area 24 (77)

Underlying conditions

Cancer

Sample Source Colonization Infection

Blood 0 (0) 1 (3)

Respiratory tract 1 (3) 4 (12)

Skin and Wound 4 (12) 4 (12)

Nares 18 (55) 0 (0)

Central Nervous System 0 (0) 1 (3)

Total number (%) 23 (70) 10 (30)

doi:10.1371/journal.pone.0072828.t002
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Phenotypic expression of antibiotic resistance was variable among

the MRSA-ST398 isolates and nearly half of the isolates were

resistant to multiple antibiotics. In addition, patients harbouring

this clone were often debilitated by underlying diseases, such as

cancer. Due to the increased public health interest about MRSA-

ST398, further studies should be conducted to record risk factors

from infected or colonized patients by this lineage such as routes of

transmission and association with animals.

Supporting Information

Figure S1 Pulsed-field Gel Electrophoresis (PFGE) of
ApaI macrorestriction fragments of methicillin-resis-
tant Staphylococcus aureus ST398 isolates showing a
PFGE pattern A5 followed by multilocus sequence typing
(MLST), staphylococcal protein A (spa), staphylococcal
cassette chromosome (SCCmec), accessory gene regula-

tor (agr) typing and year of isolation data. For dendogram

construction, optimization and band position tolerance were both

set at 0.7%. The cut-off value for designing genotypes was set at

80%.
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Abstract 21 

Livestock-associated methicillin-resistant Staphylococcus aureus 22 

sequence type 398 (MRSA-ST398) has been described as a new clonal lineage 23 

able to colonize and infect humans in several countries around the world. The 24 

increased rate of this clone from 2010 to 2011 in our setting, lead us to 25 

investigate the prevalence and the molecular features of MRSA-ST398 isolates, 26 

identified from 2012 to 2013. All MRSA strains were screened by SmaI-PFGE. 27 

Nontypable MRSA strains by SmaI (NT-SmaI) were re-analyzed by ApaI-28 

PFGE. Molecular typing including SCCmec, agr, MLST and DNA microarray 29 

hybridization were performed for all NT-SmaI isolates. Molecular 30 

characterization revealed that 16 of 1,127 (1.4%) MRSA strains isolated during 31 

this 2-year period belonged to the MRSA-ST398 clone. The majority of the 32 

MRSA-ST398 isolates belonged to PFGE type A (56%), carried SCCmec V 33 

(94%) and was spa type t011 (75%). Most of the strains revealed resistance to 34 

ciprofloxacin (81%) and low virulence genes content was observed. All MRSA-35 

ST398 isolates in this study had a variety of genes encoding proteins 36 

associated with biofilm formation. Colonization or infection by this clone 37 

occurred most often in debilitated patients. Three cases were hospital-acquired. 38 

Our study shows that the MRSA-ST398 clone was present in low numbers in 39 

the Southern Barcelona metropolitan area. Colonization was mainly of 40 

community origin and in some patients, persisted for a long period. Of note, 41 

hospital transmission was hypothesized in a few cases. We report two MRSA-42 

ST398 isolates showing the genetic markers suggesting being associated with 43 

a human adapted ST398 phenotype. 44 

 45 
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Keywords: Methicillin-resistant Staphylococcus aureus; Livestock-associated-46 

MRSA; Tetracycline resistance; ST398; Spain. 47 

 48 
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Introduction 49 

Methicillin-resistant Staphylococcus aureus (MRSA) of clonal complex 50 

(CC) 398 so-called livestock-associated MRSA (LA-MRSA), emerged as a new 51 

clonal lineage infecting or colonizing humans  worldwide [1–4].  It has been 52 

suggested that a human MSSA CC398 lineage jump and spread to livestock 53 

host, where it acquired the SCCmec cassette and tet(M) gene encoding 54 

methicillin and tetracycline resistance (Tet-R) respectively [5]. On the other 55 

hand, the LA-CC398 clone tipically lacks proteins that are involved in human-56 

specific innate immune system such as the staphylococcal complement 57 

inhibitor, encoded by the scn gene, harboured in the immune evasion cluster 58 

(IEC) region. LA-CC398 clustered into two major distinct phylogenetic clades: a 59 

basal human clade and a more derived livestock clade [5, 6]. The absence of 60 

tet(M) gene is associated with the human-adapted clade and the loss of the 61 

immune evasion cluster (IEC) genes harbouring scn gene is associated with 62 

the livestock-adapted clade [5]. 63 

Two main microbiological features have been described in MRSA-ST398 64 

isolates: resistance to tetracycline [7,8], and inability to be restricted by SmaI 65 

enzyme (NTSmaI-MRSA ) [9]. 66 

 Several studies reported that close animal contact increased the risk of 67 

being colonized or infected with MRSA-CC398 [10–12]. However, discordant 68 

findings were revealed about human persistent colonization and transmission 69 

routes between human and animals [13,14]. 70 
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MRSA strains with sequence type (ST) 398 are mostly associated to skin 71 

and soft tissue infections (SSTIs) [15]. Although it has been suggested that 72 

MRSA-ST398 is less virulent than other human MRSA clones, due to the lack 73 

of important toxins such as Panton-Valentine leukocidin (PVL) and other 74 

enterotoxins [16], severe invasive infections such as pneumonia, bacteraemia 75 

and endocarditis [17–19] have been reported. Transmission of MRSA-ST398 76 

has also been reported in a nosocomial outbreak in the Netherlands [7].  77 

First descriptions of human colonization by MRSA-ST398 were reported 78 

in the Netherlands and France in mid 2000s [11,20]. Since then, this clone has 79 

been reported in several European countries, but most cases were located in 80 

Belgium, Denmark, Austria and the Netherlands [1]. In Spain, previous studies 81 

have shown the presence of MRSA-ST398. However, high rates of this clonal 82 

type have only been detected in certain areas with higher density of pig farming 83 

[5,15,21]. 84 

A retrospective study carried out in our setting from 2000 to 2011 85 

identified the first MRSA-ST398 isolate in 2003 [22]. The number of cases was 86 

scarce until the 2010-2011 period when half of the tetracycline resistant MRSA 87 

isolates belonged to the ST398 clone [22]. This fact and the identification of two 88 

MRSA-ST398 led us to monitor the MRSA-ST398 clone in the southern 89 

metropolitan area in Barcelona and to update the epidemiology and 90 

microbiology features of this clone among the most recent isolates from the 91 

2012-2013 period.  92 
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Material and methods 93 

Source of bacterial isolates and setting  94 

The present study has been approved by the Clinical Research Ethics 95 

Committee of the Hospital Universitari de Bellvitge. The Ethics Committee 96 

granted an exemption on obtaining the patients’ informed consent as this 97 

retrospective study focused on bacteria characterization and did not require any 98 

specific patient involvement. All patient records/information was anonymized 99 

and de-identified prior to analysis. 100 

This study has been performed at Hospital Universitari de Bellvitge 101 

(HUB), a university hospital providing tertiary health care with approximately 102 

700 beds in the Barcelona southern metropolitan area. The hospital belongs to 103 

the Institut Català de la Salut, the main public health supplier in Catalonia, 104 

Spain. The HUB is a referral centre for adult patients with approximately 30,316 105 

admissions per year, serving a population of 1,000,000 inhabitants in both 106 

urban and rural areas. 107 

From January, 2012 to December, 2013 the overall rate of MRSA among 108 

clinical S. aureus strains isolated in our setting was 25%. The Microbiology 109 

Department of the HUB identified 1,127 MRSA isolates from individual patients 110 

during the study period. This number included isolates from clinical samples 111 

(n= 472), and isolates from active surveillance culture samples (n= 655). 112 

Clinical data of patients infected or colonized by MRSA of ST398 were 113 

reviewed. 114 
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Antimicrobial susceptibility testing 115 

Antibiotic susceptibility testing was performed by automatized 116 

microdilution in invasive and clinical MRSA isolates using the MicroScan 117 

system (MicroScan® - Pos Combo Panel Type 31, Siemens AG, Germany). 118 

The disk diffusion method was applied, in accordance to the guidelines of 119 

Clinical and Laboratory Standards Institute (CLSI) [23], to the nasal MRSA 120 

isolates obtained from active surveillance cultures. The following antibiotics 121 

were tested: penicillin, oxacillin, cefoxitin, erythromycin, clindamycin, 122 

gentamicin, tobramycin, rifampicin, tetracycline, trimethoprim-sulfamethoxazole, 123 

chloramphenicol, ciprofloxacin, vancomycin, teicoplanin, mupirocin 124 

quinupristin/dalfopristin, and linezolid. 125 

 126 

Molecular characterization 127 

In order to monitor the presence of MRSA-ST398 in our setting, all 1,127 128 

MRSA isolates were screened by SmaI-pulsed field gel electrophoresis (PFGE) 129 

according to Chung et al.  [24]. The MRSA isolates that could not be typed by 130 

SmaI (NTSmaI-MRSA) were re-analysed by ApaI-PFGE as described previously 131 

[22]. The resulting restriction patterns by ApaI enzyme, were interpreted both by 132 

visual inspection, using the criteria of van Belkum et al. [25], and by analysis 133 

with the FINGERPRINTING TM II software, version 3.0 (BioRad Laboratories, 134 

Inc., Madrid, Spain). PFGE patterns were normalized using the lambda ladder 135 

marker (New England Biolabs Inc., Beverly, MA, USA) and was included in two 136 
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lanes of the 18-lane gel. The dendogram was generated using the unweighted-137 

pair group with arithmetic averages method based on Jaccard coefficients, 138 

where optimization and band position tolerance were set at 0% and 0.7% 139 

respectively. PFGE type clusters were defined by a similarity coefficient of 80%. 140 

Multilocus sequence typing (MLST) was performed according to Enright et al. 141 

[26] on representative isolates of each ApaI-PFGE type and sequence types 142 

(ST) were assigned using S. aureus MLST database (http://www.mlst.net). 143 

Further molecular analysis was performed for all NTSmaI-MRSA isolates. The 144 

detection of agr polymorphism subtypes (agrI to IV) [27] and the Staphylococcal 145 

cassette chromosome mec (SCCmec) typing [28] were carried out by multiplex 146 

PCR strategy. Strains were characterized by spa typing [29] using the Ridom 147 

StaphType software, version 1.4 (Ridom GmbH Münster, Germany) and 148 

according to the nomenclature as described on the Ridom website 149 

(http://www.spaserver.ridom.de). Clonal relatedness between spa types (spa-150 

CC) was calculated by the BURP algorithm applying the default parameters set 151 

by the software. Virulence genes and resistance encoding genes were 152 

characterized using the DNA microarray Identibac MRSA Array-Strip (Staphy-153 

Type Kit, Alere Technologies Ltd, Jena, Germany; stripe version), according to 154 

the manufacturer’s instructions extensively described elsewhere [30]. 155 

Results 156 

Of the 1,127 MRSA strains isolated during the 2012-2013 period from 157 

single patients, 16 (1.4%) NTSmaI-MRSA isolates were found. All 16 isolates 158 

share MLST ST398 and agr type I. 159 
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Six unrelated pulsotypes (A-F) were provided by ApaI-PFGE restriction, 160 

with type A accounting 56% (9/16) of the strains (Fig. S1). All isolates carried 161 

the SCCmec type V with the exception of one isolate that carried the SCCmec 162 

type IV. Further analysis by spa typing revealed 4 different types, with t011 as 163 

the most frequent type (n=12; 75%), followed by t1451 (n=2; 13%), t5524 (n=1; 164 

6%) and t899 (n=1; 6%). The BURP cluster analysis assigned all spa types, 165 

except singleton t899, to spa-CC011 (n=15; 94%). 166 

Susceptibility testing identified that all MRSA-ST398 isolates were 167 

resistant to tetracycline, 81% (13/16) to ciprofloxacin, 38% (6/16) to 168 

clindamycin, 31% (5/16) to erythromycin and 25% (4/16) to tobramycin. All 169 

isolates were susceptible to glycopeptides, daptomycin, rifampin and mupirocin. 170 

Six different antibiotic resistance patterns were found among the MRSA-ST398 171 

isolates (Table 1), the most common one being the combination of resistance to 172 

tetracycline plus ciprofloxacin (8/16; 50%). By DNA microarray Tet-R was 173 

(12/16) mediated by both tet(M) and tet(K) genes in 12 isolates (12/16; 75%) 174 

(Table 1). All the strains carried mecA and harbored the beta-lactamase gene 175 

blaZ. Combined resistance to macrolides-lincosamides was detected in 5 176 

isolates carrying the erm(C) (4/5) and erm(C) plus erm(B) (1/5) genes. A single 177 

isolate showed an uncommon erythromycin-susceptible/clindamycin resistance 178 

profile with the absence of typical genes associated to this phenotype such as 179 

vga(A) or lnu(A). Gentamicin resistance was detected in two isolates: one 180 

carried the aacA-aphD gene and the other one carried both aacA-aphD and 181 

aadD genes. 182 

In four isolates tobramycin resistance was mediated by aacA-aphD (1/4), aacA-183 

aphD plus aadD (1/4), and aadD (2/4) genes. The czrC, cadmium and zinc 184 
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resistance genes, were identified in all ST398 isolates carrying the SCCmec 185 

type V. 186 

Concerning the virulence content of MRSA-ST398 isolates, DNA 187 

hybridization was negative for genes encoding PVL (lukS-PV/lukF-PV), 188 

enterotoxins (sea to ser), exfoliative toxins (etA/etB/etD), egc cluster 189 

(seg/sei/sem/seo/seu) or TSST (tst). All the strains were positive for the 190 

haemolysins genes hla, hlb, hld, hlgA, hlgB and hlgC and carried genes 191 

codifying capsule 5 (capH5, capJ5, capK5). 192 

The biofilm formation and MSCRAMM (microbial surface components 193 

recognizing adhesive matrix molecules) carriage genes was similar among all 194 

isolates including icaACD (intercellular adhesion biofilm genes A, C, and D), 195 

cflA and cflB (clumping factors A and B), cna (collagen-binding protein), fnbA 196 

and fnbB (fibronectin-binding proteins A and B). Additionally, our study revealed 197 

that all isolates lacked sasG (S. aureus surface protein G) gene and 13 isolates 198 

(13/16; 81%) were positive for the bbp (bone sialoprotein-binding protein) gene. 199 

Two isolates carried genes encoding proteins that were involved in human-200 

specific innate immune system such as staphylococcal complement inhibitor 201 

(scn), chemotaxis inhibitory protein (chp) and staphylokinase (sak) (Table 1). 202 

Clinical features of the 16 patients colonized or infected by MRSA-203 

ST398 were reviewed. No significant difference between gender was observed 204 

(man, n=9; women, n=7) and the mean age was 58 years (range 33 to 81). 205 

Fourteen patients underwent surgical procedures during admission. The most 206 

common underlying disease was cancer (7/16; 44%). In 10 patients (10/16; 207 

63%), MRSA-ST398 was associated with colonization. Six patients (6/16; 38%) 208 

were infected: four experienced non-invasive SSTIs, one a bacteremia and the 209 
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other one a surgical bone infection (Table 2). Prior nasal colonization by 210 

MRSA-ST398 was detected in four infected patients (two SSTIs, one 211 

bacteremia and one bone infection). Three cases (two SSTIs and one 212 

colonization detected by tracheostomy swab) were hospital acquired, since all 213 

three had the nasal swab taken at admission negative for MRSA. No 214 

epidemiological links could be identified among the three patients with hospital 215 

acquired strains. In the remaining 13 cases, acquisition of colonization was 216 

ascribed to the community. 217 

In five patients (two with SSTIs and three showing only nasal 218 

colonization), nasal swabs were repeatedly positive for MRSA-ST398 for a 219 

mean period of 25 months (range 5-66 months) (Table 2).Compared to the 220 

2010-2011 period when 48% (22/46) of the Tet-R MRSA belonged to clone 221 

MRSA-ST398, the current period of study 2012-2013 showed  a similar 222 

proportion of  Tet-R MRSA belonging to ST398: 37% (16/43) . Referred to the 223 

total number of MRSA isolates, in the 2010-2011 period MRSA-ST398 224 

represented 2.0 % (22/1119) of MRSA isolates. This proportion in the 2012-225 

2013 period was 1.4% (16/1127). 226 

 227 

Discussion 228 

In the last decade, several studies have been carried out warning of the 229 

international emergence of MRSA-ST398 clone among humans [1,2,10,11]. 230 

These studies revealed a significant increase of the livestock-associated MRSA 231 

prevalence among outpatients and primary health care patients. Recently, a 232 

multicentre study carried out in Spain, described the increased rate of MRSA-233 
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ST398 among CA-MRSA during 2012 [21]. We described a similar trend in our 234 

clinical setting, where MRSA-ST398, in spite of low numbers, represented 48% 235 

of tetracycline resistant MRSA strains isolated between 2010 and 2011 [22]. 236 

However, we find a similar proportion of MRSA-ST398, 37%, during the 2012-237 

2013 period, representing 1.4% of all MRSA. Higher proportions of MRSA-238 

ST398 among MRSA clinical isolates (5%) were described in a different 239 

Spanish region [15], as well as in other European countries that also carried  240 

out their studies in areas with high levels of livestock production, i.e. 241 

Netherlands 11.9% or Belgium 4.7% [1].  242 

Most of the MRSA-ST398 isolates were spa type t011 which is the 243 

predominant spa type among pig-associated isolates [10] often reported in 244 

Spain [15,22] and other countries [1, 5,10,17]. A single isolate was ascribed to 245 

spa type t899 and did not cluster in spa-CC011 by BURP analysis. Price et al. 246 

reported that the strains carrying spa type t899 did not follow the whole genome 247 

sequencing phylogeny, and this fact could be explained by the acquisition of a 248 

large DNA region including SCCmec and the spa gene from a ST9 donor [5]. 249 

The linkage of the same spa type in two different ST types would suggest 250 

exchange of genetic material between two clones of animal origin. All isolates 251 

but one carried the SCCmec type V. It has been suggested that the use of zinc 252 

and others metals in animal feed formulations, can co-select SCCmec type V, 253 

carrying the czrC zinc resistance gene [31]. 254 

Antibiotic susceptibility analysis provided evidence of a variety of 255 

resistance profiles among MRSA-ST398 isolates. The diversity of antimicrobial 256 

resistance phenotypes and genotypes among MRSA-CC398 strains has been 257 

reported worldwide and results from the capability of this lineage to acquire 258 
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external DNA combined with the antimicrobial selection pressure applied to the 259 

microorganisms in diverse environments [32,33]. Of note, ciprofloxacin 260 

resistance was detected in 13 out of 16 isolates (81%), in contrast to other 261 

MRSA community clones which exhibit a low resistance rate to this antibiotic 262 

[21]. All MRSA-CC398 were Tet-R, this fact do reflect the antimicrobial 263 

veterinary use in our country. The European Medicines Agency reported Spain 264 

to be the second country consuming veterinary antimicrobial agents in 2012, 265 

with sales of tetracyclines, penicillins, macrolides, lincosamides, and polymyxins 266 

accounting for 82.7% and quinolones accounting for 3.4% of the various 267 

veterinary antimicrobial classes sold in Spain during 2012 [34]. 268 

Resistance to macrolides-lincosamides was mainly mediated by erm(C) 269 

gene. An unusual erythromycin-susceptibility/clindamycin-resistance phenotype 270 

was detected in a single isolate. Our strain lacked vga(A) and lnu(A) genes. 271 

However, other genes such as vga(C) and lnu(B) that could be associated to 272 

this phenotype [32,35] were not tested in our study. 273 

In the context of the CC398, the absence of tet(M) has been considered 274 

a marker of human origin [5]. In our study, the single isolate (patient number 275 

12) carrying only tet(K) and lacking tet(M), could thus be derived from a human-276 

associated lineage [5,36]. Interestingly, only two isolates (patient numbers 7 277 

and 12) presented the genes encoding the IEC protein complexes (scn, chp 278 

and sak) located on φ3 bacteriophages that are exclusively carried in human 279 

CC398 isolates [37,38]. In contrast to a previous study, the IEC genes were not 280 

only detected in an invasive isolate but also in a human colonization isolate, 281 

suggesting that these genes they don´t play an essential role in invasive 282 

disease [38]. Molecular findings could suggest that these two isolates belonged 283 
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to two different clades: one carrying both ICE and tet(M) genes (patient number 284 

7) and other (patient number 12) only carrying the ICE genes [36]. However, 285 

further in-depth analysis is needed to determine whether the two aberrant 286 

strains belong to the human- or livestock-adapted CC398 lineage. Moreover, 287 

the low frequency of these IEC genes indicates that they are not crucial for 288 

human adaptation of CC398 and could help to understand why these strains 289 

are less virulent in humans than other clone lineages and are most commonly 290 

associated with SST infections [5,10,38]. In general, this MRSA-ST398 clone 291 

typically lacks important virulence genes, including the PVL gene [7,33], which 292 

is in accordance with our results. Only a few studies reported PVL-positive 293 

strains isolated from patients with or without previous contact with livestock 294 

[3,39,40]. Moreover, the majority of the studied MRSA-ST398 isolates shared 295 

the same genes for biofilm production and genes encoding MSCRAMMs and 296 

were similar to those described from other CC398 strains [41,42]. 297 

The phenotype and genotype of isolates causing infection in our study 298 

did not significantly diverge from the colonizing isolates. The patients carrying 299 

MRSA-ST398 in HUB were admitted to the hospital to undergo surgical 300 

procedures, to be treated for an underlying disease (mainly cancer or 301 

cardiovascular dysfunction) or both. In four infected patients, colonization by 302 

the MRSA-ST398 was detected at admission prior to the development of the 303 

infection. Two more patients acquired the infection while admitted to the 304 

hospital. However, no other nosocomial transmitted cases were generated, and 305 

no carriers were found among hospital staff. Also of note is the persistent 306 

carriage found in some patients and in one case the nasal colonization was 307 

invariably detected for more than five years.   308 
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 Limitation to our study was the difficulty in assessing the patients 309 

exposure to animals, a risk factor for carriage of MRSA-ST398 [13]. However, 310 

colonization or infection by MRSA-ST398 have been reported in persons 311 

lacking identified livestock-associated risk factors [4,7]. 312 

In conclusion, our study shows that the MRSA-ST398 clone was present 313 

in the Southern Barcelona Metropolitan area, although in low numbers, and 314 

patients attending the hospital showed colonization mainly of community origin. 315 

In three cases (two infections and one tracheostomy colonization), hospital 316 

transmission was hypothesized since the patients were repeatedly negative for 317 

nasal carriage, prior to the isolation of the MRSA-ST398 from a clinical sample. 318 

Interestingly, genetic analysis revealed two MRSA-ST398 isolates with 319 

molecular patterns of human re-adaptation. 320 
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Table 1. Characteristics of MRSA-ST398 isolated in southern Barcelona metropolitan area, Spain 2012-2013 (n=16) 502 

aTET, tetracycline; CIP, ciprofloxacin; ERY, erythromycin; CLI, clindamycin; GEN, gentamicin; TOB, tobramycin. 503 
b hlgA, gamma-hemolysin component A; hglB, gamma-hemolysin component B;  hglC, gamma-hemolysin component C; hla, alpha-hemolysin; hld, delta-hemolysin; scn, 504 
staphylococcal complement  inhibitor;  sak, staphylokinase; chp, chemotaxis inhibitory protein. 505 
c icaA, intercellular adhesion biofilm gene A; icaC, intercellular adhesion biofilm gene C; icaD, intercellular adhesion biofilm gene C. 506 
d bbp, sialoprotein binding protein; cflA,  clumping factor A; cflB,  clumping factor B; cna, collagen binding protein; fnbA, fibronectin binding protein A; fnbB, fibronectin binding protein B 507 
 e Patient code 508 

PFGE SCCmec agr spa Resistance phenotypea Resistance genotype Virulence genesb Biofilm 
genesc 

MSCRAMM 
genesd Patiente No. 

Isolates 

A V I 

t011 

TET tetK, tetM, czrC hlgA, hlgB, hlgC, hla, 
hld 

icaA, 
icaC, icaD 

bbp, cflA, cflB, 
cna, fnbA 1 1 

TET, CIP 
tetM, czrC hlgA, hlgB, hlgC, hla, 

hld 
icaA, 

icaC, icaD 
bbp, cflA, cflB, 
cna, fnbA, fnbB 2;3 2 

tetK, tetM, czrC hlgA, hlgB, hlgC, hla, 
hld 

icaA, 
icaC, icaD 

bbp, cflA, cflB, 
cna, fnbA, fnbB 5;10 2 

ERY, CLI, TOB, TET, CIP tetK, tetM, ermB, ermC, aadD, czrC hlgA, hlgB, hlgC, hla, 
hld 

icaA, 
icaC, icaD 

bbp, cflA, cflB, 
cna, fnbA, fnbB, 9 1 

CLI, GEN, TOB, TET, CIP tetK, tetM, aacA/aphD, aadD, czrC hlgA, hlgB, hlgC, hla, 
hld 

icaA, 
icaC, icaD 

bbp, cflA, cflB, 
cna, fnbA, fnbB 11 1 

t1451 ERY, CLI, TET, CIP tetK, tetM, ermC, czrC hlgA, hlgB, hlgC, hla, 
hld 

icaA, 
icaC, icaD 

bbp, cflA, cflB, 
cna, fnbA, fnbB 4 1 

t5524 TET, CIP tetK, tetM, czrC hlgA, hlgB, hlgC, hla, 
hld 

icaA, 
icaC, icaD 

bbp, cflA, cflB, 
cna, fnbA, fnbB 13 1 

B IV I t899 TET, CIP tetM hlgA, hlgB, hlgC, hla, 
hld, scn, sak, chp 

icaA, 
icaC, icaD 

bbp, cflA, cflB, 
cna, fnbA, fnbB 7 1 

C V I t011 TET tetK, tetM, czrC hlgA, hlgB, hlgC, hla, 
hld 

icaA, 
icaC, icaD 

bbp, cflA, cflB, 
cna, fnbA, fnbB 8 1 

D V I t011 
TET, CIP tetK, tetM, czrC hlgA, hlgB, hlgC, hla, 

hld, 
icaA, 

icaC, icaD 
cflA, cflB, can, 

fnbA, fnbB 6 1 

ERY, CLI, TET, CIP tetK, ermC, czrC hlgA, hlgB, hlgC, hla, 
hld, scn, sak, chp 

icaA, 
icaC, icaD 

cflA, cflB, cna, 
fnbA, fnbB 12 1 

E V I 
t011 TET, CIP tetK, tetM, czrC hlgA, hlgB, hlgC, hla, 

hld 
icaA, 

icaC, icaD 
bbp, cflA, cflB, 
cna, fnbA, fnbB 15 1 

t1451 ERY, CLI, TOB, TET, CIP tetK, tetM, ermC, aadD, czrC hlgA, hlgB, hlgC, hla, 
hld 

icaA, 
icaC, icaD 

bbp, cflA, cflB, 
cna, fnbA, fnbB 16 1 

F V I t011 ERY, CLI, GEN, TOB, TET tetK, tetM, ermC, aacA/aphD, czrC hlgA, hlgB, hlgC, hla, 
hld 

icaA, 
icaC, icaD 

cflA, cflB, cna, 
fnbA, fnbB 14 1 

Total Nº of Isolates 16 
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Table 2 – Patients colonized or infected by MRSA-ST398 in southern Barcelona metropolitan area, Spain 2012-2013 (n=16) 509 

Patient Gender ; Age (years) Comorbiditiesa Sample sourceb Patient Statusc Previous MRSA-
ST398 carriage 

Persistence 
(months)d Acquisitione 

1 F ; 33 Obesity Nares C No - CA 
2 M ; 54 RA Nares C No - CA 
3 M ; 45 DM, HIV, HCV, RF Nares C No - CA 
4 M ; 72 DM, CD SST I Yes 7 CA 
5 M ; 58 DM, COPD, Cancer SST I Yes 29 CA 
6 F ; 59 HCV, HT Nares C No 66 CA 
7 F ; 54 Cancer SST I No - HA 
8 M ; 65 Obesity, DM, Cancer Bone I Yes 1 CA 
9 M ; 59 Cancer Nares C No 20 CA 

10 F ; 47 NA Nares C No - CA 
11 F ; 42 CD SST I No - HA 
12 F ; 67 DM, HBV, CD, Cancer Nares C No - CA 
13 M ; 81 CD, Cancer Nares C No 5 CA 
14 M ; 78 CD Tracheotomy C No - HA 
15 F ; 40 Cancer Nares C No - CA 
16 M ; 64 COPD Blood I Yes 1 CA 

a RA, rheumatoid arthritis; DM, diabetes mellitus; HIV, human immunodeficiency virus; HCV, hepatitis C virus; RF, renal failure; CD, cardiovascular disease; COPD, 510 

chronic obstructive pulmonary disease; HT, hepatic transplantation; NA, not available; HBV, hepatitis B virus 511 

 b STT, skin and soft tissue 512 

c C, colonization; I, Infection 513 

d Hyphens stand for negative persistence 514 

e CA, community-acquired; HA, hospital-acquired.515 
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Figure S1 – Dendogram of ApaI-Pulsed-field Gel Electrophoresis (PFGE) 516 

representing the  genetic relationship among 16 MRSA-ST398 isolates. 517 

Multilocus sequence typing (MLST), staphylococcal protein A (spa), 518 

staphylococcal cassette chromosome (SCCmec) and accessory gene 519 

regulator (agr) typing, year of isolation and patient data were shown at the 520 

right side of the figure. Lambda ladder marker was included in two lanes to 521 

normalize the PFGE patterns. The similarities among the fingerprints were 522 

calculated using the Jaccard coefficient (optimization, 0%; band position 523 

tolerance, 0.7%). The cut-off value to define the PFGE patterns was set as 80% 524 

similarity.  525 

526 
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Abstract
Early identification of methicillin-resistant Staphylococcus aureus (MRSA) dominant clones involved in infection and initiation of adequate infection

control measures are essential to limit MRSA spread and understand MRSA population dynamics. In this study we evaluated the use of matrix-

assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF/MS) for the automated discrimination of the major MRSA

lineages (clonal complexes, CC) identified in our hospital during a 20-year period (1990–2009). A collection of 82 well-characterized MRSA

isolates belonging to the four main CCs (CC5, CC8, CC22 and CC398) was split into a reference set (n = 36) and a validation set (n = 46)

to generate pattern recognition models using the CLINPROTOOLS software for the identification of MALDI-TOF/MS biomarker peaks. The

supervised neural network (SNN) model showed the best performance compared with two other models, with sensitivity and specificity

values of 100% and 99.11%, respectively. Eleven peaks (m/z range: 3278–6592) with the highest separation power were identified and used

to differentiate all four CCs. Validation of the SNN model using CLINPROTOOLS resulted in a positive predictive value (PPV) of 99.6%. The

specific contribution of each peak to the model was used to generate subtyping reference signatures for automated subtyping using the

BIOTYPER software, which successfully classified MRSA isolates into their corresponding CCs with a PPV of 98.9%. In conclusion, we find this

novel automated MALDI-TOF/MS approach to be a promising, powerful and reliable tool for S. aureus typing.
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Introduction
Methicillin-resistant Staphylococcus aureus (MRSA) is one of the
most important human pathogens causing nosocomial
Clinical Microbiology and Infection © 2015 European Society of C
infections worldwide, and is represented by a limited number of
genetic lineages [1].

Several molecular typing techniques, such as, pulsed-field gel

electrophoresis, S. aureus protein A (spa) typing, multilocus
sequence typing (MLST) or staphylococcal chromosome

cassette mec typing are used to identify local MRSA-dominant
clones and for epidemiological purposes [2,3]. Despite having

a high discriminatory power, these molecular methods are
time-consuming, expensive and require highly qualified

personnel [4].
Matrix-assisted laser desorption ionization time-of-flight

mass spectrometry (MALDI-TOF/MS) was recently
Clin Microbiol Infect 2015; -: 1.e1–1.e7
linical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All rights reserved
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introduced into the clinical practice for bacterial identification

[5–11], but the ability of this method to discriminate between
different subspecies, identify distinct bacterial lineages, track

outbreaks and find characteristics unique to certain strains has
also been suggested, highlighting the potential of MALDI-TOF/

MS as a very powerful epidemiological tool [7–9,12–18].
Nevertheless, all currently published MALDI-TOF/MS ap-
proaches require manual assessment of acquired spectra and

highly trained personnel. Unfortunately, an automated protocol
to detect different MRSA lineages has not yet been evaluated.

The present study aimed to analyse the potential of MALDI-
TOF/MS to discriminate the major MRSA lineages circulating in

our hospital using an automated approach.
Materials and methods
Bacterial isolates
This study included 95 MRSA clinical isolates recovered from

single patients admitted to Hospital Universitari de Bellvitge
(HUB) from 1990 to 2009. The isolates were representative of

main MRSA epidemic clones (see Supplementary material,
Table S1). All isolates were recovered from blood cultures

except for strains belonging to the CC398 group (nasopharynx,
n = 7; upper respiratory tract, n = 4; skin and soft tissue, n = 4;
blood, n = 1 and central nervous system, n = 1). Hence, the only

isolates recovered from non-invasive infections were 15 isolates
of CC398. All isolates were characterized by pulsed-field gel

electrophoresis, MLST, and staphylococcal chromosome
cassettemec, spa and agr typing [3,19–22]. Allocation to specific

clonal complexes (CCs) was based on the eBURST algorithm
(http://eburst.mlst.net) [23]. The presence of genes encoding

class S (lukS-PV) and class F (lukF-PV) proteins for Panton–Val-
entine leucocidin was studied by PCR in all isolates [24].

Sample preparation and MALDI-TOF/MS data
acquisition
Bacterial cultures were grown overnight on Columbia sheep

blood agar (Becton Dickinson GmbH, Heidelberg, Germany) at
37°C and subjected to ethanol– formic acid extraction as pre-

viously described [25].
MALDI-TOF/MS was conducted on a Microflex LT (Bruker

Daltonik GmbH, Bremen, Germany) benchtop instrument

controlled by the FLEXCONTROL software (version 3.0; Bruker
Daltonics). Spectra were acquired in linear positive mode at a

laser frequency of 20 Hz using the MALDI BIOTYPER (version
2.0; Bruker Daltonics) pre-processing standard method and the

BIOTYPER main spectrum (MSP) identification standard method
(mass range 2000–20 000 Da). The spectra were externally

calibrated using the Bruker Daltonics Bacterial Test Standard.
Clinical Microbiology and Infection © 2015 European Society of Clinical Microbiology and Infect
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One microlitre of each bacterial extract was spotted onto a

MALDI target plate (MSP 96 target ground steel; Bruker Dal-
tonics) and air-dried at room temperature. For MALDI-TOF/

MS analysis, each spotted sample was overlaid with 1 μL of a
saturated matrix solution (α-cyano-4-hydroxy-cinnamic acid;

Bruker Daltonics) in 50% acetonitrile–2.5% trifluoroacetic acid
(Sigma-Aldrich Quimica SL, Madrid, Spain) and air-dried. The
acquired spectrum for each spot was the sum spectrum accu-

mulated from 250 measurements (5×50 laser shots on different
locations according to a pre-defined lattice raster).

Selected bacterial isolates were included within a reference
set (36 strains) or a validation set (46 strains). Selection was

performed so as to include as much diversity as possible within
both sets, prioritizing the reference set whenever an equitable

distribution was not possible. Selection criteria were based on
MLST variation or on spa-typing whenever MLST was too ho-
mogeneous. Bacterial extracts of the reference and validation

sets were spotted onto a MALDI target plate in ten and three
replicas, respectively. Spots for the reference set were

measured three times, resulting in 30 mass spectra for each
isolate, and those of the validation set were analysed twice,

resulting in six mass spectra per isolate.

MALDI-TOF/MS data analysis
The resulting raw spectra for each isolate of the reference set

were loaded into the CLINPROTOOLS software (version 2.2;
Bruker Daltonics) and grouped into four different classes, each

class containing the spectra profiles of isolates belonging to the
same CC, and used to calculate the average spectra for each

class (CC). Spectra were prepared by recalibration, baseline
subtraction (Top Hat with a 10% minimal baseline width), peak

selection and average peak list calculation ranging from 2000 to
10 000 mass to charge ratio values (m/z). Values of m/z from

the average spectra of each CC were extracted and informative
peaks were identified according to their statistical significance,
as determined by the different statistical tests supported by

CLINPROTOOLS (Bruker Daltonics): Anderson–Darling test, t-/
analysis of variance (ANOVA) test and Wilcoxon/Kruskal–Wallis

tests. Informative peaks were those showing a significant dif-
ference between the four CCs whether: the p value for the

Anderson–Darling test was >0.05 and for the t-/ANOVA or
Wilcoxon/Kruskal–Wallis test was �0.05 or if the p value for

the Anderson–Darling test was �0.05 and for the Wilcoxon/
Kruskal–Wallis test was �0.05 [26].

Classification models were generated using the genetic

algorithm, supervised neural network (SNN), and QUICK-

CLASSIFIER algorithms, to identify the algorithm providing the

best recognition capability. For model preparation, null spectra
exclusion and spectra grouping were enabled. Recalibration was

performed with a 1000 parts per million maximal peak shift and
ious Diseases. Published by Elsevier Ltd. All rights reserved, CMI, xxx, 1.e1–1.e7
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30% match to calibrant peaks. Spectra that were not recali-

brated were excluded. For model generation, the default set-
tings were left unaltered. The recognition capability and cross

validation values were calculated to demonstrate the reliability
and accuracy of the model.

BIOTYPER MSPs representing each CC were created with the
BIOTYPER MSP creation method using the following parameters:
frequency threshold for spectra adjusting: 50; frequency

threshold for score calculation: 5; maximal mass error of the
raw spectrum: 2000; desired mass tolerance of the adjusted

spectrum: 500; accepted mass tolerance of a peak: 800;
parameter of the intensity correction function: 0.25. Subtyping

MSPs for each CC were derived from the typing MSPs using the
BIOTYPER subtyping MSP creation method with default param-

eters. Specific weights for each peak in the subtyping MSPs
were set to 0% or replaced by the weight value calculated with
the pattern generation models for informative peaks.
Results
Eighty-two MRSA clinical isolates representative of the four
major MRSA CCs in our hospital were used to identify CC-
TABLE 1. Performanceof thepattern recognitionmodels for the

differentiation of the main methicillin-resistant Staphylococcus

aureus clonal lineages generated by CLINPROTOOLS using the 36

strains from the reference set

Model Max. peaksa (n) Selected peaksb (n) RC (%) CV (%)

SNN 30 11 100 99.11
GA 30 7 100 94.53
QC 30 18 96.43 81.25

Abbreviations: CV, cross-validation; GA, genetic algorithm; QC, QUICKCLASSIFIER;
RC, recognition capability; SNN, supervised neural network.
aMaximum number of peaks for model generation.
bNumber of peaks selected by the model.

TABLE 2. ClinProTools peak statistics for the eleven peaks of inter

Peak number Mass Weight DAve PTTA

12 3278.56 0.01575683258213178 2.99 0.0000272
16 3445.33 0.01537836986752119 30.57 0.000136
20 3876.68 0.01770379511151569 4.73 0.0383
21 3891.54 0.1795355741539599 4.37 0.0000535
32 4514.26 0.1323120474380986 3.16 0.0000274
33 4540.27 0.01417947900114844 0.75 0.0000295
38 4939.09 0.01460380606676501 1.46 0.0000295
39 5004.15 0.152500867738517 19.07 0.0000624
58 6481.8 0.1413270015769095 2.21 <0.000001
60 6553.06 0.1348150106140109 10.08 0.0000011
62 6591.84 0.1677498605462907 7.98 <0.000001

Abbreviations: Mass: m/z value; Weight: relative contribution of each peak to the model; DA
classes; PTTA: p value of t-/analysis of variance test; PWKW: p value of Wilcoxon/Kruskal–
Anderson–Darling test, which gives information about normal distribution (p-value AD �0.05
and Ave4, peak area/intensity average of class 1 (CC5), class 2 (CC8), class 3 (CC22) and c
aPeak number: correlative numbering of the peak in the average spectra.
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specific biomarker peaks for MALDI-TOF/MS-based subtyping

(see Supplementary material, Table S1). Isolates were divided in
two sets—(i) a reference set of 36 isolates belonging to eight

different sequence types (ST): ST146 (n = 5), ST125 (n = 5),
ST228 (n = 5) from CC5, ST22 (n = 5) from CC22, ST398

(n = 5) from CC398, and ST8 (n = 5), ST247 (n = 4), ST1819
(n = 2) from CC8; and (ii) a validation set of 46 isolates
belonging to six different ST and classified within the same CC

as those of the reference set: ST146 (n = 5), ST125 (n = 5),
ST228 (n = 5) of CC5, ST22 (n = 4) of CC22, ST398 (n = 12) of

CC398 and ST8 (n = 15) of CC8.
An additional set of 13 isolates (see Supplementary material,

Table S1) representing sporadic MRSA clones isolated in our
hospital were also included: ST1 (n = 2) of CC1, ST30 (n = 2),

ST36 (n = 1), ST714 (n = 1), ST1870 (n = 1) of CC30, ST45
(n = 1), ST1871 (n = 1) of CC45, ST72 (n = 3) of CC72 and
ST88 (n = 1) of CC80.

Generation and validation of pattern recognition
models
The acquired raw spectra for each isolate of the reference set
were loaded into the CLINPROTOOLS software and grouped ac-

cording to their corresponding CC. The average spectrum
from each CC was calculated and used to generate pattern
recognition models based on the genetic algorithm, SNN and

QUICKCLASSIFIER algorithms to identify an optimal set of peaks for
the best class separation of the model generation spectra. The

SNN algorithm yielded the model with the highest recognition
capability and cross-validation values (100% and 99.11%,

respectively; Table 1) and was therefore chosen to provide an
optimal set of peaks for class discrimination. The model iden-

tified 11 peaks ranging from 3278 to 6592 m/z values as well as
the specific contribution of each peak to the model (Table 2).

Eight out of the 11 peaks showed low p values (p �0.05) for the
Anderson–Darling test, indicating the non-normal distribution
esta

PWKW PAD Ave1 Ave2 Ave3 Ave4

0.00934 <0.000001 2.64 2.51 2.7 5.51
0.00116 0.164 15.93 27.23 46.5 37.35
0.00137 <0.000001 1.16 5.89 5.88 2
0.000839 0.000109 4.95 0.89 1.08 0.58
0.00236 <0.000001 0.67 0.59 0.82 3.75
0.00116 0.645 1.43 1.7 1.95 2.19
0.00619 0.297 2.07 2.09 2.73 3.53
0.00137 <0.000001 1.94 2.1 20.38 1.32
0.00116 0.000238 2.65 0.49 2.61 2.7

8 0.000449 0.033 8.34 2.15 6.52 12.24
0.000503 <0.000001 2.65 10.6 2.62 3.36

ve: difference between the maximal and the minimal average peak area/intensity of all
Wallis test (preferable for non-normally distributed data); PAD: p value of
, non-normally distributed; p-value AD >0.05, normally distributed); Ave1, Ave2, Ave3
lass 4 (CC398), respectively.
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of these data (Table 2) and, hence the p value of the Wilcoxon/

Kruskal–Wallis test was preferred over the p value of the t-/
ANOVA test to consider them as informative peaks. The

remaining three peaks showed p values for the Anderson–
Darling test >0.05 (normally distributed); hence, the t-/ANOVA

was considered instead of Wilcoxon/Kruskal–Wallis test
(Table 2). The statistical analysis showed that the intensity dif-
ferences of the individual peaks were statistically significant,

suggesting their potential to discriminate among spectra from
all four CCs.

Fig. 1 shows the best peaks whose presence or absence is
specific for a given CC. For instance, the biomarker peak found

at 3891 m/z was only present in the spectra of CC5 strains and
was absent from all other spectra (Fig. 1). Mass spectra from

non-CC5 isolates exhibited a peak at 3876 m/z. A biomarker
peak found at 6592 m/z was unique to the spectra of CC8
isolates and peaks at 6481 and 6553 m/z were always absent in

CC8 isolates but present in all other CCs. Specific peaks for
CC22 and CC398 at 5004 and 4514 m/z, respectively, were

also identified. Fig. 2 shows the pairwise two-dimensional dis-
tribution for the best separating peaks and supports their po-

tential to differentiate isolates belonging to different clonal
complexes. For instance, peaks at 3876 and 3891 m/z clearly

discriminate isolates belonging to CC5, peaks at 6553 and 6592
m/z distinguish isolates from CC8 and peaks at 4514 and 5004

m/z categorize isolates from CC398 and CC22, respectively.
An external validation of the model using the 46 isolates of

the validation set was implemented to further assess the per-

formance of the model. Six independent spectra per strain were
FIG. 1. Averaged spectra plots showing the presence or absence of the releva

of-flight mass spectrometry discrimination of the four main methicillin-resi

network model. CC5 (red), CC8 (green), CC22 (blue); CC398 (yellow). x-ax

intensities of peaks expressed in arbitrary intensity units.

Clinical Microbiology and Infection © 2015 European Society of Clinical Microbiology and Infect

Please cite this article in press as: Camoez M, et al., Automated categorization of methicillin-re
TOF mass spectrometry, Clinical Microbiology and Infection (2015), http://dx.doi.org/10.1016
loaded into the CLINPROTOOLS software and classified according

to the 11 biomarker peaks selected with the SNN algorithm. All
but one replica were correctly classified into their corre-

sponding CC, resulting in a positive predictive value (PPV) of
99.6% (Table 3).

Automated classification of spectra
In order to attempt automated subtyping of MRSA isolates to
their corresponding CCs using the MALDI BIOTYPER software,

spectra from each strain within the reference set were used to
generate BIOTYPER MSP signatures representative of all four CCs

that were subsequently incorporated to our local taxonomy
database. CC-specific MSPs were then used to create associ-

ated subtyping MSPs that were manually edited by resetting the
weights of all peaks to 0% except for those peaks identified in
the SNN model, which were modified to incorporate the

weight values provided by the model (Table 2).
Spectra from all 46 isolates of the validation set were then

analysed with the MALDI BIOTYPER software against a local
database that contained the subtyping MSPs. The best subtyping

MSP match was recorded for each spectrum and, with the
exception of three spectra from two CC5 isolates that were

identified as either CC22 or CC398 (logscore values �2.4), all
spectra were correctly classified (logscore values �2.6)
resulting in a PPV of 98.9% (Table 3). In view of these results, an

arbitrary cut-off logscore value of 2.6 was chosen to determine
the correct subtyping of test spectra.

To test the performance of the subtyping MSPs when faced
against isolates belonging to CCs other than those included in
nt peak biomarkers for matrix-assisted laser desorption ionization time-

stant Staphylococcus aureus clonal complexes in the supervised neural

is shows the mass per charge ratio values (m/z) and y-axis indicates the

ious Diseases. Published by Elsevier Ltd. All rights reserved, CMI, xxx, 1.e1–1.e7
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FIG. 2. Two-dimensional peak distribution diagrams displaying the paired distribution for the best separating peaks in the supervised neural network

model; the ellipses represent the standard deviation of the class average of the peak areas/intensities. CC5 (red), CC8 (green), CC22 (blue); CC398

(yellow). The peak numbers and m/z values are indicated on the x- and y-axes, respectively.
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the model, spectra from an additional set of 13 isolates rep-

resenting sporadic MRSA clones (see Supplementary material,
Table S1) were also analysed with the automated approach.
As expected, the MALDI BIOTYPER aligned the peak profiles of

sporadic isolates to the best matching subtyping reference
spectrum and, therefore, attempted to classify them into one of

the four CCs included in the database. The majority of the
spectra were classified as belonging to either CC398 or CC22

with logscore values < 2.6. Five out of the 13 sporadic isolates
(CC30 (n = 3), CC45 (n = 1) and CC80 (n = 1)), however,

presented at least one spectrum with a logscore value �2.6
(Table 4), above the arbitrary confidence threshold.
Discussion
Previous studies introduced the use of MALDI-TOF/MS to
discriminate MRSA clones or clonal lineages using different
MALDI-TOF/MS approaches [1,27,28]. Wolters et al. described

a preliminary MALDI-TOF-based MRSA typing scheme
including 13 specific peaks that allowed the discrimination of

five MRSA CCs (CC5, CC8, CC22, CC30 and CC45) [28].
TABLE 3. External validation of the supervised neural network mod

Software used CC No. of isolates No. of spectraa

Spectra c

CC5

CLINPROTOOLS 5 15 90 90
8 15 90 0
22 4 24 0
398 12 72 0

MALDI BIOTYPER 5 15 90 87
8 15 90 0
22 4 24 0
398 12 72 0

Abbreviations: CC, clonal complex; PPV, positive predictive value.
aEach isolate was spotted three times and each spot was analysed twice, resulting in six mas
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However, this strategy had several limitations that made it

difficult to implement in routine analysis, such as: no clear
criteria for peak selection, tedious binary conversion and the
requirement to generate hierarchical clusters for CC designa-

tion. More recently, Josten et al. evaluated the use of MALDI-
TOF/MS to differentiate six S. aureus CCs (CC5, CC22, CC8,

CC45, CC30 and CC1) by correlating peak shifts to point
mutations, i.e. the genotypes of the strains [1]. Yet again, the

methodology used required the close examination of spectra by
expert personnel, making its implementation into routine

diagnostic analysis not feasible.
In this study, we have evaluated for the first time a strategy

that relies on a robust statistical analysis and the automated use

of MALDI-TOF/MS to discriminate the major MRSA clonal
lineages identified in our hospital. The CLINPROTOOLS statistical

software was applied to generate and validate a pattern
recognition SNN model that allowed the classification of MRSA

epidemic clones predominant in our area with a sensitivity and
specificity of 100% and 99.11%, respectively, providing a PPV of

99.6%. The SNN model identified 11 peaks with the highest
separation power between all four CCs (3278, 3445, 3876,

3891, 4514, 4540, 4939, 5004, 6481, 6553 and 6591 m/z). Some
el using the CLINPROTOOLS and the MALDI BIOTYPER software

lassification
Correct classified part of
valid spectra (%) PPV (%)CC8 CC22 CC398

0 0 0 100 99.6
90 0 0 100
0 23 1 96
0 0 72 100
0 2 1 96.7 98.9
90 0 0 100
0 24 0 100
0 0 72 100

s spectra per isolate.
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TABLE 4. Discriminatory power of the supervised neural

network model performed in 13 isolates representing the

minor methicillin-resistant Staphylococcus aureus clones

circulating in the Hospital Universitari de Bellvitge using

MALDI BIOTYPER software

Isolate CC ST
MALDI BIOTYPER

classification (CC)a Scoreb

1 1 1 398 2.597
2 1 1 398 2.498
3 30 30 398 2.618
4 30 714 398 2.517
5 30 1870 398 2.609
6 30 30 398 2.237
7 30 36 398 2.613
8 45 45 398 2.606
9 45 1871 398 2.544
10 72 72 398 2.288
11 72 72 398 2.371
12 72 72 22 2.435
13 80 88 398 2.693

Abbreviations: CC, clonal complex; ST, sequence type.
Isolates showing logscore values �2.6 are shown in bold type.
aOnly the logscore with the highest value for all spectra originated from the same
isolate is shown.
bBest score obtained for the subtyping classification of the six replicas.
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of these peaks matched with those previously identified by

Wolters et al. (3276, 3876, 4511, 5002 and 6591 m/z) and
Josten et al. (3875, 3891, 4511, 5002, 6552 and 6592 m/z), so
reinforcing the discriminatory value of our analysis [1,28].

Interestingly, those peaks showing a greater contribution to the
model in our study (3876, 3891, 4514, 5004, 6553 and 6592 m/

z) were already highlighted by Josten et al., and peaks 3891,
5004 and 6592 have been identified as respective biomarkers

for CC5, CC22 and CC8 in both studies. Of note, peak 4511
was identified as a biomarker for CC398 in our study while

Josten et al. identified this peak as a biomarker also for CC30,
CC45 and CC88, which were not included in our model

because of the low number of strains in our collection achieving
statistical significance. Close inspection of spectra from repre-
sentative isolates belonging to such CCs identified the presence

of peak 4511, confirming the results of Josten et al. [1].
The automated approach proved to be highly successful in

the correct identification of isolates belonging to CCs included
in the SNN model (PPV of 98.9%) and although it misidentified

isolates from other CCs, it usually provided logscore values
below our arbitrary threshold. Nevertheless, a few isolates

belonging to CC30 (n = 3), CC45 (n = 1) and CC80 (n = 1)
were incorrectly allocated to CC398 with logscore values
above the threshold, probably due to the presence of the 4511

m/z peak that was identified in our model as a specific
biomarker for CC398 but that is present in those CCs as well.

We are aware that a recalculation of the model including
representative strains from other CCs is needed to overcome

this limitation. There were no relevant differences between the
Clinical Microbiology and Infection © 2015 European Society of Clinical Microbiology and Infect
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spectra from invasive versus non-invasive isolates of CC398,

although the sample size was too small to perform a robust
analysis. Differences between all isolates could only be attrib-

uted to their categorization into different CCs.
In summary, we have established a simple, automated and

accurate methodology for the classification of MRSA clinical
isolates into different CCs by MALDI-TOF/MS, which removes
the need for batch or retrospective epidemiological analysis and

allows inter-laboratory comparison. Further studies are needed
to include additional CCs, but we find this novel automated

MALDI-TOF/MS approach to be a promising, powerful and
reliable tool for S. aureus typing that could easily be imple-

mented in routine laboratories already using mass
spectrometry.
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Methicillin-susceptible Staphylococcus aureus clone related to the early

pandemic phage type 80/81 causing an outbreak among residents of

three occupational centres in Barcelona, Spain

O. Gasch1, A. Hornero1, M. A. Domı́nguez2, A. Fernández2, C. Suárez1, S. Gómez1, M. Camoez2, J. Linares2, J. Ariza1 and
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Abstract

In the 1950s an unusually virulent and transmissible penicillin-resistant Staphylococcus aureus clone harbouring Panton–Valentine leukoci-

din (PVL) genes, known as phage type 80/81 and subsequently identified as multilocus sequence type (ST) 30, emerged and caused

serious infections in hospitals and the community. We describe an outbreak of skin infections caused by a PVL-positive, methicillin-

susceptible S. aureus (MSSA) strain of ST1472, related to phage type 80/81, in three associated occupational centres. After identification

of the first patient an active case-finding strategy was initiated among the three centres. Epidemiological and clinical features were indis-

tinguishable from outbreaks currently caused by community-acquired methicillin-resistant S. aureus. The S. aureus was cultured and iden-

tified from nasal swabs and skin lesions by conventional methods; PVL was detected using a PCR assay. Pulsed-field gel electrophoresis

and DNA-array-based genotyping were applied to MSSA isolates. MSSA was identified in nasal swabs from 49 of 133 individuals (37%).

A single pulsed-field gel electrophoresis pattern, belonging to ST1472 (CC30) and PVL positivity, were detected in 20 individuals, includ-

ing eight of 18 skin cultures, i.e. 15% of the screened individuals were colonized by the epidemic strain. Nasal and cutaneous decontam-

ination with 5% nasal mupirocin ointment and 2% aqueous chlorhexidine was implemented for all individuals. Patients with active skin

infections were treated with a first-generation cephalosporin. General recommendations were made to prevent cross-transmission. No

new cases were reported over the following 90 days.
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Introduction

During the 1950s an unusually virulent and transmissible pen-

icillin-resistant Staphylococcus aureus clone harbouring Pan-

ton–Valentine leukocidin (PVL) genes, belonging to phage

type 80/81, emerged and caused serious skin and soft tissue

infections in hospitals and the community. This strain was

subsequently identified by multilocus sequence typing as

ST30 [1], belonging to clonal complex (CC) 30. The pan-

demic phage type 80/81 disappeared during the 1960s as

methicillin and its derivatives were used to treat penicillin-

resistant staphylococcal infections. Current outbreaks of

severe S. aureus skin and soft tissue infections detected

worldwide tend to be caused by community-acquired methi-

cillin-resistant strains (CA-MRSA) [2–4], although a few out-

breaks caused by methicillin-susceptible S. aureus (MSSA)

have recently been reported [5,6].

Panton–Valentine leukocidin was first described in 1894

[7] and was associated with skin and soft tissue infections in

1932 [8]. It is a leukocytolytic toxin comprising two different
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proteins, encoded by the lukS-PV and lukF-PV genes. It has

been related to recurrent severe skin infections, as well as

to necrotizing pneumonia in previously healthy people with-

out any contact with the health system [9]. Fewer than 5%

of S. aureus strains in Europe harbour the PVL genes,

although this percentage is much higher among strains caus-

ing cutaneous disease [10].

We describe an outbreak of skin and soft tissue infections

in three related occupational centres, caused by a PVL-posi-

tive MSSA strain belonging to CC30 and related to the for-

mer pandemic phage type 80/81.

Materials and Methods

Setting

A private institution in the Barcelona area with three associ-

ated therapeutic centres for teenagers and young adults with

behavioural disorders was studied. The three centres share

staff, comprising psychologists, nurses, social workers, educa-

tors, teachers and monitors. For the purposes of therapy,

residents usually move from one centre to another. Daily

attendance at the three centres is around 130 boys and girls

in a residential or outpatient setting.

Patients and methods

The first case was a social worker from one of the three

centres who attended our emergency department in April

2010 with a skin abscess. She reported having furuncles over

the past year and said there were other similar cases among

staff and residents of all three centres, where she had been

working for the last 2 years.

After identification of this case an active case-finding strat-

egy was established in the three centres where an outbreak

was suspected. A nasal swab was taken from all the residents

and staff. Samples from skin ulcers were also taken from

people with skin lesions.

Microbiology procedures

Swabs were plated onto coagulase–mannitol salt agar plates

(BBLTM Coagulase Mannitol Agar; BD, Madrid, Spain) and

inoculated into staphylococcal enrichment broth (BBLTM

brain–heart infusion; BD, plus 7% NaCl). After incubation at

35�C for 24 h, broths were sub-cultured onto coagulase–

mannitol salt agar plates. Colonies suggestive of S. aureus

were identified by latex agglutination (Pastorex Staph-plus;

Bio-Rad Laboratories, Madrid, Spain) and DNase production

(DNase Test Agar; Biomérieux, Marcy l’Étoile, France). Anti-

microbial susceptibility profiles were determined by the disk

diffusion method with respect to the following antibiotics:

penicillin, oxacillin, cefoxitin, erythromycin, clindamycin, gen-

tamicin, tobramycin, ciprofloxacin, rifampin, tetracycline, co-

trimoxazole, chloramphenicol, vancomycin, teicoplanin, phos-

phomycin, fusidic acid, quinupristin/dalphopristin, linezolid

and mupirocin. The criteria for antibiotic susceptibility were

those recommended by the Clinical and Laboratory Stan-

dards Institute [11]. Genes encoding class S (lukS-PV) and

class F (lukF-PV) proteins for PVL were amplified by PCR

assay in all S. aureus isolates [9].

Pulsed-field gel electrophoresis (PFGE) was performed on

all S. aureus isolates after SmaI restriction, following pub-

lished methodology [12]. Restriction patterns of the PFGE

were interpreted by visual inspection according to the crite-

ria of van Belkum et al. [13] and further analysed with the

FINGERPRINTING
TM II software, version 3.0 (BioRad Laborato-

ries, Inc., Madrid, Spain). The PFGE patterns were identified

using a dendrogram generated by the unweighted-pair group

method with arithmetic mean based on dice coefficients,

where optimization and band position tolerance were set at

0.5% and 1.3%, respectively. A similarity coefficient of 80%

was selected to define the patterns. [14] Multilocus sequence

typing (MLST) and DNA microarray hybridization (Staphy-

Type Kit, Alere Technologies Ltd, Jena, Germany; stripe ver-

sion) were carried out in representative strains of the main

clones, as described previously [15,16].

Interventions

To control further transmission, all residents and staff under-

went nasal and skin decontamination during the same week,

involving a daily shower (including hair) and using 2% aque-

ous chlorhexidine for 1 week and a nasal ointment with 5%

mupirocin in both nostrils (three times a day for 5 days).

During that week, they were all given general recommenda-

tions regarding increased hand washing, daily changing and

washing of towels, bedclothes and underwear in water at a

temperature of at least 60�C, and instructions emphasizing

the importance of not sharing personal items. Primary-care

physicians were informed and passive surveillance (requesting

the reporting of relapsing skin infections) was performed.

The local department of health was also informed about the

investigation into the outbreak.

Results

Cultures from nasal swabs and active skin lesions were taken

from all the residents and staff of the three centres. Overall,

133 individuals (95 residents and 38 members of staff) aged

14–55 years were screened (57% males and 43% females).

Among the residents, 22 (17%) came from other countries
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(nine Colombia, three Romania, two Peru, and one each

from Nepal, Dominican Republic, Chile, Panama, Brazil, Mex-

ico, Argentina and Bolivia). None of those screened had any

previous diseases of note, except for one patient with

chronic asthma, another with psoriasis and another with HIV

infection (acquired by vertical transmission). At the time of

the screening or within the previous 2 years, 34 (26%) of

them reported skin lesions, which were described as ulcers,

furuncles, cutaneous abscesses or folliculitis. Most of them

had received systemic treatment with beta-lactams or

cotrimoxazole and/or topical treatment with mupirocin or

fusidic acid.

Cultures yielded MSSA in 49 of the 133 nasal swabs

(37%) and in eight skin ulcers from the nine patients with

cutaneous lesions at the time of screening. The OR for

S. aureus-colonized versus non-colonized for skin and soft

tissue infection during the outbreak period was 14.9 (95%

CI 5.3–41.9). Isolates were susceptible to all of the

antibiotics tested except for penicillin. MRSA was not

detected in any sample. The PVL test was positive in

MSSA isolates from 20 individuals, including all isolates

from skin ulcers (n = 8). Therefore, 20 (15%) of the 133

screened patients were colonized by a PVL-positive MSSA

(Table 1); OR (CC30 vs non-CC30 S. aureus) for skin and

soft tissue infection during the outbreak period: 3.0 (95%

CI 0.9–9.9).

Among PVL-positive MSSA strains isolated in both nasal

and skin lesions, a single PFGE pattern was observed (pattern

A). Seven PFGE restriction patterns (patterns B to H) were

found among the 27 PVL-negative MSSA isolates (Fig. 1).

Two patients were colonized by a PVL-negative variant of

PFGE type A. The PFGE patterns C and B clustered 14 and

eight patients, respectively. The unweighted-pair group

method with arithmetic mean analysis placed the PFGE pro-

files A and C in the same cluster with similarity higher than

80% (see Fig. 1).

The PVL-positive epidemic strain belonged to agr group

III. Multilocus sequence typing was performed on four strains

of PFGE type A (PVL-positive), two strains of PFGE type B

and two strains of PFGE type C. The epidemic strains (PVL-

positive PFGE type A strains) belonged to ST1472, a single

locus variant of ST30, defined by alleles arcc 2, aroe 2, glpf 2,

gmk 2, pta 6, tpi 3 and yqi 162. Strains of major PVL-negative

PFGE patterns C and B belonged to ST30 and ST45, respec-

tively.

TABLE 1. Demographic characteristics and treatment of patients with previous skin lesions and/or colonized by PVL produ-

cing Staphylococcus aureus (CC30)

Patient Gender/Age Role/Center Nationality Previous skin lesions Sample yielding CC30 MSSA Treatment

1 F/16 User/C Spain No NS NA
2 F/16 User/B Spain Yes Both Fusidic acid
3 M/16 User/A Spain No NS NA
4 M/21 Worker/C Spain Yes NS None
5 M/16 User/B Spain Yes NS NA
6 M/18 User/c Perú Yes Both Mupirocine
7 M/14 User/c Spain Yes NS Amoxicillin+ fusidic acid
8 M/16 User/c Spain Yes SL Cotrimoxazole
9(*) F/39 Worker/ABC Spain Yes SL Amoxicillin+ fusidic acid

10 M/25 Worker/B Spain No NS NA
11 F/15 User/A Perú No NS NA
12 M/49 Worker/B Spain No NS NA
13 F/16 User/C Spain Yes SL Mupirocine
14 F/16 User/B Spain No NS NA
15 M/15 User/A Spain Yes Both Cloxacilin
16 F/17 User/A Bolivia Yes NS NA
17 M/18 User/B Spain Yes NS Fusidic acid
18 F/16 User/B Spain Yes Both Cotrimoxazole
19 F/28 Worker/B Spain No NS NA
20 F/17 User/A Colombia Yes Both NA

(*)First case. M Male, F Female. NA Not aported. NS Nasal Swap. SL Skin lesion

10
0

8060
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FIG. 1. Pulsed-field gel electrophoresis (PFGE) of SmaI macrores-

triction fragments of methicillin-susceptible S. aureus isolates. The

cut-off value for designing genotypes was set at 80%. For dendro-

gram construction tolerance was set at 1.25% and optimization at

0.5%.
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The DNA microarray analysis was performed on two sep-

arate PVL-positive PFGE type A strains which showed identi-

cal hybridization patterns. The epidemic strain showed a

single positive hybridization on gene blaZ among genes

encoding different antibiotic resistance markers. The epi-

demic strain carried the enterotoxin gene cluster (egc) com-

prising selo, selm, sei, seln, seg and selu genes. There were

also positive hybridization signals for the lukS/F-PVL, hlgA

(component A of c-haemolysin), hla (a-haemolysin), hlb

(b-haemolysin), hld (d-haemolysin) and sak (staphylokinase)

genes. The capsule was type 8. Genes for exfoliative toxins

A, B and D were negative, as was the gene coding for the

toxic shock syndrome toxin.

The microarray includes alleles coding for staphylococcal

superantigen-like proteins (set genes) from several sequenced

strains (MW0345, COL, Mu50, MW0382 and MRSA252).

The epidemic strain tested here harboured a complex of set

genes analogous to the set alleles found in strain MRSA252.

Strain MRSA252 belongs to ST36 (alleles arcc 2, aroe 2, glpf 2,

gmk 2, pta 3, tpi 3 and yqi 2), a single locus variant of ST30.

Patients with active skin lesions were treated for 2 weeks

with a first-generation cephalosporin. After treatment the

decontamination strategy was initiated for all staff and resi-

dents, with no new cases of skin infections appearing over

the following 90 days.

Discussion

Our study is a comprehensive description of an outbreak of

skin and soft tissue infections caused by a PVL-positive MSSA

strain belonging to CC30 and related to the former pan-

demic phage type 80/81. Some aspects of our experience

require more detailed comment.

From an epidemiological and clinical perspective the out-

break affected a closed community of teenagers and young

adults. This age group has close contact and share activities

and personal items that facilitate the transmission of an epi-

demic strain. One noteworthy finding was the high estimated

attack rate of 26%, which illustrates a great ability of this

strain to disseminate, as had been reported for MSSA phage

type 80/81 in the early 1950s. Of note, the OR of CC30-col-

onized patients (compared with those patients colonized by

other clones of S. aureus) for SSTI was three. However, it

must be pointed out that it might be underestimated by the

effect of treatment received by patients with lesions before

the detection and study of the outbreak, which might achieve

in some cases a persistent decontamination.

Although CA-MRSA is still infrequent in Spain it is being

increasingly reported. The clinical and epidemiological fea-

tures of the outbreak described here were indistinguishable

from those reported for CA-MRSA outbreaks [17], and in

fact the latter was our initial suspicion after seeing the first

case. The skin lesions reported by residents and staff were

predominantly severe and relapsing furunculosis, similar to

those caused by CA-MRSA harbouring PVL in community

settings such as football teams or schools.

Given the lack of specific recommendations for preventing

epidemic MSSA infections, and in accordance with previous

experience with MRSA infections [18,19], we advised the

three centres of the need to perform a universal and active

decontamination with mupirocin ointment and aqueous

chlorhexidine for all staff and residents, irrespective of their

carrier status for the epidemic strain. A number of general

hygiene measures were also recommended to avoid trans-

mission. As a result, no other case of MSSA infection was

observed over the following 3 months.

The strain cultures in the furuncle from the first patient

were identified as the epidemic MSSA strain, The multilocus

sequence typing analysis revealed that it belonged to the

CC30 lineage (ST1472) and carried a set of alleles identical

to those of reference strain MRSA252, which also belongs to

CC30 (ST36). The founder of CC30 is ST30, the same as

that of the former pandemic phage type 80/81. As in our

experience, phage type 80/81 was a highly transmissible

strain that caused outbreaks of severe skin disease during

the 1950s [1,20]. It was shown to be very invasive and one

study reported that a third of nasal carriers of phage type

80/81 who were admitted to hospital developed septicaemia,

compared with <5% of those colonized by other strains [21].

The isolation of this strain subsequently decreased, which

could be related to the introduction of penicillinase-resistant

b-lactams in the 1960s.

The MSSA strain described here had the most prevalent

susceptibility pattern in Spain (resistance to penicillin, suscep-

tibility to other tested antibiotics) [22], and had no other

SCCmec-associated genes, as this has been screened with

the DNA microarray hybridization. This differs from other

reported clusters caused by multi-resistant MSSA strains, in

which mecA remnants were found. These reports [6,23,24]

concluded that their findings were the result of an S. aureus

strain that had previously lost the mecA gen.

A regional distribution of S. aureus clones causing infec-

tions has been observed [25]. For instance, whereas most

PVL S. aureus-related infections in the USA have been caused

by ST8 USA300 CA-MRSA strains [20,25], the most preva-

lent strains in Europe belong to ST8, ST80, ST30 and 121

[25–28]. Hence, in contrast to what is seen in the USA,

most of the infections caused by PVL-producing strains in

Europe are MSSA. However, this scenario is probably over-

4 Clinical Microbiology and Infection CMI
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looked because no routine test is usually performed to

detect PVL expression [29–31].

In summary, the paper describes an outbreak caused by a

PVL-positive MSSA strain related to the former pandemic

phage type 80/81. All the characteristics were indistinguish-

able from those of CA-MRSA outbreaks. The outbreak was

controlled after active nasal and cutaneous decontamination.
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Predictive factors for mortality in patients with methicillin-resistant

Staphylococcus aureus bloodstream infection: impact on outcome of host,

microorganism and therapy
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Abstract

Mortality related to methicillin-resistant Staphylococcus aureus (MRSA) bloodstream infection (BSI) remains high, despite changes in the

epidemiology. To analyze the current predictive factors for mortality we conducted a prospective study in a large cohort of patients with MRSA-

BSI from 21 Spanish hospitals. Epidemiology, clinical data, therapy and outcome were recorded. All MRSA strains were analysed, including

susceptibility to antibiotics and molecular characterization. Vancomycin MICs (V-MIC) were tested by the E-test and microdilution methods.

Time until death was the dependent variable in a Cox regression analysis. Overall, 579 episodes were included. Acquisition was nosocomial in

59% and vascular catheter was the most frequent source (38%). A dominant PFGE genotype was found in 368 (67%) isolates, which belonged to

Clonal Complex (CC)5 and carried SCCmecIV and agr2. Microdilution V-MIC50 and V-MIC90 were 0.7 and 1.0 mg/L, respectively. Initial

therapy was appropriate in 66% of episodes. Overall mortality was observed in 179 (32%) episodes. The Cox-regression analysis identified age

>70 years (HR 1.88), previous fatal disease (HR 2.16), Pitt score >1 (HR 3.45), high-risk source (HR 1.85) and inappropriate initial treatment

(HR 1.39) as independent predictive factors for mortality. CC5 and CC22 (HR 0.52 and 0.45) were associated with significantly lower mortality

rates than CC8. V-MIC � 1.5 did not have a significant impact on mortality, regardless of the method used to assess it.
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Introduction

Methicillin-resistant Staphylococcus aureus (MRSA) bloodstream

infection (BSI) has been a cause of concern in healthcare

systems around the world in recent decades, due to an

increase in its incidence and undesirable related outcomes [1].

Despite the recent epidemiological changes, MRSA clonal

replacement, clinical use of new antibiotics and improvement

in supportive therapies, mortality related to MRSA-BSI remains

close to 30% [2].

Avarietyof factorshavebeenassociatedwithworseoutcomes

among MRSA-BSI patients, including host characteristics, bacte-

rial genetic background and therapeutic management [3]. At

present, however, no predictors for mortality have been

definitively established, because only a few recent large prospec-

tive multicentre studies have analysed all these factors together.
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Vancomycin, which is the standard therapy for MRSA-BSI, has

recently been the focus of attention. Its suboptimal in vitro killing

activity for S. aureus compared with betalactams [4] and the

observation of MIC creep in many hospitals around the world [5]

have raised questions about its suitability for use against MRSA

invasive infections [6,7]. Special concern has been raised during

the last decade regarding the impact on mortality of MRSA

strains with reduced vancomycin susceptibility [3,7–9].

This study aimed to assess the prognostic factors for

mortality among MRSA-BSI patients, taking into account the

current epidemiological data and carefully examining the

clinical impact of vancomycin susceptibility on mortality.

Methods

Study period and patients

The study was conducted from June 2008 to December 2009

at 21 Spanish hospitals. Four centres had <500 beds, nine had

500–1000 beds and eight had >1000 beds. An infectious

disease specialist prospectively followed adult patients

(>16 years old) with MRSA blood cultures previously detected

at the Microbiology Laboratory, and excluded the cases that

did not meet the inclusion criteria, such as lack of signs and

symptoms consistent with sepsis. A standardized protocol

with demographic and clinical information, including age, sex,

co-morbid conditions, source and acquisition, diagnostic

explorations, antibiotic treatment, follow-up and outcome

was followed. Strains were sent to a central laboratory for

further analysis.

Study design

All the episodes included in the study were used to assess the

prognostic factors for mortality, which was measured 30 days

after the first blood culture. Two different models that only

differed in the method used to assess MRSA vancomycin

susceptibility (E-test or microdilution) were used. MICs were

stratified as follows: <1.5 and � 1.5 lg/mL. Time until death

was the dependent variable in a Cox regression analysis and

was censored 30 days after the end of therapy or end of

follow-up. The prognostic factors for non-appropriate initial

antibiotic therapy were analysed in a logistic regression model.

Patients who received appropriate initial therapy were

included in an adjusted multivariate analysis designed to assess

the existence of differences in mortality related to the specific

antibiotic administered.

Definitions

Methicillin-resistant Staphylococcus aureus-BSI is defined as the

presence of at least one positive blood culture for MRSA in a

blood sample from a patient with clinical findings consistent

with infection. Co-morbidity was measured by the Charlson

score, which stratifies the associated diseases into an ordinal

scale. Patients were classified into three categories on the

McCabe scale according to their prognosis of survival before

the MRSA-BSI: non-fatal if death was expected within a period

longer than 5 years; ultimately fatal if death was expected

between 1 and 5 years; and rapidly fatal if it was expected in

the following year. Severity of disease was assessed by the Pitt

score. Three acquisition categories were considered according

to Friedman criteria: (i) nosocomial-BSI if the episode was

diagnosed at least 48 hours after the hospital admission, either

to the ICU or to a conventional hospital ward (non-ICU), and

if there were no signs or symptoms of infection at admission;

(ii) healthcare related-bacteraemia if the patient had had

contact with the healthcare system within the previous

3 months; and (iii) community-acquired otherwise. Source of

the BSI was defined according to the CDC criteria [10]. BSI of

unknown source (primary) was defined when its origin was

uncertain after careful examination of the clinical and micro-

biological data. It was considered high risk if the source was

lower respiratory tract, endocarditis or unknown [3]. Distant

extension was diagnosed in the presence of at least one distant

infection secondary to blood spread seeding. Persistence was

defined as growth of MRSA in blood cultures after more than

48 h of appropriate antibiotic therapy. The initial antibiotic was

defined as the antibiotics administered in the first 48 h after

BSI onset, regardless of the microbiological information.

Definitive treatment was considered as the antimicrobials

administered after conducting microbiological sensitivity tests.

Antibiotic treatment was considered appropriate if the strain

was susceptible to at least one of the administered antibiotics,

with the exception of aminoglycosides, which were considered

inappropriate, regardless of the sensitivity tests. Source

eradication was considered if the catheter or foreign body

was removed, or if a surgical intervention or drainage of BSI

source was performed.

Susceptibility testing and molecular epidemiology of MRSA

isolates

Each hospital identified the strain and performed preliminary

susceptibility tests. Isolates were sent to a central reference

laboratory. All S. aureus were identified by latex agglutination

(Pastorex Staph-plus, Bio-Rad Laboratories, Madrid, Spain) and

DNase production (DNas E-test Agar, BioM�erieux, Marcy

l’�Etoile, France). Antimicrobial susceptibility of all MRSA

isolates was tested by the disk-diffusion method according to

the Clinical Laboratory Standard Institute (CLSI) guidelines

[11]. The antimicrobial agents tested were penicillin, oxacillin,

cefoxitin, erythromycin, clindamycin, gentamicin, tobramycin,
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ciprofloxacin, rifampicin, trimethoprim-sulphamethoxazole,

tetracycline, fosfomycin, vancomycin, teicoplanin, chloramphe-

nicol, daptomycin and linezolid. Minimum inhibitory concen-

tration (MIC) was determined by the microdilution method in

accordance with CLSI criteria by using commercial panels

(ESTEN 2009, Sensititre, Izasa, Barcelona, Spain) read visually.

Vancomycin MICs were also studied by E-test (BioM�erieux) on

Mueller-Hinton agar, using a turbidity of 0.5 on the McFarland

scale.

Pulsed-field gel electrophoresis (PFGE) was performed after

SmaI restriction of chromosomal DNA[12]. Restriction pat-

terns were interpreted in accordance with criteria published

elsewhere [13]. To define PFGE types the FINGERPRINTING

II software, version 3.0 (BioRad Laboratories, Inc., Madrid,

Spain) was applied.

A dendrogram was generated by the unweighted-pair group

method with arithmetic mean based on Dice coefficients. To

define PFGE types the similarity coefficient cut-off was set at

80%. Optimization and band position tolerance were both set

at 0.6%.Representative isolates of each PFGE type and subtype

were studied to determine the Multilocus Sequence Type

(MLST) [14] and the Staphylococcal Chromosome Cassette

mec (SCCmec) types [15]. MLSTs and SCCmec types were

further inferred for all the strains. The agr polymorphism and

the presence of genes encoding class S (lukS-PV) and class F

(lukF-PV) proteins for Panton–Valentine Leucocidine (PVL)

were studied by PCR in all the isolates, following the

methodology described elsewhere [16,17].

Statistical analysis

Continuous variables were compared using the Student’s t-test

or the Mann–Whitney U-test as appropriate. Qualitative and

stratified continuous variables were compared using Fisher’s

exact test or Pearson’s chi-squared test. Relative risks were

calculated with 95% confidence intervals in a univariate analysis.

Time until death was the dependent variable in a Cox regression

analysis, and was censored 30 days after the end of therapy or

the end of follow-up. Administration of appropriate antibiotic

therapy was the dependent variable in a logistic regression

model. All the variables with theoretical clinical significance and

those that achieved a p value<0.10 in the univariate analysis were

included in the multivariate analysis, and adjusted odds ratios

(ORs) were calculated with 95% CI. Analyses were performed

using SPSS v15 (Microsoft, USA).

Ethical considerations

The study was approved by the Spanish Network for Research

in Infectious Diseases (REIPI) as well as the Institutional Review

Board of each participating centre. Because no direct patient

contact was planned, the requirement for informed consent

was waived. The data were de-identified in each centre and

only then transferred for analysis.

Results

Five hundred and ninety episodes of MRSA-BSI were con-

firmed. Eleven were excluded from the analysis due to lack of

information. Therefore, 579 episodes were finally included,

which are summarized in Table 1.

Twenty-five PFGE types were found among 552 available

isolates (Fig. 1). A dominant PFGE genotype (pulse-type 2) was

found in 368 (67%), all of which belonged to Clonal Complex

(CC) 5 (ST125 and ST146). They carried a SCCmec element

type IV and agr type 2. Forty-seven (9%) isolates of clonal type

ST228-agr2, a single locus variant of ST5, were considered a

separate clone based on its SCCmec polymorphism type I.

ST22-SCCmecIV-agr1 and ST8-SCCmecIV-agr1 represented

9% (48/552) and 8% (44/552), respectively, of all studied

strains. PVL was found to be positive in 15 isolates; 11 of them

belonged to ST8, three to ST125 and one to ST714. Among

PVL-positive isolates of ST8, six strains out of 11 belonged to

the USA300 clone. Vancomycin MIC (microdilution and E-test)

distribution according to the molecular characterization is

summarized in Table 2. Vancomycin MIC � 1.5 lg/mL mea-

sured by microdilution and E-test was observed in 3.3% and

42.9% of the isolates, respectively. Linezolid MIC50 and MIC90

were 2 and 2 lg/mL and daptomycin MIC50 and MIC90 were

<0.5 and 1 lg/mL.

Initial antibiotic therapy was appropriate in 66% of episodes.

Factors related to inappropriate initial antibiotic therapy were

certain sources of infection (unknown source (OR 4.22), lower

respiratory tract (OR 3.55) and skin and soft tissues (OR

2.58)) and Pitt score � 3 (OR 1.68; Table 3). The median delay

in starting appropriate antibiotic therapy was 1.8 days

(IQR 0–3). Antibiotics were administered for a median of

18 days (IQR 15–27). The source was eradicated or drained in

the first 2 days in 35% of cases.

Overall mortality was observed in 179 (32%) episodes. The

Cox-regression analysis identified age >70 years (HR 1.88),

ultimately fatal or rapidly fatal disease (HR 2.16), Pitt >3 (HR

3.45), high-risk source (HR 1.85) and inappropriate initial

treatment (HR 1.39) as independent predictive factors for

mortality. CC5 (HR 0.52) and CC22 (HR 0.45) were identified

as protective factors compared with CC8 (Table 4). Vanco-

mycin MIC � 1.5 lg/mL, measured either by the microdilu-

tion method (HR 1.71) or by E-test (HR 0.78), did not show a

significant impact on mortality. Neither was vancomycin

MIC � 2 lg/mL identified as an independent predictor for

mortality, regardless of the method used to assess it
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(microdilution, HR 0.83 (95% CI 0.11–6.05); E-test, HR 0.94

(95% CI 0.61–1.46)).

In the adjusted Cox-regression model comparing the initial

and definitive antibiotic therapies administered, no significant

differences in mortality were found (Table 5a,b).

Discussion

This multicentre cohort study reinforces the concept that

recent trends towards aging, non-nosocomial acquisition,

extended use of new antibiotics and advances in medical

support [1,2] have not significantly modified the high mortality

rates associated with MRSA-BSI, which remain close to 30%

[18]. We analysed the current prognostic factors for mortality,

taking into account potential clinical, microbiological and

therapeutic predictors. In our opinion, a number of our

results merit further discussion.

From a clinical perspective, age, co-morbidities, high-risk

sources and severity of sepsis were identified as independent

host predictors for mortality. All of these had been identified

in previous studies of MRSA-BSI [3,8,19]. A recent review [18]

showed age to be the strongest and most consistent predictor

for mortality in S. aureus bacteraemia. In contrast to other

studies [8], healthcare-related acquisition was not identified as

a risk factor for worse outcome, probably because of the

low mortality rate among episodes acquired during haemod-

ialysis (14%), which represented 19% of the non-nosocomial

cohort.

There is little information in the literature regarding the

influence of genetic background on the outcome of MRSA

infections. It remains unknown whether some MRSA clones

have a greater ability to cause invasive disease: some studies

have found significant differences between them, but others

have not [20,21]. A recent study observed a greater number

of haematogenous complications in episodes caused by

strains belonging to CC5 and CC30 [22]. Interestingly, in

our study CC5 (ST125, ST146 and ST228) and ST22

(EMRSA15) were identified as protective factors compared

with CC8. Regarding the PVL gene, in agreement with other

authors [23], we found no relationship with worse

outcomes. This gene was only harboured by some of

the isolates in our study (3%), highlighting the current

low prevalence of typical MRSA community clones in

Spain [24].

We were particularly interested in assessing the clinical

impact of vancomycin susceptibility on mortality. We did not

find an independent association with vancomycin

MIC � 1.5 lg/mL, measured either by microdilution or by

E-test. These results contrast with those of other studies

TABLE 1. Summary of all episodes of methicillin-resistant

Staphylococcus aureus bloodstream infection characteristics

N episodes (%)

Clinical characteristics N = 579

Age Mean (SD) 69.1 (14.3)
Gender Woman 194 (34)
Charlson Median (ICR) 3 (2–6)
McCabe Non-fatal 279 (49)

Ultimately fatal 212 (37)
Rapidly fatal 82 (14)

Source Vascular catheter 218 (38)
Unknown source 94 (16)
Skin and soft tissues 81 (14)
Low respiratory tract 70 (12)
Surgical site infections 36 (6)
Urinary tract 28 (5)
Endocarditis 17 (3)
Osteoarticular 12 (2)
Suppurative thrombophlebitis 11 (2)

Distant secondary focus 105 (17)
Persistence 93 (23)
Foreign body presence 270 (47)
Acquisition Nosocomial 338 (59)

ICU 72 (13)
Healthcare related 238 (38)
Previous admission 78 (14)
Ambulatory assistance 57 (10)
Haemodialysis 42 (7)
Long-term care facilities 41 (7)

Community 20 (4)
Pitt score Median (ICR) 1 (0–3)

Microbiological studies N = 552

PFGE type 2 368 (67)
4 48 (9)
5 32 (6)
12 33 (6)
Other 71 (13)

agr type II 419 (76)
I 122 (22)
III 11 (2)

MLST- SCCmec CC5*—IV 371 (67)
ST22—IV 48 (9)
ST228—I 47 (9)
ST8—IV 44 (8)
Other 42 (8)

PVL 15 (3)
Microdilution vancomycin
median MIC (ICR)
(lg/mL)

0.73 (0.38–3)

E-test vancomycin
median MIC (ICR)
(lg/mL)

1.21 (0.38–4)

Treatment N = 579

Source drainage or catheter withdrawal within first
48 hours

205 (35)

Appropriate initial antibiotic 371 (66)
Vancomycin 205 (55)
Linezolid 67 (18)
Daptomycin 44 (12)
Teicoplanin 28 (8)
Cotrimoxazole 10 (3)
Clindamycin 9 (2)
Other * 8 (2)

Definitive antibiotic 526 (91)
Vancomycin 230 (44)
Linezolid 104 (20)
Daptomycin 124 (24)
Teicoplanin 31 (6)
Cothrimoxazole 14 (3)
Clindamycin 4 (1)
Other * 10 (2)

ICU, intensive care unit; PFGE, pulsed-field gel electrophoresis; MLST, multilocus
sequence typing; ST, sequence type; CC, clonal complex; SCCmec, staphylo-
coccal cassette chromosome; PVL, Panton–Valentine Leukocidin; MIC, minimum
inhibitory concentration; ICR, interquartile range; *CC5 includes ST125 and
ST146.
*Other antibiotics include: tigecyclin, quinolones and fosfomycin with imipe-
nem.
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that reported an association between higher vancomycin

MIC measured by E-test and mortality [3] or treatment

failure [25] among patients treated with vancomycin. Striking

results in two recent studies suggested that decreased

vancomycin susceptibility might be a marker of certain

unidentified host or strain factors, related to worse

outcomes: Aguado et al. [26] observed that E-test vanco-

mycin MIC � 1.5 was the only independent predictive

factor for complicated MSSA bacteraemia treated with

betalactams, while Holmes et al. [27] found increased

(a) (b) (c)

FIG. 1. Molecular characterization of MRSA isolates. Shown from left to right are (a) a dendrogram comparing pulsed-field gel electrophoresis

(PFGE) of SmaI macrorestriction fragments, (b) PFGE patterns and types (expressed by numbers), followed by (c) multilocus sequence typing (MLST)

and clonal complex (CC). The cut-off value to define PFGE types was set at 80%. Optimization and band position tolerance were both set at 0.6%.

TABLE 2. Distribution of vancomycin MIC (lg/mL) tested by microdilution and E-test methods among the three major clonal

complexes in the cohort of methicillin-resistant Staphylococcus aureus bloodstream infections

Vancomycin MIC (lg/mL)

� 0.5 0.75 1 1.5 2 3 4 Total

CC 5 (SCCmec type IV, agr 2)
Microdilution 38 (10.2) 254 (68.5) 70 (18.9) 7 (1.9) 1 (0.3) 1 (0.3) 0 (0) 371
E-test 13 (3.5) 20 (5.4) 159 (42.9) 134 (36.1) 42 (11.3) 2 (0.5) 1 (0.3)

ST228 * (SCCmec type I, agr 2)
Microdilution 4 (8.6) 29 (61.7) 10 (21.3) 3 (6.4) 1 (2.1) 0 (0) 0 (0) 47
E-test 1 (2.1) 3 (6.4) 9 (19.1) 21 (44.7) 11 (23.4) 2 (4.3) 0 (0)

ST 8 (SCCmec type IV, agr 1)
Microdilution 16 (36.4) 25 (56.8) 2 (4.5) 1 (2.3) 0 (0) 0 (0) 0 (0) 44
E-test 6 (13.6) 13 (29.5) 20 (45.5) 5 (11.4) 0 (0) 0 (0) 0 (0)

ST 22 (†) (SCCmec type IV, agr 1)
Microdilution 37 (77.1) 8 (16.7) 1 (2.1) 2 (4.2) 0 (0) 0 (0) 0 (0) 48
E-test 17 (35.4) 17 (35.4) 9 (18.8) 3 (6.3) 2 (4.2) 0 (0) 0 (0)

Other clonal complexes
Microdilution 10 (23.8) 27 (64.3) 3 (7.1) 2 (4.8) 0 (0) 0 (0) 0 (0) 42
E-test 9 (21.4) 3 (7.1) 16 (38.1) 12 (28.6) 2 (4.8) 0 (0) 0 (0)

Total
Microdilution 105 (19.0) 343 (62.1) 86 (15.6) 15 (2.7) 2 (0.4) 1 (0.2) 0 (0) 552
E-test 46 (8.3) 56 (10.1) 213 (38.6) 175 (31.7) 57 (10.3) 4 (0.7) 1 (0.2)

*ST228, single locus variant of ST5.
†ST22, EMRSA15.
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mortality among episodes of S. aureus BSI with MIC � 1.5,

regardless of the specific antibiotic therapy administered.

Like us, however, other authors did not find a significant

impact of vancomycin susceptibility on mortality [8,9].

Interestingly, Rojas et al. [9] did not observe any association

using either susceptibility method.

TABLE 3. Predictive factors for inappropriate initial therapy for methicillin-resistant Staphylococcus aureus bloodstream

infection

Appropriate initial antibiotic
n (%)

Inappropriate initial antibiotic
n (%)

Univariate Multivariate

OR p-Value OR (95% CI)

Age >70 193 (52.3) 117 (58.2) 1.27 0.18 1.11 (0.76–1.63)
Gender Female 126 (34.0) 65 (32.3) 0.93 0.65 1.01 (0.68–1.51)
Charlson score >5 96 (26.1) 65 (32.3) 1.35 0.11
McCabe Non-fatal disease 183 (49.7) 94 (47.5)

Ultimately fatal 136 (37.0) 71 (35.9) 1.02 0.93
Rapidly fatal 49 (13.3) 33 (16.7) 1.31 0.29

Pitt � 3 287 (77.8) 166 (83.8) 0.68 0.09 1.68 (1.02–2.79)
Foreign body presence
Source

187 (50.4) 80 (39.8) 0.65 0.015 1.27 (0.79–2.03)

Skin and soft tissues 47 (12.7) 34 (16.9) 2.37 0.02 2.58 (1.35–4.90)
Surgical site infection 24 (6.5) 12 (6.0) 1.64 0.2
Urinary tract 20 (5.4) 8 (4.0) 1.3 0.55
Lower respiratory tract 35 (9.4) 33 (16.4) 3.09 <0.001 3.55 (1.76–7.15)
Unknown 41 (11.1) 49 (24.4) 3.91 <0.001 4.22 (2.25–7.93)

Distant secondary focus 76 (20.7) 25 (12.5) 0.65 0.015 0.64 (0.37–1.10)
Acquisition Nosocomial 222 (60.0) 111 (55.8)

Non-nosocomial* 148 (40.0) 88 (44.2) 1.19 0.33

*Non-nosocomial acquisition includes healthcare-related and community acquisitions.

TABLE 4. Predictive factors for mortality due to methicillin-resistant Staphylococcus aureus bloodstream infection. Univariate

and multivariate analyses

30-day deaths
n (%)

30-day survivors
n (%)

Univariate

Multivariate analysis
with microdilution
vancomycin MIC � 1.5

Multivariate analysis
with E-test
vancomycin
MIC � 1.5

HR p-Value HR (95% CI) HR (95% CI)

Clinical characteristics
Age >70 121(68.0) 183(48.4) 1.80 <0.001 1.88 (1.39–2.54) 1.89 (1.40–2.54)
Gender Woman 64 (35.8) 121(32.0) 1.12 0.43 1.31 (0.98–1.77) 1.29 (0.97–1.74)
Charlson >5 63 (35.2) 94 (25.0) 1.52 0.003 1.12 (0.82–1.53) 1.15 (0.85–1.57)
McCabe Non-fatal 58 (21.6) 211(58.4)

Ultimately or rapidly fatal 119(67.2) 163(43.6) 2.39 <0.001 2.16 (1.56–2.98) 2.04 (1.49–2.81)
Pitt score >3 73 (41.7) 40 (10.6) 3.48 <0.001 3.45 (2.57–4.76) 3.66 (2.69–4.98)
Acquisition Non-nosocomial * 74 (41.6) 157(41.8) 0.91 0.47
High-risk Source 86 (48.0) 86 (22.8) 2.13 <0.001 1.85 (1.33–2.56) 1.77 (1.28–2.46)

Endocarditis 8 (4.5) 9 (2.4) 1.60 0.042
Low respiratory tract 32 (17.9) 35 (9.3) 1.77 0.002
Unknown 46 (25.7) 42 (11.1) 1.89 <0.001

Foreign body presence 73 (40.8) 189(50.0) 0.76 0.045 0.82 (0.59–1.14) 0.84 (0.61–1.10)
Distant secondary focus 29 (16.4) 71 (18.9) 0.79 0.167 0.92 (0.63–1.34) 0.93 (0.64–1.36)

Microbiological studies
agr type I 42 (24.1) 75 (21.1)

II 129(74.1) 274(77.0) 0.86 0.34
III 3 (1.7) 7 (2.0) 0.70 0.56

PFGE type Other 24 (13.8) 40 (11.2)
4 12 (6.9) 36 (10.1) 0.65 0.17
5 10 (5.7) 20 (5.6) 1.01 0.97
2 112(64.4) 244(68.5) 0.85 0.44
12 16 (9.4) 16 (4.5) 1.49 0.19

Clonal complex CC8 20 (11.7) 23 (6.6) 1.25 0.52
CC5 † 129(75.0) 271(77.7) 0.64 0.049 0.52 (0.33–0.83) 0.58 (0.36–0.94)
CC22 12 (7.0) 37 (10.6) 0.50 0.032 0.45 (0.22–0.89) 0.46 (0.23–0.91)
Other 12 (7.0) 21 (6.0) 0.75 0.40

PVL 5 (2.9) 9 (2.5) 1.00 0.99
Microdilution vancomycin MIC� 1.5 7 (4.0) 11 (3.1) 1.56 0.13 1.71 (0.92–3.19)
Microdilution vancomycin MIC� 2 1 (0.6) 2 (0.6) 0.78 0.76
E-test vancomycin MIC� 1.5 69 (39.7) 160(44.9) 0.78 0.08 0.78 (0.58–1.05)
E-test vancomycin MIC� 2 20 (11.5) 39 (11.0) 0.85 1.04

Initial treatment (<48 hours)
Source drainage or catheter withdrawal 49 (27.4) 153(40.5) 0.64 0.002 0.93 (0.63–1.36) 0.89 (0.61–1.29)
Inppropriate initial antibiotic 72 (41.1) 125(33.2) 1.39 0.014 1.39 (1.04–1.86) 1.37 (1.02–1.83)

PFGE, pulsed-field gel electrophoresis; MLST, multilocus sequence type; PVL, Panton–Valentine Leucocidine; MIC, minimum inhibitory concentration (lg/mL).
*Non-nosocomial acquisition includes healthcare-related and community acquisitions.
†CC5 includes ST125, ST146 and ST228.
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In our opinion, these contradictory results between studies

might have two complementary explantions: first, according to

our results and the findings of Holmes et al. [27], certain

clones might have an independent association with mortality.

Therefore, because vancomycin MIC differs from one clone to

another, it is reasonable to hypothesize that the distinct clonal

distribution in countries can influence the impact of vancomy-

cin susceptibility observed in different studies. Secondly, the

low correlation between E-test and microdilution, which is

illustred in Table 2 [28], might also lead to these different

observed results. In our opinion, as Rojas et al. [9] stressed,

there is lack of evidence in favour of using the E-test instead of

the recommended microdilution method to assess MRSA

vancomycin MIC. As far as we know, only one previous study

found an association between vancomycin MIC � 2 lg/mL

and mortality, using the microdilution method [19]. A recent

meta-analysis of MRSA BSI studies that assessed vancomycin

MICs by E-test concluded that while MIC � 1.5 lg/mL was

not associated with higher mortality, MIC � 2 was [7]. In

contrast, our study and others [29] did not find an indepen-

dent association with E-test vancomycin MICs � 2. In

summary, we believe that more studies will be needed to

resolve this controversy.

As regards therapeutic management, the initial therapy was

inappropriate in 34% of the episodes. It was also identified as

an independent predictive factor for mortality, as in previous

studies [3,30]. This is an interesting observation because

modifying this factor might reduce the number of related

deaths. In our study, patients with lower Pitt scores and

specific sources had a significantly higher risk of receiving initial

inappropriate antibiotic therapy. Interestingly, we found no

statistical differences in mortality in relation to the type of

appropriate antibiotics used as initial or definitive therapy.

However, we stress that this last analysis is limited because the

choice of antibiotic was not controlled and there may have

been some confounding factors in the variables regarding the

therapy. Also, vancomycin serum levels were not assessed in

this study. Therefore, conclusions regarding the impact of

antibiotic therapy should be reached with caution.

In conclusion, we identified several prognostic factors for

mortality in a large cohort of patients and provide support for

the concept that host and bacterial characteristics, as well as

initial therapy, have implications for MRSA-BSI outcomes. In

contrast, higher vancomycin MIC had no impact on mortality,

regardless of the method used to assess it. Special attention

should be paid to patients with one or some of these

predictors, in order to ensure the administration of correct

initial therapy.
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Objectives: A high proportion of patients with methicillin-resistant Staphylococcus aureus (MRSA) bacteraemia
die within a few days of the onset of infection. However, predictive factors for early mortality (EM) have barely
been examined. The aim of this study was to determine the predictive factors for EM in patients with MRSA
bacteraemia.

Methods: All episodes of MRSA bacteraemia were prospectively followed in 21 Spanish hospitals from June
2008 to December 2009. Epidemiology, clinical data, therapy and outcome were recorded. All MRSA strains
were analysed in a central laboratory. Mortality was defined as death from any cause occurring in the
30 days after the onset of MRSA bacteraemia. EM was defined as patients who died within the first 2 days,
and late mortality (LM) for patients who died after this period. Multivariate analyses were performed by
using logistic regression models.

Results: A total of 579 episodes were recorded. Mortality was observed in 179 patients (31%): it was early in 49
(8.5%) patients and late in 130 (22.5%). Independent risk factors for EM were [OR (95% CI)] initial Pitt score .3
[3.99 (1.72–3.24)], previous rapid fatal disease [3.67 (1.32–10.24)], source of infection lower respiratory tract
or unknown [3.76 (1.31–10.83) and 2.83 (1.11–7.21)], non-nosocomial acquisition [2.59 (1.16–5.77)] and in-
appropriate initial antibiotic therapy [3.59 (1.63–7.89)]. When predictive factors for EM and LM were compared,
inappropriate initial antibiotic therapy was the only distinctive predictor of EM, while endocarditis and lower
respiratory tract sources both predicted LM.

Conclusions: In our large cohort of patients several factors were related to EM, but the only distinctive predictor
of EM was inappropriate initial antibiotic therapy.

Keywords: MRSA, bloodstream infections, empirical antibiotic therapy

Introduction
Methicillin-resistant Staphylococcus aureus (MRSA) bacteraemia
is currently a cause of concern in Spain, where the incidence is
7/100000 patient days and the percentage of methicillin resist-
ance is 30.1 Mortality among patients with MRSA bacteraemia
is close to 30%.2 – 4 Predictive factors for mortality have been
related to host and microorganism characteristics and the

interaction between them, and to therapeutic interventions.5,6

The impact of host factors on mortality has been extensively
analysed; age and comorbidities are the factors identified most
frequently.7 Regarding the interaction between host and MRSA,
certain sources of bacteraemia have also been associated with
mortality.8 Some studies have also noted the significance of
the setting of acquisition.9,10 The influence of high MRSA vanco-
mycin MIC on mortality has been widely debated in recent years.
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While some studies report worse outcomes in episodes caused
by strains with higher vancomycin MICs, even in the susceptible
range,8,11 others do not.12 – 16 The impact of distinct MRSA
clones on mortality has received little attention.17,18 Lastly, in-
appropriate empirical therapy has been described as a predictor
of mortality,19,20 but some studies did not find a significant rela-
tionship with poor outcome.21

Although a large proportion of deaths occur within the first
few days after the onset of S. aureus bacteraemia,2,22 predictors
of early mortality (EM) have barely been examined.23 The object-
ive of this study was to determine distinctive predictors of EM in a
large cohort of patients with MRSA bacteraemia.

Patients and methods

Study period and patients
The study was conducted from June 2008 to December 2009 in 21
Spanish hospitals. Four centres had ,500 beds, nine had 500–1000
beds and eight had .1000 beds. All consecutive episodes of MRSA bac-
teraemia observed in adult patients in participating centres were pro-
spectively followed using a standardized protocol. Cases that did not
meet the inclusion criteria because of a lack of signs and symptoms con-
sistent with sepsis were excluded. Strains were sent to a central labora-
tory for further studies.

Study design
Patients with MRSA bacteraemia were classified into three groups accord-
ing to outcome: (i) patients with EM; (ii) patients with late mortality (LM);
and (iii) survivors. With the data, we carried out univariate and multivari-
ate analyses to assess the predictive factors for EM. Then, following the
methodology described by Harris et al.,24 two separate analyses were
performed: the first compared patients with EM and survivors and the
second compared patients with LM and survivors. Variables with statistic-
al significance in the first analysis but not in the second were considered
distinctive factors for EM; those that were significant only in the second
analysis were considered distinctive predictors of LM.

Definitions
MRSA bacteraemia was defined as the presence of at least one positive
blood culture for MRSA in a blood sample from a patient with clinical find-
ings consistent with infection.25 Comorbidity was measured by the Charl-
son score,26 which stratifies the associated diseases on an ordinal scale.
Patients were classified into three categories on the McCabe scale,27

according to their vital prognosis before the MRSA bacteraemia: non-fatal
if death was expected within a period of .5 years; ultimately fatal if
death was expected between 1 and 5 years; and rapidly fatal if it was
expected within the following year. Severity of sepsis in the acute condi-
tion was assessed by the Pitt score.28 According to the Friedman cri-
teria,29 three acquisition categories were considered: (i) nosocomial
bacteraemia if the episode was diagnosed at least 48 h after admission
to an ICU or a conventional (non-ICU) hospital ward and if there were no
signs or symptoms of infection at admission; (ii) healthcare-related bac-
teraemia if previous contact with the healthcare system was recorded
within the previous 3 months; and (iii) community acquisition if the
episode did not fit the previous conditions. The source of the bacteraemia
was defined according to the CDC criteria.30 Bacteraemia from an
unknown source (primary) was defined when the origin was uncertain
after careful examination of the clinical and microbiological data.
Distant extension was diagnosed with the presence of at least one
distant infection secondary to blood spread seeding. The initial antibiotic
was defined as the antibiotic administered in the first 48 h after the onset

of bacteraemia, independently of the microbiological information. Initial
antibiotic treatment was considered appropriate if the strain was suscep-
tible to at least one of the antibiotics administered according to the current
CLSI breakpoints,31 with the exception of aminoglycosides, which were
considered inappropriate regardless of the susceptibility test results.
Source was considered eradicated if the catheter or foreign body was
removed, if surgery on the source was carried out or if the bacteraemia
source was drained. For outcomes, mortality was defined as in-hospital
death from any cause occurring in the 30 days after the onset of MRSA bac-
teraemia. Mortality was defined as EM for patients who died within the
first 2 days and LM for patients who died later.

Susceptibility testing and molecular epidemiology of
MRSA isolates
Each hospital identified the strain and performed preliminary susceptibil-
ity tests. Isolates were sent to a central reference laboratory. All S. aureus
were identified by latex agglutination (Pastorex Staph-plus, Bio-Rad La-
boratories, Madrid, Spain) and DNase production (DNasE-test Agar, bio-
Mérieux, Marcy l’Étoile, France). Antimicrobial susceptibility of all MRSA
isolates was tested by the disc diffusion method according to the CLSI
guidelines.31 The antimicrobial agents tested were penicillin, oxacillin,
cefoxitin, erythromycin, clindamycin, gentamicin, tobramycin, ciprofloxa-
cin, rifampicin, trimethoprim/sulfamethoxazole, tetracycline, fosfomycin,
vancomycin, teicoplanin, chloramphenicol, daptomycin and linezolid.
MICs were determined by the microdilution method in accordance with
CLSI criteria by using commercial panels (ESTEN 2009, SensititreTM,
Izasa, Barcelona, Spain) read visually. Vancomycin MICs were also deter-
mined by Etest (bioMérieux) on Mueller–Hinton agar, using a turbidity
equivalent to that of a 0.5 McFarland standard.

PFGE was performed after SmaI restriction of chromosomal DNA.32

Restriction patterns were interpreted in accordance with criteria pub-
lished elsewhere.33 Representative isolates of each PFGE type and
subtype were studied to determine the multilocus sequence type
(MLST)34 and the staphylococcal chromosome cassette mec (SCCmec)
type.35 MLSTs and SCCmec types were further inferred for all the
strains. The agr polymorphism and the presence of genes encoding
class S (lukS-PV) and class F (lukF-PV) proteins for Panton–Valentine leu-
cocidin (PVL) were studied by PCR in all the isolates, following the meth-
odology described elsewhere.36,37

Statistical analysis
Continuous variables were compared using Student’s t-test or the Mann–
Whitney U-test as appropriate. Qualitative and stratified continuous
variables were compared using Fisher’s exact test or Pearson’s x2 test.
Relative risks were calculated with 95% CIs in a univariate analysis. The
multivariate analyses were performed by using logistic regression
models. All the variables with theoretical clinical significance and those
that achieved a P value ,0.10 in the univariate analysis were included
in the multivariate analysis and adjusted ORs were calculated with
95% CIs. Analyses were performed using SPSS v15 (Microsoft, USA).

Ethics considerations
The study was approved by the Spanish Network for Research in Infec-
tious Diseases (REIPI) and by the Institutional Review Board at each par-
ticipating centre. Because no direct patient contact was planned, the
requirement for informed consent was waived. The data were
de-identified in each centre and only then transferred for analysis.

Results
Overall, 590 episodes of MRSA bacteraemia were recorded.
Eleven of them were excluded due to the lack of complete
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information. Therefore, 579 episodes were finally included in the
analysis. One hundred and seventy-nine patients (31%) died: 49
(8.5%) were defined as EM and 130 (22.5%) as LM. There were
400 (69%) survivors.

Risk factors for EM

The cohort of patients with EM (n¼49) was compared with the
rest (n¼530). Clinical and microbiological characteristics and
therapeutic interventions were included in the univariate and
multivariate analyses. Independent risk factors for EM according
to logistic regression analysis were rapidly fatal disease (OR 3.67;
P¼0.012), respiratory and unknown sources (OR 3.76; P¼0.014

and 2.83; P¼0.029 respectively), non-nosocomial acquisition
(OR 2.59; P¼0.021), Pitt score of ≥3 (OR 3.99; P¼0.001) and in-
appropriate initial antibiotic therapy within the first 2 days (OR
3.59; P¼0.001). No microbiological characteristics, such as agr
type, clonal complex characterization, PVL or vancomycin MIC,
were significantly related to EM (Table 1).

Distinctive predictive factors for EM and LM

Multivariate analysis to identify distinctive predictors for EM and
LM are shown in Tables 2 and 3. Survivors and non-survivors were
compared. Patients with EM (n¼49) were more likely to be aged
.70 years than survivors (OR 2.77; P¼0.026), more likely to have

Table 1. Factors independently associated with EM in a logistic regression model of all patients with MRSA bacteraemia

Early deaths,
n¼49

Non-early deaths,
n¼530

Univariate
Multivariate adjusted

OR (95% CI)n (%) n (%) OR P value

Clinical characteristics
age (years) .70 33 (67) 283 (54) 1.79 0.07 1.46 (0.66–3.24)
gender female 15 (31) 179 (34) 0.87 0.65 1.05 (0.48–2.33)
Charlson score .5 15 (31) 148 (28) 1.13 0.71
McCabe scale non-fatal 14 (30) 265 (50)

ultimately fatal 20 (43) 192 (37) 1.97 0.06
rapidly fatal 13 (28) 69 (13) 3.57 0.02 3.67 (1.32–10.24)

source skin and soft tissues 4 (8) 77 (15) 1.57 0.48
surgical site infection 2 (4) 34 (6) 1.77 0.49
catheter 7 (14) 211 (40)
endocarditis 1 (2) 16 (3) 1.89 0.57
lower respiratory tract 13 (27) 57 (11) 6.88 ,0.01 3.76 (1.31–10.83)
unknown source 17 (35) 77 (15) 6.67 ,0.01 2.83 (1.11–7.21)

distant secondary focus 3 (6) 99 (19) 0.28 0.04
foreign body presence 16 (33) 253 (48) 0.53 0.05
acquisition nosocomial 20 (42) 318 (60)

non-nosocomiala 28 (58) 210 (40) 2.12 0.01 2.59 (1.16–5.77)
Pitt score .3 24 (49) 92 (18) 4.52 ,0.01 3.99 (1.72–9.24)

Microbiological studies
agr type I 15 (31) 108 (21)

II 32 (67) 386 (77) 0.59 0.12
III 1 (2) 10 (2) 0.72 0.76

PFGE type 12 9 (19) 24 (5)
4 1 (2) 47 (9) 0.57 ,0.01
5 1 (2) 31 (6) 0.09 0.02
2 30 (63) 341 (68) 0.24 0.01

clonal complex 5b 32 (67) 385 (78)
8 9 (19) 35 (7) 3.09 ,0.01
22 1 (2) 46 (9) 0.26 0.19
other 6 (13) 28 (6) 2.58 0.06

PVL 1 (2) 14 (3) 0.75 0.78
vancomycin MIC ≥1.5 mg/L 4 (8) 14 (3) 3.18 0.05

Initial treatment (,48 h)
source drainage 6 (12) 199 (38) 0.23 ,0.01
inappropriate initial antibiotic 31 (67) 170 (32) 4.33 ,0.01 3.59 (1.63–7.89)

aNon-nosocomial acquisition includes healthcare-related and community acquisitions.
bClonal complex 5 (CC5) includes ST125, ST146 and ST228.
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rapidly fatal disease (OR 10.38; P,0.001), unknown source
(OR 5.16; P¼0.004), a Pitt score ≥3 (OR 13.36; P,0.001) and in-
appropriate initial antibiotic therapy within the first 2 days
(OR 3.88; P¼0.004). Patients with LM (n¼130) were more likely
to be aged .70 years (OR 3.32; P,0.001), to have rapidly fatal
disease (OR 8.55; P,0.001), endocarditis and lower respiratory
tract and unknown sources (OR 4.12; P¼0.011, OR 2.46;
P¼0.039 and OR 3.07; P¼0.003, respectively) and a Pitt score
of ≥3 (OR 6.07; P,0.001) than survivors.

A comparison of the two models showed that for patients
with EM inappropriate initial antibiotic therapy within the first
2 days was an independent distinctive factor (Figure 1), while
endocarditis and lower respiratory tract sources were distinctive
factors for LM. Old age, rapidly fatal disease, unknown source
and Pitt score were associated with mortality in both groups.

Discussion
More than 20 years since the dissemination of MRSA strains in
Spanish hospitals, our knowledge of this microorganism has signifi-
cantly improved. However, mortality of patients with MRSA bacter-
aemia remains high, close to 30%.38 In this large multicentre,
prospective study we found that a considerable proportion of all-
cause deaths among patients with MRSA bacteraemia occurred in
the first 2 days after onset. Inappropriate antibiotic therapy was
identified as a distinctive predictor of EM, and endocarditis and
lower respiratory tract sources were identified as predictors of LM.

Although this issue has not been specifically studied to date,
we infer that about 50% of non-survivors may die within the first
4–9 days after the onset of staphylococcal bacteraemia.3,39,40 To
our knowledge, there are no studies that analyse in detail the

Table 2. Associated factors for EM (compared with 30 day survivors); logistic regression model

Univariate P value Multivariate adjusted OR (95% CI)

Clinical characteristics
age (years) .70 0.01 2.77 (1.11–6.89)
gender female 0.84
Charlson score .5 0.39
McCabe scale non-fatal

ultimately fatal 0.03
rapidly fatal ,0.01 10.38 (3.13–34.4)

Pitt score .3 ,0.01 13.36 (4.46–39.9)
acquisition nosocomial

non-nosocomiala 0.031
source vascular catheter

skin and soft tissues 0.51
surgical site infection 0.46
endocarditis 0.40
lower respiratory tract ,0.01
unknown ,0.01 5.16 (1.67–15.9)

foreign body presence 0.03

Microbiological studies
agr type I

II 0.11
III 0.76

PFGE type 12
4 0.06
5 0.03
2 0.01

clonal complex 5b

8 ,0.01
22 0.17
other 0.08

PVL 0.85
vancomycin MIC ≥1.5 (mg/L) 0.08

Initial treatment (,48 h)
source drainage ,0.01
inappropriate initial antibiotic ,0.01 3.88 (1.55–9.73)

aNon-nosocomial acquisition includes healthcare-related and community acquisitions.
bCC5 includes ST125, ST146 and ST228.
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factors associated with EM. However, a recent population study
from the UK found a rate of EM of 11% and reported that the
highest risk of death (4.5%) was during the first day of bacter-
aemia.23 The absence of clinical, microbiological and treatment
data in that study limits the possibility of further analysis regard-
ing the risk factors for EM.

Studies that have examined the relationship between in-
appropriate empirical therapy and mortality in S. aureus and
MRSA bacteraemia have yielded conflicting results. Although
some studies did not find a significant association,21,41,42 many
others did: Soriano et al.10 identified inappropriate therapy as a
predictor of related mortality, with an OR of 2.13, as did
Rodrı́guez-Baño et al.20 in a cohort of healthcare-acquired
sepsis due to MRSA (OR 3.0). Marchaim et al.43 identified a
delay of 2 days in receiving appropriate antibiotic therapy as a

predictor of in-hospital mortality (OR 2.35) and Paul et al.19

reported a significant association with 30 day mortality. Lodise
and McKinnon4 also found an association with 30 day mortality
(OR 2.1) and infection-related death (OR 2.2). Lastly, a delay in
adequate antibiotic therapy of .44.76 h was identified as an in-
dependent predictor of related mortality (OR 3.8) in patients with
S. aureus bacteraemia.22 In the study by Lodise and McKinnon,4

MRSA was an independent predictor of delayed therapy. In our
opinion, the identification of inappropriate initial antibiotic
therapy as the distinctive predictor of EM supports the hypothesis
that the use of 30 day mortality rate may be an excessively
crude way of assessing the impact of initial antibiotic therapy.

Our results reinforce the importance of ensuring early admin-
istration of adequate antibiotic treatment when MRSA bacter-
aemia is a diagnostic possibility. As in other studies,19 a great

Table 3. Associated factors for LM (compared with 30 day survivors); logistic regression model

Univariate P value Multivariate adjusted OR (95% CI)

Clinical characteristics
age (years) .70 ,0.01 3.32 (1.92–5.73)
gender woman 0.24
Charlson score .5 0.01
McCabe scale non-fatal

ultimately fatal 0.02
rapidly fatal ,0.01 8.55 (4.08–17.91)

Pitt score .3 ,0.01 6.07 (3.33–11.07)
acquisition nosocomial

non-nosocomiala 0.20
source vascular catheter

skin and soft tissues 0.23
surgical site infection 0.59
endocarditis 0.06 4.12 (1.48–11.45)
lower respiratory tract 0.05 2.46 (1.04–5.79)
unknown 0.003 3.07 (1.46–6.45)

foreign body presence 0.23

Microbiological studies
agr type I

II 0.95
III 0.78

PFGE type 12
4 0.53
5 0.96
2 0.58

clonal complex 5b

8 0.55
22 0.72
other 0.64

PVL 0.70
vancomycin MIC ≥1.5 (mg/L) 0.69

Initial treatment (,48 h)
source drainage 0.14
inappropriate initial antibiotic 0.76

aNon-nosocomial acquisition includes healthcare-related and community acquisitions.
bCC5 includes ST125, ST146 and ST228.
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proportion of patients in our series received inappropriate cover-
age, especially when acquisition was non-nosocomial (data not
shown). This is a striking observation since risk factors for MRSA
bacteraemia at hospital admission are well established,44,45 the
most significant one being referral from a long-term care facility
and prior MRSA colonization. This information should be taken
into account to avoid unnecessary delays in the administration
of appropriate antibiotic therapy.

Our study has some limitations. First, our definition of appro-
priate antibiotic therapy is controversial: antibiotics classified as
inadequate, such as aminoglycosides, may have some effect
on MRSA. Also, glycopeptides were classified as appropriate re-
gardless of serum levels, which were not always assessed in
the first 48 h. In contrast, some bacteriostatic antibiotics classi-
fied as appropriate would not usually be used as first choice
against MRSA bacteraemia, as other authors have previously
pointed out.46,47 Second, differences between centres regarding
the clinical management and early suspicion of the infection
as well as time until the microbiological identification of suscep-
tibility patterns and the presence of the gene mecA may con-
found the evaluation of antibiotic therapy during the first 2 days.

In summary, our experience suggests that inappropriate anti-
biotic treatment plays a crucial role in EM among patients with
MRSA bacteraemia. Strategies to ensure the adequacy of empir-
ical antibiotic therapy are needed.
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Lack of association between genotypes and haematogenous seeding

infections in a large cohort of patients with methicillin-resistant

Staphylococcus aureus bacteraemia from 21 Spanish hospitals
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Abstract

There is increasing concern regarding the association between certain methicillin-resistant Staphylococcus aureus (MRSA) genotypes and

poor clinical outcome. To assess this issue, a large cohort of 579 subjects with MRSA bacteraemia was prospectively followed from June

2008 to December 2009, in 21 hospitals in Spain. Epidemiology, clinical data, therapy, and outcome were recorded. All MRSA strains were

analysed in a central laboratory. Presence of a haematogenous seeding infection was the dependent variable in an adjusted logistic regression

model. Of the 579 patients included in the study, 84 (15%) had haematogenous seeding infections. Microdilution vancomycin median MIC

(IQR) was 0.73 (0.38–3) mg/L. Most MRSA isolates (n = 371; 67%) belonged to Clonal Complex 5 (CC5) and carried an SCCmec element

type IV and agr type 2. Isolates belonging to ST8-agr1-SCCmecIV, ST22-agr1-SCCmecIV and ST228-agr2-SCCmecI—a single locus variant of

ST5—accounted for 8%, 9% and 9% of the isolates, respectively. After adjusting by clinical variables, any of the clones was associated with

increased risk of haematogenous seeding infections. Higher vancomycin MIC was not identified as an independent risk factor, either. In

contrast, persistent bacteraemia (OR 4.2; 2.3–7.8) and non-nosocomial acquisition (3.0; 1.7–5.6) were associated with increased risk.
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Background

Staphylococcus aureus is one of the microorganisms most

frequently involved in bacteraemia worldwide. Compared with

other microorganisms, it is associated with higher rates of

morbidity and mortality [1].

Haematogenous seeding infections are a frequent feature of

S. aureus bacteraemia [2]. This clinical scenario is observed in

approximately 30–40% of episodes and can be predicted by the

presence of factors such as community acquisition, unknown

source, suggestive skin lesions, persistent fever and positive

follow-up blood cultures [3].

Infective endocarditis (IE) caused by S. aureus is probably

the most relevant complication due to this microorganism [4].

Notably, with mortality rates between 40% and 50%, meth-

icillin-resistant S. aureus (MRSA) IE is associated with worse

prognosis than methicillin-sensitive S. aureus IE [5].

Higher vancomycin minimum inhibitory concentration

(V-MIC), has been described as an independent predictor of

treatment failure [6] and complicated bacteraemia [7]. Given

that most clinical studies do not include molecular microbi-

ology assessment, it is not known whether certain MRSA

genotypes are associated with worse outcome and enhanced

risk of complications. However, a few studies have taken into

account strain clonality in their analyses of outcome predictors

with contradictory results [8–11]. In this study we evaluated

the influence of MRSA genotypes on the appearance of

haematogenous seeding infections in a large cohort of

bacteraemia episodes.

Methods

Study period and patients

The study was conducted from June 2008 to December 2009

in 21 hospitals in Spain. Four hospitals had <500 beds; nine had

500–1000 beds; and eight had >1000 beds. An infectious

disease specialist prospectively followed up adult patients

(>16 years old) with MRSA blood cultures previously detected

at the microbiology laboratory, and excluded those that did

not meet the inclusion criteria (lack of signs and symptoms

consistent with sepsis). A standardized protocol with demo-

graphic and clinical information was applied. Strains were sent

to a central laboratory for further studies. The first isolate of

each episode was used for the analysis.

Study design

With the data collected, MRSA bacteraemia episodes with and

without observed haematogenous seeding infections were

compared. To analyse whether there is an association with

genetic background, we carried out an adjusted multivariate

analysis in which presence of haematogenous seeding infection

was the dependent variable and MRSA clonal complex was the

independent variable of interest.

Definitions

The MRSA bacteraemia was defined as the presence of at least

one positive blood culture for MRSA in a sample from a patient

with clinical findings consistent with infection. When a focal

infection different from bacteraemia portal of entry was

diagnosed, the episode was considered a haematogenous

seeding infection. Clinical data were interpreted accordingly

with the infectious diseases specialist criteria.

Clinical variables. Co-morbidity was measured using the Charl-

son score, which stratifies the associated diseases on an ordinal

scale. Three acquisition categories were considered: (i) noso-

comial bacteraemia was considered when the episode was

diagnosed at least 48 h after hospital admission, either to the

ICU or to a conventional ward (non-ICU), and when there were

no signs or symptoms of infection at admission; (ii) health-

care-related bacteraemia was diagnosed following Friedman’s

criteria; and (iii) community acquisition was considered when

MRSA bacteraemia was diagnosed within 48 h of admission and

when no previous contact with the healthcare system was

recorded. The bacteraemia portal of entry was defined following

CDC criteria [12]. Endocarditis was diagnosed in cases that met

modified Duke criteria [13]. The severity of sepsis was

determined on the basis of the Pitt score. Initial antibiotic was

defined as the antibiotics administered in the first 48 h after

bacteraemia onset. Definitive treatment was considered the

antimicrobials administered after performing microbiological

sensitivity tests. Antibiotic treatment was considered appropri-

ate when the MRSA isolate was susceptible to at least one of the

antibiotics administered, following the current CLSI break-

points, with the exception of aminoglycosides, which were

considered inappropriate, regardless of the sensitivity tests.

Early intervention was considered when the catheter or foreign

body was removed, or when a surgical procedure or drainage of

infected source was performed within the first 48 h. Persistent

bacteraemia was diagnosed when MRSA was isolated in blood

cultures more than 48 h after the first dose of appropriate

antibiotic. Relapse was diagnosed within 4 weeks after the end

of therapy.

Susceptibility testing and molecular epidemiology of MRSA

isolates

Each hospital identified the isolates and performed preliminary

susceptibility tests. Further antimicrobial susceptibility testing
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of all MRSA isolates was carried out in a central laboratory

using the microdilution method. Commercial panels were used

(ESTEN 2009, Sensititre; Izasa, Barcelona, Spain), and results

were interpreted following the guidelines of the National

Committee for Clinical Laboratory Standards (currently the

CLSI).

Pulsed-field gel electrophoresis (PFGE) was performed after

SmaI restriction of chromosomal DNA in all isolates, following

a previously published method [14]. Restriction patterns were

interpreted following the criteria published elsewhere [15]. To

determine the multilocus sequence type (MLST) [16] and the

staphylococcal chromosome cassette mec (SCCmec) types

[17], we studied representative isolates of each PFGE type and

subtype. Accordingly, MLSTs and SCCmec types were further

inferred for all the strains. MLST sequences types (ST) were

assigned through the MLST database (http://www.mlst.net),

and clonal complexes (CC) were defined using the EBURST v3

algorithm (http://eburst.mlst.net). The agr polymorphism and

the presence of genes in all the isolates were examined by

PCR, following previously described methodology [18].

Statistical analysis

Qualitative and stratified continuous variables were compared

using Fisher’s exact test or Pearson’s chi-squared test. Relative

risks were calculated with 95% CI in a univariate analysis.

Multivariate analysis was performed by using a logistic regres-

sion model in which presence of haematogenous seeding

infection was the dependent variable. All the variables with

theoretical clinical significance and those that achieved a p value

<0.10 in the univariate analysis were included in the multivar-

iate analysis, and adjusted OR were calculated with 95% CI. All

analyses were performed using SPSS.v21 (Microsoft, Chicago,

IL, USA).

Ethical considerations

The study was approved by the Spanish Network for Research

in Infectious Diseases (REIPI) as well as the Institutional Review

Board of each participating centre. Because no direct patient

contact was planned, the requirement for informed consent

was waived. The data were de-identified in each centre and

only then transferred for analysis.

Results

Overall, 579 episodes of MRSA bacteraemia were included in

the analysis. Their main characteristics are summarized in

Table 1. Of these, 84 (15%) were diagnosed with haematog-

enous seeding infections. Twenty-five PFGE types were found

among the 579 isolates (Fig. 1) [19]. A dominant PFGE

genotype (pulse-type 2) was found in 371 isolates (67%), all of

which belonged to CC5 (ST125 and ST146). They carried an

SCCmec element type IV and agr type 2. Forty-seven (9%)

isolates of clonal type ST228-agr2, a single locus variant of

ST5, were considered a separate clone based on the SCCmec

polymorphism type I. CC22-SCCmecIV-agr1 and CC8-

SCCmecIV-agr1 accounted for 9% and 8%, respectively, of

all the strains studied. CC5, CC228 and non-CC5/CC8/

CC22/ST228 microdilution V-MIC50 and V-MIC90 were 0.75

and 1.0 mg/L, whereas those of CC22 and CC8 were

0.75 mg/L.

TABLE 1. Summary of episodes of methicillin-resistant

Staphylococcus aureus bacteraemia

Clinical characteristics (n = 579) n (%)

Age
Mean (SD) 69.1 (14.3)

Gender
Female 194 (34)

Charlson
Median (ICR) 3 (2–6)

McCabe
Non-fatal 279 (49)
Ultimately fatal 212 (37)
Rapidly fatal 82 (14)

Portal of entry
Vascular catheter 218 (38)
Unknown 123 (21)
Skin and soft tissues 81 (14)
Lower respiratory tract 70 (12)
Surgical site infections 36 (6)
Urinary tract 28 (5)

Haematogenous seeding infection 84 (15)
Endocarditis 32
Bone and joint infection 28
Lung 6
Endophthalmitis 5
Spleen 5
Central nervous system 4
Liver 1
Other 9
Persistent bacteraemia 93 (23)
Foreign body presence 270 (47)
Acquisition

Nosocomial 338 (59)
Healthcare-related 238 (38)
Community 20 (4)

Pitt score
Median (ICR) 1 (0–3)

Microbiological studies (n = 552)

agr type
II 419 (76)
I 122 (22)
III 11 (2)

MLST-SCCmec
CC5a—IV 371 (67)
CC22—IV 48 (9)
ST228—I 47 (9)
CC8—IV 44 (8)
Other 42 (8)

Microdilution vancomycin median MIC (IQR) (mg/L) 0.73 (0.38–3)

Initial treatment

Appropriate initial antibiotic 371 (66)
Source drainage or catheter withdrawal 205 (35)

MLST, multilocus sequence typing; ST, sequence type; CC, clonal complex;
SCCmec, staphylococcal cassette chromosome; IQR, interquartile range.
aCC5 includes ST125 and ST146.
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Impact of clonality on the appearance of haematogenous

seeding infections

Haematogenous seeding infections were observed in 17% of the

episodes caused by strains belonging to CC22, and in 13–15% of

the episodes caused by strains belonging to the other genotypes

(ST228, CC8, CC5 and other clones grouped).

The following clinical factors were used to adjust the logistic

regression model: age ≤70 years, portal of entry, foreign body

presence, acquisition, persistent bacteraemia, early intervention

on portal of entry and appropriate initial antibiotic therapy.

Episodes with and without haematogenous seeding infections

had similar proportions of isolates with V-MIC > 1.5 mg/L in the

univariate analysis (p 0.74) (Table 2). After adjusting by the

former variables, any of the clones was associated with the

presence of haematogenous seeding infections. In contrast, only

persistent bacteraemia (OR 4.2; 2.3–7.8) and non-nosocomial

acquired episodes (3.0; 1.7–5.6) were associated with an

increased risk of haematogenous seeding infections (Table 3).

Notably, there were no differences between the most prevalent

clones, regarding the proportion of persistent bacteraemia

episodes (31% of ST228; 28% of ST146; 23% of ST 125; 28% of

ST22; 18% of ST8), nor between typical community clones

grouped (ST8/USA300 and ST398; n = 15) and the rest of the

clones (p 0.4). Lastly, persistence was also similar among the

nosocomial and non-nosocomial acquisition cohorts (24% and

21%, respectively) (p 0.4).

Discussion

Although definitions between studies differ widely, predictive

factors for complications among S. aureus bacteraemia have

(a) (b) (c)

FIG. 1. Molecular characterization of methicillin-resistant Staphylococcus aureus (MRSA) isolates. Shown from left to right are (a) a dendrogram

comparing pulsed-field gel electrophoresis (PFGE) of SmaI macrorestriction fragments, (b) PFGE patterns and types (expressed by numbers),

followed by (c) multilocus sequence typing (MLST) and clonal complex (CC). The cut-off value to define PFGE types was set at 80%. Optimization and

band position tolerance were both set at 0.6%.

ª2013 The Authors

Clinical Microbiology and Infection ª2013 European Society of Clinical Microbiology and Infectious Diseases, CMI

4 Clinical Microbiology and Infection CMI



been described. As in our study, persistent bacteraemia and

community acquisition are some of the most relevant identi-

fied risk factors [2,3,20–24]. Surprisingly, the impact of

distinctive clones on the appearance of complications has

usually received little attention until now.

Taking advantage of a large well-characterized MRSA clinical

series from bacteraemia episodes, the present study sought to

determine whether there was an independent association

between certain genotypes and the appearance of haematog-

enous seeding infections. Although this question has been

addressed previously, inconsistent findings have been

reported.

Although some studies did not find that MRSA genotypes

differ in their ability to cause invasive infections, others did

[25], thereby indicating a possible association between certain

MRSA clones and some virulence factors. Furthermore, the

influence of some S. aureus clonal groups on clinical outcome

has also been assessed. Fowler et al. [9] recently found an

association between CC5 and CC30, and haematogenous

complications. In a subsequent study, they identified 14

non-SCCmec-specific genes that were associated with com-

plicated bacteraemia [26]. Also, Wertheim et al. [27] observed

higher mortality in episodes of bacteraemia caused by certain

S. aureus CCs, and Seidl et al. [28] reported lower frequencies

of persistent MRSA bacteraemia in episodes caused by CC1. It

should be noted that all the former studies emphasized that all

the genotypes examined could cause invasive disease.

The scientific community is increasingly concerned about

the impact of higher V-MIC on outcome. In our study, loss of

vancomycin susceptibility was not identified as a risk factor for

haematogenous seeding infection. In this regard, two recent

clinical studies have demonstrated an association between

higher V-MIC and mortality [29], or complications [7] in

episodes of S. aureus bacteraemia that were not treated with

vancomycin. Those results revealed V-MIC to be a marker of

certain specific strain factors, which might be related to a

poorer outcome. To ascertain the effect of clonality on these

associations, molecular characterization of strains would have

been needed. However, it was not performed in those studies.

In this regard, Miller et al. [11] reported a strong association

between CC22 isolates with high V-MIC and endocarditis or

septic metastasis, among catheter-related MRSA bacteraemias.

In contrast with the former studies, in our cohort of

patients with MRSA bacteraemia, risk of haematogenous

seeding infections was not associated with any of the analysed

genotypes. A recent study of 159 patients with MRSA

bacteraemia did not find an association between the risk of

persistent bacteraemia and their clonal complexes (CC5, CC8

and CC15), either [8]. Therefore, the findings from these two

studies would suggest that risk for complicated bacteraemia

would be influenced by factors that depend on the host and

the host’s interaction with the microorganism rather than by

the microorganism-specific characteristics.

All of these distinct results between studies might have

different plausible explanations. First, the different definitions

TABLE 2. Predictive factors for methicillin-resistant Staphy-

lococcus aureus haematogenous seeding infections: univariate

logistic regression analysis

Haematogenous
seeding,
n = 84
(15)
n (%)

Non-
haematogenous
seeding,
n = 492
(85)
n (%)

Univariate
p value

Age
<70 years 38 (45) 275 (56) 0.08

Gender
Female 30 (36) 162 (33) 0.62

Charlson
>5 points 19 (23) 144 (29) 0.20

McCabe
Non-fatal 42 (51) 235 (48)
Ultimately fatal 33 (40) 178 (37) 0.88
Rapidly fatal 8 (9) 74 (15) 0.22

Pitt score
>3 points 15 (18) 102 (21) 0.52

Portal of entry
Intravascular

catheter
24 (29) 193 (39)

Unknown 27 (32) 95 (19) 0.01
Surgical site 10 (12) 26(5) 0.01
Skin and soft tissues 18 (21) 62 (13) 0.01
Lower espiratory

tract
1 (1) 69 (14) 0.04

Foreign body presence 44 (52) 223 (45) 0.23
Acquisition

Non-nosocomiala 46 (56) 190 (39) 0.03
Persistent bacteraemia 30 (42) 63 (19) 0.001
Clonal complex

CC22 8 (9) 39 (9)
CC5 54 (67) 316 (68) 0.83
CC8 6 (8) 37 (8) 0.79
ST228 6 (8) 41 (9) 0.56
Other 7 (8) 30 (6) 0.82

Microdilution
vancomycin
MIC ≥ 1.5 mg/L

3 (4) 15 (3) 0.74

Early interventionb 37 (44) 167 (34) 0.07
Appropriate initial
antibiotic therapy

62 (74) 307 (63) 0.04

aHealthcare-acquired and community-acquired episodes are analysed together.
bEarly intervention included catheter withdrawal, drainage of source or surgery
within the first 48 h after MRSA bacteraemia onset.

TABLE 3. Adjusted logistic regression analysis for presence

of haematogenous seeding infections among methicillin-resis-

tant Staphylococcus aureus bacteraemiaa

Adjusted OR (95% CI)

Clonal complex
CC22
CC5b 2.3 (0.7–7.5)
CC8 2.1 (0.5–9.6)
ST228 1.2 (0.2–5.7)
Other clones 3.4 (0.7–15.6)

Persistent bacteraemia 4.2 (2.3–7.8)
Non-nosocomial acquisition 3.0 (1.7–5.6)

aAdjusted by age, portal of entry, foreign body presence, acquisition, persistent
bacteraemia, early intervention on portal of entry and appropriate initial antibiotic
therapy.
bCC5 includes ST125 and ST146.

ª2013 The Authors
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used to assess outcomes. Second, the specific distribution of

clones and virulence genes in each region may influence the

existence of differences regarding their ability to cause compli-

cations [10]. For instance, our study registered a low presence

of typical community clones (i.e. ST8 harbouring PVL, ST398),

whereas the prevalence of these clones in other regions is

higher [30]. In contrast, most of the isolates in our study

belonged to CC5. Therefore, we cannot rule out the possibility

that some of the less prevalent clones in our cohort may be

associated with haematogenous seeding infections. Third, we

must also consider the possibility of a publication bias related to

the inclination to report positive results. Last, instead of

genotypes, certain virulence factors more frequently harboured

by some clones might be the authentic prognostic factors that

influence the final outcomes. As a result, more clinical studies

will be required to analyse differences between clones regarding

their ability to increase the risk for worse outcomes, and

specifically, to cause haematogenous seeding infections.
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Sir,
Most published reports of methicillin-resistant Staphylococcus
aureus (MRSA) bacteraemia treated with daptomycin have re-
corded high success rates.1,2 However, therapeutic failure with
emergence of resistance has also been observed, especially asso-
ciated with deep-seated infections (e.g. endocarditis, osteomye-
litis), high inocula of bacteria and low-dose regimens.3 Although
6 mg/kg has usually been the standard recommended dose
regimen, in recent Infectious Diseases Society of America (IDSA)
guidelines 8–10 mg/kg regimens are considered for complicated
bacteraemias and infective endocarditis (B-III).4 We aimed to as-
certain the clinical impact of susceptibility loss during daptomycin
therapy in a cohort of patients with MRSA bacteraemia diagnosed
and treated at 21 Spanish hospitals from June 2008 to December
2009. An infectious disease specialist prospectively followed the
adult patients (.16 years old) with MRSA bacteraemia previously
detected at the microbiology laboratory.5 A standardized protocol

with demographic and clinical information, including age, sex,
morbidities, source and acquisition, diagnostic explorations, anti-
biotic treatment, follow-up and outcome, was applied. Extraction
of blood cultures every 72 h until they were sterile was recom-
mended in the protocol (though not mandatory for inclusion in
the study). Episodes of documented bacteraemia for ≥7 days
were classified as persistent bacteraemia. Daptomycin was the
definitive therapy when it was administered immediately after
obtaining antibiotic susceptibility information, eitheralone orcom-
bined with other antibiotic agents for at least 7 days, or otherwise
until sterile blood cultures were obtained or the patient’s death. For
outcome, therapeutic failure included patients in which MRSA was
still yielded by blood cultures despite daptomycin therapy (micro-
biological failure) as well as those receiving daptomycin as defini-
tive therapy who died within 30 days of bacteraemia onset.
Isolates were sent to a central reference laboratory. Susceptibility
testing and molecular identification of all MRSA isolates were per-
formed as published previously.5 Associations between different
variables and final outcomes (microbiological and clinical failure)
were assessed using two-tailed Fisher’s exact test. Differences
were considered to be statistically significant when P values were
≤0.05. SPSS v15 was used for all the analyses. The study was
approved by the Spanish Network for Research in Infectious Dis-
eases (REIPI) as well as the Institutional Review Board of each par-
ticipating centre. Because no direct patient contact was planned,
the requirement for informed consent was waived.

Among 579 episodes of MRSA bacteraemia included in our
study, daptomycin was used as initial therapy in 44/518 (8%)
patients, while 124/518 (24%) patients received the antibiotic as
definitive therapy: 77 (65%) at 6 mg/kg and 41 (35%) at higher
doses (NB - in 6 patients we did not know the exact doses of dapto-
mycin used). Concomitantly with daptomycin, 13 (10%) patients
received other antibiotics with anti-staphylococcal activity: rifam-
picin (n¼6), aminoglycosides (n¼3), vancomycin, linezolid, teico-
planin and rifampicin plus gentamicin (n¼1, each). Persistent
bacteraemia was diagnosed in 22 of 124 (18%) episodes treated
with daptomycin. Their main characteristics are summarized in
Table 1. Significant increases in daptomycin MIC were observed in
subsequent isolates of 7 of 18 (39%) episodes. Death within
30 days was observed in 7 of 22 (32%) and microbiological
failure in 9 of 22 (41%) episodes. Daptomycin MIC increase was
significantly associated with microbiological failure [OR 27
(1.9–368.4)] and with therapeutic failure of any cause [OR 16
(1.3–194.6)]. By contrast, none of the other factors evaluated
was associated.

Few clinical reports of daptomycin therapeutic failures with
emergence of resistance have been published until now; most
of the patients were treated with low doses of daptomycin or
had deep infections associated with high inocula of bacteria.6

Two of these studies demonstrated daptomycin susceptibility loss.
First, in a clinical trial that compared daptomycin (6 mg/kg) with
standard therapy against S. aureus bacteraemia, isolates with
reduced susceptibility to daptomycin emerged in 6 of the 19 epi-
sodes (32%) with persistent or relapsing bacteraemia.7 Secondly,
in a subcohort of 10 episodes of S. aureus persistent bacteraemia
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Table 1. MRSA persistent bacteraemia episodes treated with daptomycin

ID

Patient MRSA isolates Therapy Outcome

age (years)/
gender

previous
VAN source/acquisition

initial/
final

DAP MIC
(mg/L)

initial/
final

VAN MIC
(mg/L)

initial
therapy

DAPa, regimen
dose (days from first

dose to last blood
culture

yielding MRSA)

intervention on source
(days from DAP first

dose)
sterile blood

culture
30 day

mortality

1 84/M no catheter/HCR ≤0.5/2 0.5/1 DAP 10 mg/kg (18) catheter withdrawal (27) no yes
2 83/M no IE/HCR ≤0.5/2 0.7/1.5 DAP 10 mg/kg (13) no no yes
3 76/F no catheter/ICU ≤0.5/1.5 0.5/1 VAN 10 mg/kg (13) catheter withdrawal (22) no yes
4 84/M no catheter/non-ICU ≤0.5/1 0.5/0.5 VAN 8 mg/kg (7) catheter withdrawal (21) no yes
5 58/M no SSTs/non-ICU ≤0.5/NA 1/NA VAN 10 mg/kg (7) no no yes
6 82/F no IE/HCR ≤0.5/≤0.5 0.5/0.5 LZD 8 mg/kg (9)+RIF surgery (23) no yes
7 41/M no catheter/non-ICU ≤0.5/≤0.5 1/1 VAN 8 mg/kg (9) catheter withdrawal (26) yes, with DAP 8 yes
8 74/F yes bone and joint

infection/HCR
≤0.5/1.5 0.5/0.5 DAP 10 mg/kg (28) no yes, with FOS+IPM no

9 65/M no catheter/ICU ≤0.5/2 0.5/1 VAN 10 mg/kg (21) catheter withdrawal (22) yes, with FOS+IPM no
10 78/F no unknown/non-ICU <0.5/2 0.5/1 no antibiotic 8 mg/kg (21) no yes, with LZD no
11 81/M no SSTs/non-ICU ≤0.5/NA 1/NA DAP 6 mg/kg (6) no yes, with DAP 8 no
12 69/F no SSTs/HCR ≤0.5/≤0.5 1/1 VAN 10 mg/kg (5) no yes, with DAP 10 no
13 69/M yes SSTs/non-ICU 0.75/3 1.5/2 DAP 10 mg/kg (8) drainage (0) yes, with DAP 10 no
14 80/M no urinary/HCR 0.5/0.5 1/1 no antibiotic 6 mg/kg (4) no yes, with DAP 6 no
15 58/M no catheter/non-ICU ≤0.5/NA 1/NA VAN 10 mg/kg (16) catheter withdrawal (21) yes, with DAP 10 no
16 73/M no catheter/HCR ≤0.5/NA 1/NA DAP 8 mg/kg (9) catheter withdrawal (0) yes, with DAP 8 no
17 52/M yes catheter/HCR ≤0.5/≤0.5 1/≤0.5 VAN 8 mg/kg (3)+RIF catheter withdrawal (21) yes, with DAP 8+RIF no
18 82/M no catheter/non-ICU ≤0.5/≤0.5 1/1 DAP 8 mg/kg (6) catheter withdrawal (23);

surgery on metastatic
infection (+14)

yes, with DAP 8 no

19 77/M no IE/HCR ≤0.5/1 0.5/2 VAN 6 mg/kg (21)+GEN+RIF no yes, with DAP 6+GEN no
20 70/M no catheter/HCR ≤0.5/≤0.5 2/0.5 DAP 6 mg/kg (5) catheter withdrawal (+8) yes, with DAP 6 no
21 66/M no unknown/non-ICU ≤0.5/≤0.5 0.5/0.5 DAP 6 mg/kg (11) no yes, with DAP 6 no
22 60/M no unknown/HCR ≤0.5/≤0.5 0.5/0.5 VAN 8 mg/kg (27) surgery (+3) yes, with DAP 8 no

M, male; F, female; HCR, healthcare related; ICU, intensive care unit; IE, infective endocarditis; SSTs, skin and soft tissues; NA, data not available; DAP, daptomycin; FOS, fosfomycin; GEN,
gentamicin; IPM, imipenem; LZD, linezolid; RIF, rifampicin; VAN, vancomycin.
Episodes 1–10 had microbiological and/or clinical failure (microbiological failure, patients 1–6 and 8–10; clinical failure, patients 1–7).
Bold numbers in MRSA isolates columns show significant changes in the antibiotic MIC.
MICs were determined using the microdilution method.
aDefinitive therapy.
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treated with daptomycin at 4–6 mg/kg, subsequent isolates from
6 (60%) episodes showed increased daptomycin MIC.8 To our
knowledge, our study is the first that includes a high proportion
of patients with persistent MRSA bacteraemia treated with high-
dose regimens. Importantly, the rate of emergence of resistance
was apparently similar to that observed in the clinical trial cited
above, in which daptomycin therapy was administered in low-dose
regimens.7 However, since we only included episodes with persist-
ent bacteraemia for ≥7 days, we must stress the existence of
selection bias with respect to this other study. Despite the lim-
itations related to the low number of episodes included, the
present study provides valuable data regarding the incidence of
daptomycin susceptibility loss during persistent MRSA bacter-
aemia and suggests an association of this phenomenon with sub-
sequent therapeutic failure. As aconsequence, our results reinforce
the recommendation of monitoring daptomycin susceptibility in
subsequent isolates to assess the risk of final therapeutic failure.
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Universitario 12 de Octubre, Madrid, Spain); J. M. Montejo, E. Bereciertua,
J. L. Hernández (Hospital de Cruces, Bilbao, Spain); M. Á. von Wichmann,
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Abstract

Background: Colonization by community-associated methicillin-resistant Staphylococcus aureus (CA-MRSA) has been
found to be markedly more common in HIV-infected individuals in the USA. Studies evaluating the prevalence
MRSA colonization in HIV-infected populations in Europe are scarce. The aim of this study was to investigate the
prevalence of MRSA colonization in a cohort of HIV-infected patients in Barcelona, Spain.

Methods: Nasal and pharyngeal S. aureus carriage was assessed in a random sample of 190 patients from an
outpatient HIV clinic. Nasal and pharyngeal swab specimens were obtained for staphylococcal culture from 190
and 110 patients respectively. All MRSA isolates were screened for Panton-Valentine leukocidin (PVL) genes by
PCR. Molecular characterization of MRSA isolates was performed by multilocus sequence typing. Data related to
HIV infection, healthcare exposure, and previously described risk factors for MRSA were collected from medical
records and a questionnaire administered to each patient.

Results: The patients’ characteristics were as follows: male, 83 %; median (IQR) age, 45 (39–49) years; intravenous
drug users, 39 %; men who have sex with men, 32 %; heterosexual, 26 %; CD4 count, 528/μL (IQR 351–740); on
antiretroviral therapy, 96 %; and undetectable plasma viral load, 80 %. Sixty-five patients (34 %) were colonized by
S. aureus. MRSA colonization was found in 1 % and 2 % of nasal and pharyngeal samples respectively. No PVL
positive MRSA strains were detected and all the MRSA isolates belonged to typical hospital-acquired clones.

Conclusions: Our data suggest that CA-MRSA colonization is not currently a problem in HIV-infected individuals
in our area.
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Background
Methicillin-resistant Staphylococcus aureus (MRSA) has
emerged as a causal agent of infection in individuals
without risk factors for healthcare- associated MRSA ac-
quisition that has been described as community-
associated MRSA (CA-MRSA) [1]. CA-MRSA infections
are usually distinguishable from their healthcare-related
counterparts by epidemiological, molecular, and clinical

features [2]. The incidence of the former is markedly in-
creased in certain population groups such as HIV-
infected patients, who have also been noted to have a
higher risk of CA-MRSA colonization [3, 4]. In addition,
HIV-infected individuals are frequently exposed to
healthcare environments, and related factors such as
prior hospitalization have also been linked to a higher
rate of MRSA colonization in this population [5]. Nasal
and extranasal MRSA colonization has been associated
with an increased risk of subsequent infections in both
HIV-negative and HIV-infected individuals [6, 7]. Add-
itionally, colonization might represent a reservoir for
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MRSA transmission. As HIV-infected patients are com-
monly exposed to healthcare settings, it is important to
assess the prevalence of colonization to determine the
need for preventive and control measures, at least in
hospital settings.
Most studies showing a high prevalence of MRSA

colonization among HIV-infected individuals have been
conducted in the USA. However, studies in certain US
regions [8] and Europe [5, 9–12] have reported low
prevalence.
Few European studies have evaluated MRSA colonization

or infection in the HIV-infected population [5]. The aim of
this study was to assess the prevalence of MRSA
colonization in a cohort of HIV-infected patients in Spain.

Methods
This is a cross-sectional study assessing S. aureus
colonization in a random sample of 190 adults
(>18 years) from a total of 1665 patients seen at an out-
patient HIV clinic in Barcelona, Spain between June
2011 and June 2012. Patients were randomly selected
using a statistical software package (IBM SPSS version
19.0, Chicago, IL). S. aureus colonization was investi-
gated by taking nasal swabs from all 190 patients and
pharyngeal swabs from 110 patients. Swabs were plated
onto MRSA agar medium (MRSA Select; Bio-Rad Labora-
tories, Madrid, Spain) and coagulase-mannitol salt agar
plates (BBL™ Coagulase Mannitol Agar; BD, Madrid, Spain),
and also inoculated into staphylococcal enrichment broth
(BBL brain-heart infusion; BD, plus 7 % NaCl). After 24 h
of incubation at 35-37 °C, the broths were subcultured onto
MRSA Select and coagulase-mannitol salt plates. All plates
were incubated for 48 h and inspected daily for S. aureus–
like colonies. S. aureus colonies were identified by latex ag-
glutination (Pastorex Staph-plus; Bio-Rad Laboratories) and
DNase production (DNase Test Agar; Difco, Fco. Soria
Melguizo, Madrid, Spain). Antibiotic susceptibility testing,
including cefoxitin, was performed by the disc-diffusion
method following CLSI recommendations [13]. All MRSA
isolates were screened for Panton-Valentine leukocidin
(PVL) genes by PCR. Molecular characterization of MRSA
isolates was performed by multilocus sequence typing and
SCCmec characterization as described previously [14, 15].
HIV infection–related data and epidemiological charac-

teristics previously described as community or healthcare-
related risk factors for MRSA were collected from medical
records and a questionnaire completed by each patient
(Table 1) [1].
CA-MRSA infection was defined according to the US

Centers for Disease Control and Prevention 2000 cri-
teria: 1) Diagnosis of MRSA in an outpatient setting or
by a culture positive for MRSA within 48 hours of
admission to hospital; 2) No medical history of MRSA
infection or colonization; and 3) No medical history in

the past year of: a) hospitalization; admission to a nursing
home, skilled nursing facility, or hospice; c) dialysis; d) sur-
gery; 4) permanent indwelling catheters or medical devices
that pass through the skin into the body [1]. Since
MRSA clones identified as typically CA-MRSA have
distinguishing genetic features from hospital-acquired
strains, such as SCCmec types IV and V and PVL ex-
pression, molecular characterization was also used to
ascertain the possible origin of the strains (community
vs healthcare environment) [2].

Table 1 Patient characteristics

(n = 190)

Age, y (median, IQR) 45 (39–49)

Sex (male/female) 158/32 (83 %/17 %)

HIV risk factor 74 (39 %)

IDU 61 (32 %)

MSM 49 (26 %)

Heterosexual 6 (3 %)

Other/unknown

AIDS 55 (29 %)

HCV 61 (32)

HBV 8 (4 %)

Current ART 182 (96 %)

CD4+ T cell count, cells/μL (median, IQR) 528 (351–740)

CD4+ T cell count, <200 cells/μL 19 (10 %)

HIV RNA, <40 copies/mL 153 (80 %)

Current use of TMP-SMX 15 (8 %)

Origin Delete

Spain 161 (85%)

Europe 1 (0.5%)

South America 19 (10%)

North Africa 4 (2%)

Sub-Saharan Africa 4 (2%)

Asia 1 (0.5%)

Risk factors for HA-MRSA acquisition

Antibiotic use in prior 12 months 70 (37 %)

Hospitalization in prior 12 months 32 (17 %)

Intravenous catheter use in prior 12 months 40 (21 %)

Surgical intervention in prior 12 months 19 (10 %)

Frequent visits (≥1 per week) to long-term
care facilities

17 (9 %)

Multiple sexual partners in prior 12 months 17 (9 %)

History of sexually transmitted infection 17 (9 %)

Previous incarceration 29 (15 %)

Data are shown as number (%) of patients unless otherwise indicated.
IDU, injecting drug user; IQR, interquartile range; HBV, hepatitis B virus; HCV,
hepatitis C virus; MSM: men who have sex with men;
TMP-SMX: trimethoprim-sulfamethoxazole
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Continuous variables are reported as medians and
interquartile range and categorical variables as numbers
and percentages. The former were compared using the
non-parametric Mann–Whitney U test while the latter
were compared using the Χ2 or Fisher’s exact test, with a
significance level of 0.05 (two-sided). A multivariate
logistic regression model including demographic character-
istics (age, gender, origin, HIV acquisition route), CD4+ T
cell count, viral load, use of ART, healthcare-related re-
lated risk conditions (recent hospitalization or admis-
sion to a nursing home, recent surgical intervention,
recent use of antibiotics), and other epidemiologic con-
ditions (history of incarceration, history of sexually
transmitted infections, multiple sexual partners) was
used to identify independent risk factors for S. aureus
and CA-MRSA colonization.
The study protocol was approved by the Clinical

Investigation Ethics Committee of Bellvitge University
Hospital and all patients gave written informed con-
sent prior to participation.

Results
The patients’ characteristics are summarized in Table 1.
There were no significant statistical differences between
patients with nasal and pharyngeal assessment (n = 110)
and those with nasal assessment only (n = 80) (data not
shown).
MRSA colonization was detected in 3 patients. Nasal

colonization was observed in 2/190 individuals (1 %) and
pharyngeal colonization in 2/110 individuals (2 %).
Among patients with nasal and pharyngeal samples
available, MRSA was present in both nasal and
pharyngeal samples in 1 subject whilst the other patient
was a pharyngeal carrier exclusively. Among those pa-
tients with MRSA colonization, two of them had risk
factors for nosocomial acquisition. The two isolates were
identified as ST146 and ST125, part of Clonal Complex
5 (CC5), and they both carried SCCmec IV (Table 2),
which are indistinguishable features from the dominant
hospital-acquired MRSA clone complex in our area [16].
The isolate belonging to the third patient was not
available for molecular studies but antibiotic suscepti-
bility and PVL results were available. Although the
patient had no apparent risk factors for hospital ac-
quisition, the antibiotic resistance pattern (resistance

to erythromycin and ciprofloxacin) was identical to
that of the dominant hospital-acquired MRSA lineage
(Table 2).
Colonization by methicillin-susceptible S. aureus (MSSA)

was documented in 62/190 nasal samples (32.6 %) and 3/
110 pharyngeal samples (2.7 %), with only 1 in 3 patients
found to be an exclusive MSSA pharyngeal carrier. None of
the risk factors analyzed, including those related to demog-
raphy, HIV acquisition route, HIV control, healthcare-
related conditions, and other epidemiologic conditions, was
statistically associated with MSSA colonization in either the
univariate or multivariate analyses.

Discussion
The prevalence of S. aureus colonization in our HIV-
infected population is consistent with rates reported for
the general population [17]. However, only 3 individuals
(corresponding to 2/190 nasal samples and 2/110
pharyngeal samples) were colonized by MRSA and none
of the isolates belonged to a typical CA-MRSA lineage.
Our data contrast with most reports from the USA, where
a significant association between HIV infection and MRSA
colonization has been well documented [3–7]. A recent
meta-analysis assessing MRSA colonization prevalence
and risk factors in HIV-infected individuals reported that
6.9 % of the population studied were MRSA carriers and
that this rate rose to 8.8 % when only studies from North
America were included [5]. Although data on MRSA car-
riage in HIV-infected individuals in Europe are scarce,
lower prevalence rates have been reported (0 % to 2.8 %)
[5, 9–12], and the findings in our series are consistent with
reports from other European studies.
Several US studies have described an association be-

tween CA-MRSA colonization and risk factors such as
sexual behavior, substance abuse, incarceration, and area
of residence [4, 6, 7]. These risk groups were represented
in our sample (Table 1).
We recently reported a series of MRSA infection in

HIV-infected patients in Spain in which we detected a
higher risk for MRSA infection among individuals with
poorly controlled HIV infection and immigrants (mostly
South Americans) [18]. Nevertheless, the overall preva-
lence was still lower than that reported for the USA.
The absence of CA-MRSA colonization in HIV-infected
individuals in our area could partly explain the low rate
of CA-MRSA infection in this population.

Table 2 Characterization of MRSA isolates

Patient Sample SCCmec MLST PVL Antibiotic resistance pattern

A Pharyngeal Type IV ST146 (CC5) Negative Resistance to: erythromycin, clindamycin, tobramycin and ciprofloxacin

B Nasal and Pharyngeal Type IV ST125 (CC5) Negative Resistance to: erythromycin, tobramycin and ciprofloxacin

C Nasal NA NA Negative Resistance to: erythromycin, tobramycin and ciprofloxacin

CC, clonal complex; MLST, multilocus sequence typing; PVL, Panton–Valentine Leukocidin; SCCmec, staphylococcal cassette chromosome mec; ST, sequence type
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Our study is the first to assess the prevalence of
MRSA colonization in HIV-infected patients in Spain.
However, it has some limitations. Although our sample
is representative of our cohort of HIV-infected patients,
the number of individuals studied is lower than in other
series. Additionally, while MRSA colonization of extranasal
areas such as the buttocks and the perianal, inguinal and
axillary regions has been well documented [4, 7, 19, 20], the
only extranasal location studied in our case was the phar-
ynx, and paired nasal and pharyngeal samples were only
available for a subset of 110 patients. Thus, the rate of
MRSA colonization in our cohort might have been under-
estimated. The importance of extranasal colonization has
been demonstrated for both hospital- and community-
acquired MRSA [4, 7, 19, 20]. Recent studies in the com-
munity setting have observed that nasal-only screening
could miss up to 51 % of MRSA colonized individuals
[4, 19]. In the subset of patients with both nasal and
pharyngeal samples in our series, MRSA was detected
in both samples in one patient while the other one was
an exclusive pharyngeal carrier. None of the patients had
exclusive nasal colonization in this subgroup. Although
we do not discount the importance of extranasal
colonization (the colonization rate would have been 50 %
lower if our study had been limited to nasal samples), the
rate of MRSA colonization in our cohort was low.
We were unable to genetically characterize one MRSA

isolate. However, PVL expression, which is characteristic
in CA-MRSA strains in our area, was not detected, and
the antibiotic susceptibility pattern, while unspecific, was
indistinguishable from the dominant hospital-acquired
MRSA lineage. Thus, the molecular characterization
results for the available isolates, the absence of PVL pro-
duction, and the antibiotic resistance patterns detected
suggested healthcare-related acquisition in all cases.

Conclusions
Although nasal and/or pharyngeal S. aureus colonization
was observed in one-third of HIV-infected patients in
our cohort, the prevalence of MRSA carriage was low
and colonization by typical CA-MRSA strains was not
observed. Thus, MRSA colonization in the HIV-infected
population in our area does not seem to be an epidemio-
logical problem requiring specific control strategies to
prevent cross-transmission and infection among HIV-
infected individuals. More studies are needed to assess
MRSA colonization rates in different European HIV-
infected populations.
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Questionaire 
   

A.- Identificación y datos paciente/cepa 

Nombre Centro:      

Código Centro (CC) (2 cifras): (_ ,_ )  Iniciales Nombre, 1º Apellido (N,A):(_ ,_ ) 

Sexo (S): (0) Hombre; (1) Mujer         Fecha Bacteriemia (FB) (dd/mm/aa):  

Código IDENTIFICACION CEPA: (C,C.N,A,S,FB) (_,_,_,_,_,_,_,_,_,_,_) 

B.- Sensibilidad antibiótica 

B.1.- Método de identificación de la resistencia a meticilina: 
 

Antibiograma (__) Látex PBP 2A (__) PCR (__): Comercial (_) 
         Casera  (_) 

Otros métodos: _________  

B.2.- Sensibilidad antibiótica 

Antimicrobiano 
mm 

(disco difusión) 
S ó R µg/mL (*) S ó R 

 
Penicilina 

    

 
Oxacilina 

    

 
Cefoxitina 

    

 
Eritromicina 

    

 
Clindamicina 

    

 
Cotrimoxazol 

    

 
Cloramfenicol 

    

 
Gentamicina 

    

 
Tobramicina 

    

 
Amikacina 

    

 
Tetraciclina 

    

 
Rifampicina 

    

 
Ciprofloxacina 

    

 
Levofloxacina 

    

 
Vancomicina 

    

 
Teicoplanina 

    

 
Mupirocina 

    

 
Quinupristina/ 
Dalfopristina 

    

 
Linezolid 

    

 
Daptomicina 

    

 
(*) Método:  Microdilución (__) E-test (__) Otros:_______________________ 
 
B.3.- Se realiza algún método de cribaje de sensibilidad disminuida a glicopéptidos: 
 
No   (__)  Sí   (__):    Cual ______________________________ 
 
B.4.- OBSERVACIONES 
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