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Abstract Methicillin-resistant Staphylococcus aureus
(MRSA) isolates genetically related to the CA-MRSA clone
MW2/USA400 (ST1-SCCmecIV lineage) from the United
States have emerged in hospitals in Rio de Janeiro and are
associated with nosocomial bloodstream infections. To under-
stand the virulence mechanisms involved in the adaptability of
ST1 isolates as a hospital pathogen in Rio de Janeiro, we
compared the virulence traits and fitness properties of the
Brazilian isolates with those displayed by the CA-MRSA
isolates from the United States. Similar to the USA400 from
the United States, all the Brazilian isolates tested carried the
genes encoding SEH and LukDE. In contrast, none of the
Brazilian isolates carried the lukSFPVL, sea, sec, and sek
genes. Competition experiments in mice demonstrated a

significant increase in the fitness for the CA-MRSA isolates
MW2 and USA400-0051 from the United States compared to
other isolates. In the foreign body animal model, 83 % more
North-American bacterial cells were recovered compared to
the Brazilian ST1 isolates. Differences in gene expression of
important virulence factors were detected. Transcription of
rnaIII and psmα3was increased about two-fold in the isolates
from the United States, and sasG about two-fold in the
Brazilian isolates. Thus, it is possible that the virulence atten-
uation observed among the Brazilian hospital isolates, associ-
ated with the acquisition of multiple resistant determinants,
are consequences of microevolutionary events that contribut-
ed to the necessary fitness adjustment of this lineage, allowing
a typically community-acquired MRSA (MW2/USA400) to
emerge as a successful hospital pathogen (Brazilian ST1-
SCCmecIV).

Introduction

Methicillin-resistant Staphylococcus aureus (MRSA) has
been considered one of the most important hospital pathogens
worldwide [1]. The mecA gene, the determinant of methicillin
resistance in S. aureus, is carried by the staphylococcal cas-
sette chromosome mec (SCCmec), and 11 types of SCCmec
have been described to date (www.sccmec.org; last accessed
in June 19, 2014). The wide spectrum of diseases caused by S.
aureus has been linked to an incredible number of virulence
factors, which promote adherence to and internalization into
the host cells, evasion of the immune response, biofilm
formation, and induction of toxic/harmful effects to the host
tissues [2–8]. Hospital-associated MRSA (HA-MRSA) are
causative agents of catheter-related bloodstream infection
(CR-BSI), ventilator-associated pneumonia (VAP), surgical
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site infections (SSI), and implantable device infections (IDI)
[9, 10]. The bacterial ability to produce biofilm has been
recognized as an important virulence factor for the pathogen-
esis of CR-BSI and IDI [3, 6]. Different surface proteins have
been implicated in biofilm formation/accumulation, including
fibronectin-binding proteins A and B (FnBPAB), S. aureus
surface protein G (SasG) and staphylococcal protein A (Spa)
[11–13]. In addition, many different types of proteins such as
autolysins, proteases, and PBP2a have also been reported to
mediate S. aureus biofilm [14, 15].

Unlike methicillin-susceptible S. aureus (MSSA), the
MRSA population displays a highly clonal nature.
Molecular-epidemiological studies have shown that only a
few pandemicMRSA lineages are responsible for the majority
of infections worldwide [1, 16]. These pandemic staphylococ-
cal strains have evolved over the years, acquiring new genetic
elements via horizontal transfer and accumulating mutations
that have altered gene expression and function [16, 17].

Until the beginning of the 1980s, MRSA infections were
limited to hospital settings, affecting mainly immunocompro-
mised patients or those undergoing an invasive procedure.
However, from the end of the 1980s to the beginning of the
1990s, MRSA outbreaks began to emerge among healthy
individuals who lacked classical risk factors for MRSA infec-
tions, and these strains were named community-acquired
MRSA (CA-MRSA) [18–20]. In contrast to typical isolates
of HA-MRSA, CA-MRSA are generally more susceptible to
non-β-lactam antibiotics, frequently harbor lukSFPVL genes
(encoding for Panton-Valentine leukocidin; PVL), and often
cause skin/soft tissue infections (SSTI); however, invasive
infections including necrotizing pneumonia, osteomielitis,
and endocarditis have been reported [19, 20]. It was suggested
that the occurrence of certain toxin repertoire and/or increased
expression of specific toxins, in addition to the ability to evade
the host immune system, are factors that might be involved in
the dissemination and increased virulence of successful CA-
MRSA strains [21]. The virulence factors frequently associat-
ed with CA-MRSA pathogenesis include alpha-toxin (α-toxin
or alpha-hemolysin; HLA), phenol-soluble modulins (PSM),
the arginine catabolic mobile element (ACME; carried only by
USA300 isolates), and PVL [5, 7, 21–24].

A significant change in the epidemiology ofMRSAwas the
entry of CA-MRSA lineages in hospital settings located in
different regions [1, 25]. Reports on healthcare-associated
infections involving CA-MRSA isolates related to USA300
(ST8-SCCmecIV), USA400/MW2 (ST1-SCCmecIV), and
USA1100 (ST30 SCCmecIV) clones have periodically been
published [26–29].

Studies have reported the emergence of ST1-SCCmecIV
isolates in Rio de Janeiro (related to USA400/MW2 clone)
that caused healthcare-associated diseases [30, 31]. It is in-
triguing that, despite the genetic relationship with the North-
American MW2/USA400 clone, these USA400-related

isolates from Rio were PVL-negative, multiresistant, and
mostly recovered from nosocomial bloodstream infections
(BSI) [30]. In view of the unusual epidemiological circum-
stances involving ST1-SCCmecIV infections in Rio de
Janeiro, the aim of this study was to compare in vitro and
in vivo aspects of the virulence of USA400-related isolates
fromBrazil and the United States, in order to identify potential
virulence attributes that might account for the epidemiological
changes observed for the Brazilian variant.

Materials and methods

S. aureus isolates and molecular characterization

The 60 USA400/MW2-related isolates studied here were part
of a convenience collection of our laboratory and were ob-
tained from patients admitted to three different hospitals in
Rio de Janeiro as part of standard clinical care. Thirty-three
isolates were recovered from BSI (55 %) and nine from
catheter tips (CT; 15 %). The remaining were isolated from
colonization (C; 16.7 %), pneumonia (P; 6.7 %), skin/soft
tissue infections (SSTI; 3.3 %), and urinary tract infections
(UTI; 3.3 %). All isolates were genotyped as CC1-ST1-
SCCmecIV using pulsed-field gel electrophoresis (PFGE),
SCCmec typing, restriction and modification tests (RM tests),
and multilocus sequence typing (MLST) [30]. The North
American isolate USA400-0051 (ST1-SCCmecIV, PVL pos-
itive), obtained from Paul Dunman (University of Nebraska,
USA), and the isolate MW2 (ST1-SCCmecIV, PVL positive),
obtained from Renata Rabello (Universidade Federal
Fluminense, Niterói/Rio de Janeiro, Brazil), were used in this
study as representatives of the North American MW2/
USA400 clone. The S. aureus RN6390B, a gift from
Richard Novick (New York University, USA), was used as a
calibrator in the gene expression experiments. The S. aureus
isolate GV51 (ST239-SCCmecIII) and the S. pyogenes isolate
75–194 were used as positive and negative controls, respec-
tively, for testing in vitro biofilm development. This study was
approved (#136/07) by the Human Research Ethics
Committee from the Federal University of Rio de Janeiro,
RJ, Brazil.

Assessment of genes encoding staphylococcal exotoxins
by PCR

All 60 isolates of ST1-SCCmecIV were used for these assays.
Additionally, we included the North-American isolates
USA400–0051 and MW2 for comparison. DNAwas isolated
by thermal lyses, using the method described previously [32].
We analyzed 13 enterotoxin genes (sea-e, seg-l, sen and seo),
PVL genes (lukSPVL and lukFPVL), and the genes for LuKDE
leukocidin (lukDE) and toxic shock syndrome toxin (tst). The
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specific primers used for amplifying segments of these genes
are described in Table 1. The selection of these genes was
based on previous reports of the virulence gene repertoire of
CA-MRSA isolates [5, 21, 38]. ThemecA gene was used as an
internal control for the PCR reactions. PCR amplifications
were performed according to standard protocols [200 μM of
each dNTP, 0.01 μM of each primer, 0.125 U of DNA Taq
polymerase (Promega, Madison, Wisconsin, USA), 1×en-
zyme buffer with MgCl2 and 100 ng of the DNA]. Reactions
were performed in a Veriti 96-well thermal cycler (Applied
Biosystems, Foster City, California, USA), using the follow-
ing program: pre-denaturation at 95 °C for 4 min; 35 cycles of
95 °C for 30 s, 30 s at the appropriate annealing temperature
(Table 1), and 72 °C for 45 s; and a final extension at 72 °C for
45 s. The PCR amplicons were visualized using a LumiBis
Gel Imager (DNRBio-Imaging Systems, Jerusalem, Israel)

after electrophoresis in running buffer containing 0.5 μg/mL
ethidium bromide.

Bacteremia mouse model

Among the 60 ST1-SCCmecIV isolates analysed, we
selected two isolates (08–28 and 07–59) for experimen-
tal challenges in mice based on three main characteris-
tics: (1) a PFGE pattern identical to the epidemic
(predominant) ST1-SCCmecIV variant from Brazil, (2)
BSI association, and (3) exoprotein-gene pattern and
resistance profile representatives of the group isolates.
In addition, the two North-American ST1-SCCmecIV
isolates (MW2 and USA400–0051), representatives of
the MW2 and USA400 clones, were also included in
these studies for comparison. The bacteremia model

Table 1 Primers used to detect virulence genes

Gene Primer Sequence (foward / reverse) Annealing
temperature (°C)

Amplicon Reference Control strain

mecA mecA MECA P4 MECA P7 5′-TCCAGATTACAACTTCACCAGG-3′
5′-CCACTTCATATCTTGTAACG-3′

55 162 [33] WB69

lukSPVL lukFPVL NewPVL-1 NewPVL-2 5′-ATCATTAGGTAAAATGTCTGGACA
TGATCCA-3′ 5′-GCATCAAGTGTA
TTGGATAGCAAAAGC-3′

55 433 [34] WB77

lukE-lukD LUKDE-1 LUKDE-2 5′-CCATCGTTTATCACTACACTAT-3′
5′-CATAGTCAACAACATTTACAGC-3′

55 601 [35] WB72

sea SEA-1 SEA-2 5′-GACTTGTATGGTGCTTATTATG-3′
5′-AATACTGTCCTTGAGCACCA-3′

55 361 [36] MW2

seb SEB-1 SEB-2 5′-GCTGATAAATACAAAGATAAAT
ACG-3′ 5′-ATCCCGTTTCATAA
GGCGAG-3′

55 336 [36] ATCC14458

sec mpSEC-1 mpSEC-2 5′-GTAAAGTTACAGGTGGCAAA
ACTTG-3′ 5′-CATATCATACCA
AAAAGTATTGCCGT-3′

55 297 [34] WB72

sed SED-1 SED-2 5′-GAATTAAGTAGTACCGCGCTA-3′
5′-GCTGTATTTTTCCTCCGAGAGT-3′

55 491 [36] ATCC13565

see SEE-1 SEE-2 5′-CTGAAAACAAAGAGAGTGATG-3′
5′-GTGTAAATAATGCCTTGCCTGAA-3′

57 379 [36] ATCC27664

seg SEG-1 SEG-2 5′-AATTATGTGAATGCTCAACCCG-3′
5′-TATGGAACAAAAGGTACTAGTTC-3′

53 634 [36] WB69

seh SEH-1 SEH-2 5′-TCACATCATATGCGAAAGCAG-3′
5′-CATCTACCCAAACATTAGCAC-3′

55 371 [36] WB81

sei SEI-1 SEI-2 5′-CTCAAGGTGATATTGGTGTAG-3′
5′-TATTCTTTGCCTTTACCAGTGT-3′

55 453 [36] WB69

sej mpSEJ-1 mpSEJ-2 5′-CCTTTAGTTTACAGCGATAGC-3′
5′-GGTATGAAACACGATTAGTCC-3′

55 578 [36] ATCC13565

sek SEK-1 SEK-2 5′-CTTGATGTTTTTGGTATTAGTTA-3′
5′-TGTGTCCTCTACTACCCAAT-3′

53 382 [36] MW2

sel SEL-1 SEL-2 5′-TAACGGCGATGTAGGTCCA-3′
5′-CGCCAAAACTATTCCCCTC-3′

53 498 [36] USA100

sen mpSEN-1 mpSEN-2 5′-TAATGCTGAAGTAGACAAAAAA
G-3′ 5′-AAACTCTGCTCCCACTGAAC-3′

55 615 [36] ATCC19095

seo mpSEO-1 mpSEO-2 5′-TAGAGAGTTTGTGTAAGAAGTC-3′
5′-TTAAATTCAGCAGATATTCCATCT-3′

55 180 [36] WB69

tst p152 p154 5′-ATCGTAAGCCCTTTGTTG-3′
5′-TGGATATAAGTTCCTTCGC -3′

55 334 [37] RN8846
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protocol in mice was performed as previously described
[23] using Swiss female mice (six weeks old). Briefly,
S. aureus isolates were grown to mid-exponential phase
(OD600nm=0.7), washed once with sterile 1×phosphate-
buffered saline (PBS), pH 7.4, resuspended in PBS and
adjusted to contain 1x109 CFU/mL. A volume of
100 μL of the adjusted bacterial suspension was
injected into the retro-orbital vein of the anaesthetized
mouse. Control animals received the same volume of
sterile PBS. After inoculation, mouse health and disease
advancement were monitored every hour (up to 20 h).
To accurately analyse mouse behaviour after infection,
we used published guidelines to score the clinical signs
of a systemic infection [39, 40]. Briefly, the signs
evaluated, in an approximate order of increasing sever-
ity, included ruffled hair, changes in food and water
intake, hunched back, tremor ataxia, and lethargy. The
early recognition of the clinical signs indicating an
irreversible progression to death was imperative to min-
imize suffering. The time point for blood sampling was
when the animals presented with a combination of two
or three minor signs or a single major sign, indicating
the need for immediate euthanasia, for reducing animal
suffering. In cases of animals that have no sign of
infection, or only one minor sign, the time point for
blood sampling and euthanasia was 20 h after the in-
jection. Serum γ-IFN was used with dosage using the
Mouse IFN-gamma DuoSet (R & D Systems;
Minneapolis, MN, USA) according to the manufac-
turer’s instructions. We pooled sera from six mice each
per isolate for each test. γ-IFN was chosen because it
was a good marker of infection severity in a similar
bacteremia model [23]. This study was approved
(# IMPG018) by the Human Resea rch E th i c s
Committee from the Federal University of Rio de
Janeiro, RJ, Brazil.

In vivo competitive fitness assay

Because several host factors may interfere with bacterial fit-
ness during the course of an infection, we performed an
in vivo competition assay using the bacteremia model in mice.
The experiment was performed as described above, except
that mice were inoculated with a suspension of a mixed
culture (1:1) of Brazilian and North-American isolates (pair
#1: MW2 and 08–28; pair #2: MW2 and 07–59; pair #3:
USA400–0051 and 08–28; or pair #4: USA400 and 07–59).
Brazilian and North-American isolates were separated by the
antibiotic erythromycin, as the Brazilian isolates carry the erm
gene [30]. Thus, blood from each animal challenged with the
competitive pair was plated in TSAwith and without erythro-
mycin (5 μg/mL) for counting CFU/mL. For this experiment

we used 12 mice for each pair of isolates, in order to achieve
statistical significance.

Foreign-body mouse model

Before initiating the animal model, the ability of these isolates
to form biofilm in vitro was tested for representatives of the
Brazilian (08–28 and 07–59) and North-American (MW2 and
USA400–0051) isolates. For these assays, biofilm was tested
using 96-well inert polystyrene microtiter plates (Nunclon;
Nunc A/S, Roskilde, Denmark) as previously described [41].
The biofilm unit (BU) was defined as indicated previously [3]
and the isolates were classified as non-producers (BU ≤0.230),
weak (0.230< BU ≤0.460), moderate (0.460< BU ≤0.920) or
strong producers (BU >0.920), as suggested. A total of three
independent experiments, four replicates each, were per-
formed for each isolate tested. Because biofilm is under phase
variation, the three highest BU values were used for the
statistical calculations.

The mouse subcutaneous catheter implant model was de-
scribed in detail previously [41]. Briefly, two intravenous
polyurethane catheter segments (model C-UDLM-953 J;
Cook Medical, Bloomington, USA) were implanted in the
back of each anaesthetized young-adult BALB/c male mouse.
Infection was induced 24 h after the implantation procedure
by injecting a mid-exponential growth phase culture
(106 CFU/10 μL) of the Brazilian (08–28 and 07–59) and
North-American (MW2 and USA400–0051) isolates into the
lumen of the implanted catheter segment. The animal was
euthanised three days post-infection, and the catheter seg-
ments were surgically removed. After washing of the catheter,
biofilm accumulation was determined by counting the
catheter-adherent bacteria by CFU determination. Three inde-
pendent experiments were performed. This animal study was
approved (#IMPPG013) by the Ethics Committee for Animal
Care and Use from the Federal University of Rio de Janeiro,
RJ, Brazil.

Autolysis assay

Since the release of bacterial cell wall fragments can contrib-
ute to the early recruitment of cells of the immune system and
thereby lead to decreased bacterial virulence [42], autolysin
activity was measured in representatives of the Brazilian (08–
28 and 07–59) and North-American (MW2 and USA400–
0051) isolates, as previously described [43]. Briefly, a log
phase culture was adjusted to OD620nm=1 in glycine-Triton
X-100 buffer (50 mM glycine in 0.01 % p/v Triton X-100).
One autolytic unit was defined as the activity required to cause
a decrease of 50 % in the initial OD620nm=1 within 30 min of
incubation at 37 °C.
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Gene expression

The transcription level of relevant virulence genes
(sasG, spa, fnbA, fnbB, hla and psmα3) and the regu-
lator gene rnaIII (codifying for the RNAIII effector
molecule of the Agr system) were analysed for repre-
sentatives of the Brazilian (08–28 and 07–59) and
North-American (MW2 and USA400–0051) isolates.
The sasG, spa, fnbA, and fnbB genes have been asso-
ciated with biofilm formation/accumulation, and hla,
psmα3 and spa with severity of some CA-MRSA infec-
tions. For RNA preparations, bacterial cells, grown in
TSB (18 h/37 °C; 250 rpm), were collected in the
beginning of the exponential phase (OD600nm=0.3) for
sasG, fnbA, fnbB and spa, and in the stationary phase
(OD600nm=3.0) for rnaIII, psma3 and hla gene tran-
scription analyses. These assays were carried out using
two time points because these surface proteins are in-
creased in the log phase (agr-down-regulation) and the
exported proteins in the stationary phase (agr-up-regu-
lation). Total RNA was prepared using the RNeasy Mini
kit (Qiagen; Maryland, USA) and quantified by a
Nanodrop Lite (Uniscience, Thermo Fisher Scientific,
Wilmington, DE, USA). The RNA quality was analysed
by RNA-gel electrophoresis. The reverse-transcription
quantitative PCR (qRT-PCR) was carried out using a
Power SYBR Green RNA-to-CT™ 1-Step Kit (Applied
Biosystems; Foster City, CA, USA) following manufac-
turer instructions, and using the ΔΔCt comparative
method. The primers and run conditions used for each
gene and for the endogenous control rRNA 16S were
previously described [44]. The run was performed in the
Step One™ Real Time PCR System (Appl ied
Biosystems). Two biological and three technical repli-
cates were used. Data were analysed using the Step One
Software 2.2 (Applied Biosystems). For gene expression
analysis, a difference of one cycle, about two-fold
change, was considered relevant.

Statistical calculations

The Student’s t-test (unpaired data) was used in the
experiments of biofilm, bacterial count, interferon-
gamma dosage, and gene expression to compare the
North-American versus the Brazilian isolates, with the
significance level of 0.1. Unless otherwise stated, data
were obtained from at least three independent experi-
ments using duplicate or triplicate. For graphic repre-
sentations, the data from each isolate were plotted sep-
arately, and for the statistical analyses, all data from the
North-American isolates studied were grouped (group 1)
and tested against all data from the Brazilian isolates
(group 2) for each experiment performed.

Results

Assessment of genes encoding exoproteins

All Brazilian isolates of ST1-SCCmecIV and the two North
American representatives of MW2/USA400 clone tested pre-
sented the genes encoding enterotoxin H (SEH) and LukDE
leukocidin (except the Brazilian isolate 06–02). However,
different from the North American isolates, none of the 60
Brazilian isolates tested amplified with primers for lukSPVL,
lukFPVL, or for the genes encoding the enterotoxins A, C, or K
(sea, sec or sek). The Brazilian ST1 isolates were homoge-
neous concerning the virulence profiles of the genes tested
(Table 2).

Comparative analysis of virulence in the bacteremia model

The post-infection behaviour of the mice was constantly mon-
itored until the 20th hour after infection. Mice challenged with
North American ST1 isolates (USA400–0051 and MW2)
frequently showed signs of more severe systemic infection.
However, mice inoculated with the Brazilian isolates (08–28 e
07–59) showed moderate signs of infection, such as ruffled
hair. The control animals (inoculated with PBS) remained
healthy until the end of the experiment. From a group of 38–
40 animals tested for each isolate, only ten did not show
infection signs. All of these ten mice were inoculated with
the Brazilian isolates (8 with 08–28 and 2 with 07–59). Fifty-
five mice showed ruffled hair, hunched backs, and slight
mobility impairment. Among these, 32 were injected with
08–28 and 23 with 07–59 isolates. Eighty-two exhibited ex-
treme mobility impairment, hunched backs, swelling of the
face and nose, inability to eat or drink, and/or respiratory
distress. Among these, 13 mice were inoculated with 07–59
isolate, 37 were inoculated with USA400–0051 isolate and 33
with the MW2 isolate. Spontaneous death occurred for only
ten animals from the total 160 inoculated (6.3 %), three of
which were challenged with USA400–0051 isolate and seven
with MW2 isolate (Fig. 1a).

The MRSA count in the blood of infected animals was
performed in a total of 3–4 blood pools/isolate. The average
CFU in the blood was 1.9×105 and 1.8×105 CFU/mL for
North-American isolates USA400-0051 and MW2, and 3×
104 and 4×104 CFU/mL for Brazilian isolates 08–28 and 07–
59, respectively. The mean differences between American and
Brazilian isolates was significant (p<0.03), corresponding to
a 90 % increase for the first group (Fig. 1b).

The IFN-γ concentration in the blood of infected animals
was determined in blood pools of six infected animals and at
least three independent assays were carried out for each group
of infected mice. Consistent with data from animal behaviour
and blood bacteria count, the results revealed that mice infect-
ed with North American isolates showed an increased IFN-γ
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concentration in blood (USA400–0051=2027.5±470.0
pg/mL and MW2=2515.0±878.0 pg/mL) when compared
with those infected with Brazilian isolates (08–28=391.0±
280.0 pg/mL and 07–59=272.0±153.0 pg/mL, p<0.0001;
Fig. 1c).

In vivo competitive fitness

For the fitness assay, a total of 12 animals were used for each
competitive pair. When mice were simultaneously challenged
with a pair of Brazilian and North-American isolates, an
attenuation of the signals of systemic infection was clearly
noticed (Fig. 2a), despite the fact that the number of CFU
recovered from the blood was higher (90 %; p<0.001) for

North American isolates compared with those obtained for
Brazilian isolates (Fig. 2b). The levels of interferon in the
mixed cultures were (MW2+08–28):344±168 pg/ml;
(MW2+07–59): 159±68 pg/ml; (USA400–0051+08–28):
913±865 pg/ml and (USA400–0051+07–590): 712±
608 pg/ml. It is noteworthy that, although still higher than
those observed by the animals individually infected with
Brazilian isolates, the levels of IFN-γ decreased significantly
in the mixed infection compared to those observed for animals
individually inoculated with North American isolates, show-
ing an 84–86 % reduction in the IFN-γ for the MW2 mixed
culture and 55–65 % for the USA400–0051 (p<0.001) mixed
culture (Fig. 2c). This data are in accordance with the obser-
vation that the signals of systemic infection were attenuated in

Table 2 Exoprotein gene detection of North American and Brazilian MRSA isolates belonging to ST1-SCCmecIV lineage

Isolates sea seb sec sed see seg seh sei sej sek sel sen seo tst lukDE lukSFPVL

USA400-0051a +b − + − − − + − − + − − − − + +

MW2a + − + − − − + − − + − − − − + +

05–65c − − − − − − + − − − − − − − + −
06–02 − − − − − − + − − − − − − − − −

a North-American isolates b + positive detection;—negative detection c Isolate 05–65 was chosen as the Brazilian representative strain, since 59 isolates
showed identical profiles for the presence or absence of exoproteins genes tested, with 06–02 isolate as the only exception among the 60 isolates

Fig. 1 Comparative analysis of virulence in the bacteremia model. a
Signs of infection presented by the inoculated mice. b Bacteria counting
in mouse blood. The difference between American isolates (group 1) and
Brazilian isolates (group 2) was significant (p<0.03). c IFN-gamma
dosage in mouse blood. MW2: Mice were inoculated with MW2 isolate,
representative of the North American MW2 clone; USA400: Mice were
inoculated with the isolate USA400–0051, representative of the USA 400

clone; 08–28 and 07–59: Mice were inoculated with 08–28 or 07–59
isolates, representatives of the Brazilian isolates of the ST1-SCCmecIV
lineage. The difference between groups 1 and 2 was extremely significant
p<0.0001. For bacterial counting and interferon dosage each blood
sample was a pool of six animals. The Student t test was used to compare
the two groups of isolates
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mice inoculated with mixed cultures, in relation to the animals
inoculated with MW2 or USA400–0051 individually
(Fig. 2a).

Foreign-body mouse model

Data from in vitro biofilm showed that the Brazilian (07–59
and 08–28) and North American (MW2 and USA400–0051)
isolates exhibited a moderate/strong biofilm phenotype,
whose BU varied from 1.09±0.052 to 0.493±0.023. In the
foreign body catheter model, an increased recovery of bacteria
adhered to the catheters was seen for North American isolates
(USA400–0051: 1.73×108±1.55×108 CFU/mL and MW2:

1.28×108±1.03×108 CFU/mL) when compared (p=0.02) to
the Brazilian isolates (08–28: 6.98×106±6.07×106 CFU/mL
and 07–59: 5.29×106±6.01×106). These data corresponded
to a decay of 97 % and 96 % when comparing MW2 with 07–
59 and 08–28, respectively, and a decay of 71 % and 70 %
when comparing USA400–0051 with 07–59 and 08–28, re-
spectively (Fig. 3).

Autolysis assay

There was no significant difference between the autolytic
activity determined for North American isolates (USA400–
0051=0.75U andMW2=0.71U) and the Brazilian isolate 08–

Fig. 2 In vivo competitive
fitness. a Signs of infection
presented by the inoculated
mouse. b Bacteria counting in
mouse blood. The difference
betweenAmerican isolates (group
1) and Brazilian isolates (group 2)
was significant (p<0.03). The
Student t-test was used to
compare the two groups. c IFN-
gamma dosage in mouse blood.
08–28+USA400: Mice were
inoculated with a mixed culture of
08–28 (Brazilian ST1 isolate) and
USA400–0051 (North-American
isolate, representative of the
USA400 clone). 08–28+MW2:
Mice were inoculated with a
mixed culture of 08–28 andMW2
(North-American, representative
of the MW2 clone) isolates. 07–
59+USA400: Mice were
inoculated with a mixed culture of
07–59 (ST1 from Brazil) and
USA400–0051 isolates. 07–59+
MW2: Mice were inoculated with
a mixed culture of 07–59 and
MW2 isolates. The difference in
the IFN-gamma dosage in the
blood of mice inoculated with
mixed culture (group 1) versus
single cultures of the American
isolates (group 2) was very
significant p<0.001. The Student
t-test was used to compare the two
groups
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28 (0.73U). The Brazilian isolate 07–59 showed an autolytic
activity of 1.4U (Fig. 4); however, this difference was not
statistically significant.

fnbPA, sasG, spa, pmsα3, hla and rnaIII expression

Increased levels of fnbA transcripts were observed for 07–59
(RQ=1.2±0.026) and MW2 (RQ=1±0.05) when compared
with 08–28 (RQ=0.569±0.045) and USA400–0051 (RQ=
0.139±0.072) isolates (Fig. 5a). However, fnbB transcript
was only detected for the isolate MW2 (RQ=267±0.047;
Fig. 5b). sasG expression of the Brazilian isolates 08–28 and
07–59 (RQ=38±0.078 and RQ=40±0.032, respectively) was
double that of the North-American isolates USA400–0051

and MW2 (RQ=22±0.021 and 16.51±0,04 respectively;
Fig. 5c). Finally, protein A gene (spa) transcription was de-
creased in the 07–59 (RQ=0.353±0.026) and USA400–0051
(RQ=0.333±0.038) isolates compared to the isolates MW2
(RQ=0.867±0.036) and 08–28 (RQ=1.027±0.033) (Fig. 5d).
It is remarkable that rnaIII and psmα3 expression was in-
creased for North American isolates [USA400–0051
(RQrnaIII=22±0.082 and RQpsmα3=350±0.116) and MW2
(RQrnaII=36±0.094 and RQpsmα3=246±0.064)], compared
to Brazilian isolates [07–59 (RQrnaIII=16±0.18 and
RQpsmα3=148±0.043) and 08–28 (RQrnaIII=13±0.187 and
RQpsmα3=123±0.11)] (Figs. 5e and 5g). No significant dif-
ference was observed in the hla expression for North
American isolates (USA400–0051: RQ=2.84±0.131 and
MW2: RQ=4.21±0.087) and the Brazilian isolate 07–59
(RQ=3.5±0.035); however, hla transcripts were undetectable
for the isolate 08–28 (Fig. 5f).

Discussion

A number of strategies were used to compare some virulence
traits of typical HA-MRSA and CA-MRSA isolates of the
ST1-SCCmecIV lineage that infect hospitalized and commu-
nity patients in Brazil and in the United States, respectively.
The results showed that both Brazilian and North-American
ST1 isolates harbored seh and lukDE genes, except for the
Brazilian isolate 06–02 that lacked lukDE. However, unlike
the North American isolates [38], none of the Brazilian iso-
lates tested carried the genes encoding PVL (lukSFPVL),
confirming previous data from our group [30].

Among the large number of toxin genes that can be trans-
ferred among S. aureus strains, lukSFPVL is the toxin locus
most consistently present in CA-MRSA strains from different
geographic origins. Indeed, production of PVL is more com-
monly observed among CA- than HA-MRSA isolates [45].
The role of PVL in CA-MRSA virulence is relatively contro-
versial since lukSFPVL-negative CA-MRSA strains of various
genetic backgrounds have been reported associated with
community-acquired SSTI worldwide [21]. A large-scale ep-
idemiological study found no correlation between the pres-
ence of lukSFPVL genes and the clinical outcome of compli-
cated skin and skin structure infections, such as large abscess-
es [46]. However, using rabbit models of CA-MRSA pneu-
monia, a significant difference in pathogenesis between iso-
genic lukSFPVL-positive and -negative strains was demon-
strated [47, 48]. Indeed, it was shown that administration of
PVL was sufficient to cause pneumonia in rabbits [47]. Both
clinical and epidemiological data have provided evidence that
the severity of some CA-MRSA infections, including necro-
tizing fasciitis and pneumonia, seem to be related to PVL
production [2, 49]. In addition, Jin et al. [50] showed that

Fig. 3 Foreign-body mouse model. Percentage of biofilm accumulated
on catheters implanted in mice and contaminated with the Brazilian ST1-
SCCmecIV isolates 08–28 or 07–59 or with the North-American ST1-
SCCmecIV isolates USA400–0051 (representative of the USA400 clone)
or MW2 (representative of the MW2 clone). The number of viable
bacteria recovered from the implanted catheter (CFU/mL) was trans-
formed in percentage, considering as reference (100 %) the average value
of the isolate MW2. The difference between American isolates (group 1)
and Brazilian isolates (group 2) was significant (p=0.02). The Student t-
test was used to compare the two groups

Fig. 4 Autolysis assay. The autolytic activity was based on the absor-
bance decay as determined by measuring the optical density (OD) at
620 nm. 07–59 and 08–28: Brazilian isolate representatives of the ST1-
SCCmecIV lineage. MW2 and USA400–0051: North American isolate
representatives for MW2 and USA400 clones, respectively. The differ-
ence betweenAmerican isolates (group 1) and Brazilian isolates (group 2)
was not significant. The Student t-test was used to compare the two
groups
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PVL inhibited osteoblast proliferation, induced osteoblast ap-
optosis, and repressed bone formation and mineralization. A
more recent study with a lukSFPVL knock-out, derived from
the USA300 strain, was carried out using human keratinocyte
cell cultures and a rabbit skin infection model. The results
indicated that PVL facilitated the bacteria to escape from

endosomes, replicate intracellularly, and induce apoptosis,
thus implicating PVL as an important virulence factor in the
necrotizing skin infections by CA-MRSA [51].

Although apparently convincing, the lack of PVL among
Brazilian ST1 isolates is not sufficient to imply this loss is
responsible for the entry of these ST1 variants in hospital

Fig. 5 Gene expression
determined by qRT-PCR using
the ΔΔCT comparative method.
(a) fnbA (b) fnbB (c) sasG (d) spa
(e) rnaIII (f) hla and (g) psmα3.
07–59 and 08–28: Brazilian
isolate representatives of the ST1-
SCCmecIV lineage. MW2 and
USA400: North American
isolates MW2 and USA400–
0051, representatives for MW2
and USA400 clones, respectively.
RN6390B was used as a
calibrator in the gene expression
experiments
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settings. However, it is intriguing that these lukSFPVL-nega-
tive isolates have been recently causing health-care associated
infections [30, 31] and that the only community-onset report-
ed in Brazil was a case of endocarditis involving a patient that
had a chronic renal hemodialysis catheter implanted in the
jugular vein [52].

It is worth mentioning that in addition to the lack of PVL,
the genes encoding for the staphylococcal superantigens
(SSag) SEA, SEC, and SEK were also absent in the genome
of the Brazilian isolates although all of them were present in
the North American isolates [38]. The role of SSag in food
poisoning and toxic shock syndrome is well established.
However, only more recently has the importance of SSag in
other staphylococcal diseases been documented. For example,
studies have shown that, when compared with the isogenic sea
knock-out, infection with S. aureus Newman strain induced
SEA-dependent stimulation of IFN-γ, IL-12, and chemokine
responses, resulting in increased infiltration of neutrophils into
the liver and a consequent higher number of abscesses, which
contained an increased amount of viable bacteria [53]. In
another work it was suggested that the presence of sea along-
side the PVL gene in the CA-MRSA ST772 may contribute to
the fitness and virulence of isolates of this lineage, since both
neutrophil proliferation and cytotoxicity were markedly re-
duced in a phage-cured wild-type strain [54]. The importance
of SEC in CA-MRSA pathogenicity has also been suggested
by Salgado-Pabón et al. [55], who found that lethal sepsis,
infective endocarditis, and kidney infections in rabbits caused
by the MW2 strain were critically dependent on the produc-
tion of a high amount of the SSAg. In contrast, the isogenic
strain lacking the sec gene, the major SSAg of MW2, showed
attenuated virulence. Studies have also demonstrated that
SEK displays many of the biological activities associated with
other SSAg, including superantigenicity, pyrogenicity, ability
to enhance the lethal effect of endotoxin, and lethality in a
rabbit model when administered subcutaneously [56].
Regardless of the importance of SSAg for pathogenesis of
CA-MRSA in animal models, it is of note that isolates of a
very successful HA-MRSA lineage (ST239), which is glob-
ally spread and is responsible for most hospital infections
worldwide, lack the classical SSAg [57], indicating classical
SSAg are not essential for the pathogenesis of hospital-
associated infections.

It was previously suggested that the presence of a larger
number of genetic determinants conferring antimicrobial re-
sistance in HA-MRSA, compared to CA-MRSA, can result in
a high biological cost, reflected in a reduction of fitness for
HA-MRSA [21]. Generally CA-MRSA strains carry
SCCmecIV or V, which are smaller than those present in
typical HA-MRSA strains, which harbor, more frequently,
SCCmecI, II, and III, and contain inserted mobile genetic
elements and, in some cases, other antimicrobial resistance
genes [21]. Contrasting this hypothesis, some HA-MRSA

clones, like the pediatric clone, also carry SCCmecIV [35].
Even though both Brazilian and North American ST1 isolates
carry SCCmecIV, previous data showed that the majority of
the Brazilian isolates showed multidrug resistance [30], being
resistant to ciprofloxacin, erythromycin, and clindamycin,
while the North American isolates were susceptible to these
drugs [20, 58]. Antimicrobial resistance is a common example
of beneficial mutation under strong positive selection. These
mutations potentially enable the bacterium to survive expo-
sure to various antibiotics, but also these mutations typically
reduce or inactivate pre-existing bacterial activities related to
enzymatic, regulatory, or transport systems [59].
Consequently, a mutation can be beneficial in one type of
environment and toxic in a different environment [60]. Based
on that, it is reasonable to speculate that the expression of
some genes may be silenced or modified in the Brazilian
isolates by the insertion of mobile genetic elements carrying
resistant genes, affecting fitness and virulence of these
isolates.

Altogether, this evidence seems to support the hypothesis
that the Brazilian USA400 could be less virulent than the
North American isolates. The high pathogenic potential of
North American isolates was confirmed by the recovery of a
larger number of bacterial cells from the animal blood, the
severity of bacteremia signs, and by the significantly increased
production of IFN-γ, when compared with Brazilian isolates.
In addition to an enhanced potential of virulence in animal
models, both USA400–0051 and MW2 showed better fitness
in mice in comparison with the Brazilian isolates analysed.
Other studies have also demonstrated that CA-MRSA strains
were highly pathogenic to the nematode Caenorhabditis
elegans compared to HA-MRSA. However, differently from
the work presented herein, they tested strains of very distinct
genetic backgrounds [61, 62]. Taken together, these data
corroborate previous studies, indicating that CA-MRSA
strains are more virulent or have better fitness than HA-
MRSA strains [21, 61].

The data from the competitive fitness assay showed the
unexpected result that the disease signs and IFN-γ production
in animals inoculated with mixed cultures were significantly
attenuated compared with the animals that had individually
been infected with North American ST1 isolates, even though
we recovered more bacteria from the blood of the infected
animals inoculated with North American isolates. In other
words, the pathogenic potential of MW2 and USA400–0051
was clearly affected by the mixed infection with the less
virulent Brazilian ST1 isolates.

Although not well established, the role of genetic back-
ground in the pathogenic potential and spread of a specific
MRSA clone has already been suggested. It was hypothesized
that pathoadaptive mutations may improve the virulence of
pathogenic bacteria by adding, modifying or deleting genes
required for survival in host tissues under specific conditions,
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and thus interfere with the pathogenesis of the ancestral bac-
teria. Such mutations could involve a gene that directly in-
creases fitness or, indirectly, in a gene that would eliminate or
modify a particular characteristic, such as an antivirulence
gene (AVG) [63, 64]. An AVG is a gene whose expression
in a pathogen is incompatible with the virulence of that
pathogen. Therefore, an AVG must be inactivated, deleted,
or differentially regulated to prevent its expression from inter-
fering with bacterial virulence [64]. A classical demonstration
of pathoadaptive mutation affecting an anti-virulence gene is
the loss of lysine decarboxylase (LDC) expression (that blocks
the action of Shigella enterotoxins) in Shigella species that
have evolved from LDC-expressing Escherichia coli [63].
Actually, studies on AVG have not been extensively
researched in S. aureus and most research has used Gram-
negative bacteria as a model [64]. In 2012, Delauné et al. [42]
produced a constitutively active form of WalR, a positive
regulator of autolysins in S. aureus. Using a murine model,
the WalR phosphomimetic construction showed a significant
reduction in virulence compared to the wild-type strain. The
authors suggested that the virulence attenuation had probably
occurred due to the increase of the autolytic activity in the
WalR phosphomimetic construction, since fragments of mu-
rein hydrolase could trigger an early inflammatory response
and thus eliminate the bacteria [42]. Based on that, we decided
to test the autolytic activities of the ST-1 isolates. Although
lower activity was detected for the Brazilian isolate 07–59,
this difference was not statistically significant. The concept of
antagonistic pleiotropy proposes that a gene whose expression
was advantageous in one environment may be detrimental in
another environment [65]. Thus, theoretically, it is possible
that an undiscovered antivirulence factor might have been
secreted or shed by the Brazilian isolates, interfering with
the virulence of the North American isolates in animals inoc-
ulated with mixed cultures. Additionally, these results
reflected the importance of the use of animal models in com-
parative studies of virulence and fitness.

The fact that the Brazilian ST1 isolates have frequently
been collected, not only from bacteremia but also from colo-
nization sites [30], may reflect a high ability for colonization
in the nosocomial environment. In fact, when we analysed the
transcriptional expression of virulence factors, we observed
that sasG transcript for the Brazilian isolates was about twice
that of the North American isolates. The role of SasG in
biofilm formation/accumulation and nasal colonization has
already been demonstrated [4, 13]. Only MW2 expressed
fnbB and, corroborating these results, Shukla et al. [38] de-
tected fnbB in less than 1 % in USA400 isolates. Compared
with the other isolates tested, the MW2 strain showed in-
creased expression for all genes analysed (except sasG), con-
sistent with the fact that this strain is the prototype for the
highly virulent North American CA-MRSA strains related to
pediatric deaths in 1999 [18].

Concerning the exoproteins, the increase in the psmα3
expression for North American, compared with the
Brazilian, isolates was consistent with the increase in agr-
RNAIII expression for the same isolates. A previous study
also suggested that, when compared with HA-MRSA strains,
the increased expression of psmα3 for CA-MRSA strains was
related to a parallel increase of agr-RNAIII, because the agr
locus can positively regulate psmα operon [66]. More impor-
tant, studies based on animal models suggest that the psmα3
operon could be associated with the severity of skin and soft
tissues infections and pneumonia [5, 22].

In conclusion, the mechanisms associated with the entry of
a less virulent ST1-SCCmecIV (PVL-negative USA400-relat-
ed) variant in Brazilian hospitals were likely to be multifacto-
rial, involving the loss of important bacterial toxins, gain of
multiresistant traits, gene modification leading to differential
gene expression of virulence factors, and probably other im-
portant mechanisms to improve nosocomial spread, coloniza-
tion, and adaptation to the hospital environment, thus estab-
lishing itself as an important pathogen affecting patients with
high risk for MRSA infections. Ongoing studies involving
whole genome sequencing of CA-MRSA and HA-MRSA of
ST1-SCCmecIV will certainly contribute to the understanding
of the evolutionary mechanisms and the driving forces in-
volved in the divergence of variants of this MRSA lineage.
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