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Staphylococcus aureus clonal complex 75 (herein referred to as S. argenteus) lacks the carotenoid pigment

operon, crtOPQMN, responsible for production of the putative virulence factor, staphyloxanthin. Although a

common cause of community-onset skin infections among Indigenous populations in northern Australia, this

clone is infrequently isolated from hospital-based patients with either bacteremic or nonbacteremic infections.

We hypothesized that S. argenteus would have attenuated virulence compared to other S. aureus strains due to

its staphyloxanthin “deficiency.” Compared to prototypical S. aureus strains, S. argenteus was more susceptible

to oxidative stress and neutrophil killing in vitro and had reduced virulence in murine sepsis and skin infection

models. Transformation with pTX-crtOPQMN resulted in staphyloxanthin expression and increased resistance

to oxidative stress in vitro. However, neither resistance to neutrophil killing nor in vivo virulence was increased.

Thus, reduced virulence of S. argenteus in these models is due to mechanisms unrelated to lack of staphyloxan-

thin production.
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Staphylococcus aureus is a very successful human com-

mensal and pathogen. Although there are multiple line-

ages within the species, the core genome is well

conserved, with <2% nucleotide divergence between

lineages. Recently, an early branching and divergent

lineage has been described that has approximately 10%

nucleotide divergence compared to other S. aureus line-

ages [1–4]. A representative strain, MSHR1132, was

found to lack the crtOPQMN gene operon encoding

the carotenoid pigment, staphyloxanthin; all other

tested strains from this lineage were also nonpig-

mented. On the basis of the nucleotide divergence and

nonpigmented phenotype, this lineage, previously

known as clonal complex 75, has been provisionally

named S. argenteus [1].

S. argenteus is a highly prevalent and successful com-

munity-associated lineage in Indigenous populations in

Australia and French Guiana [3, 5]. We have previously

hypothesized that it would be less virulent than S.

aureus, reflecting its ancestral phylogenetic status and

apparent predilection for minor skin infections [1].

Furthermore, because staphyloxanthin confers resis-

tance against oxidative stress and neutrophil killing [6],

and inhibition of staphyloxanthin synthesis has been
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demonstrated to attenuate virulence in S. aureus [7], an intrigu-

ing possibility is that the virulence properties of S. argenteus

differ from that of S. aureus as a result of a lack of staphyloxan-

thin production.

The purposes of the current study were (i) to compare the

prevalence of S. argenteus in 3 distinct clinical populations of S.

aureus infections (community-based impetigo, and hospital-

based patients with either bacteremic or nonbacteremic infec-

tions (“hospital-based bacteremia” and “hospital-based clinical

infections,” respectively); all patients were from northern Aus-

tralia where S. argenteus is endemic; and (ii) to test the hypoth-

esis that S. argenteus is less virulent than other S. aureus

lineages and, if so, whether this is due to a lack of staphyloxan-

thin production.

METHODS

Genotyping from S. aureus Strain Collections

Three S. aureus strain collections from the “Top End” region of

northern Australia were examined for the prevalence of S. ar-

genteus: impetigo lesion isolates from children across 5 remote

Australian Indigenous communities recruited from 2 previous

studies between 2003 and 2007 [3, 8]; nonbacteremic isolates

from the Royal Darwin Hospital (RDH) from 2006 to 2007 [4,

9]; and bloodstream isolates from the RDH from 2007 to 2010

(identified through hospital microbiology databases). Isolates

were genotyped using either an allele-specific polymerase chain

reaction (PCR) or high-resolution melting analysis of multilo-

cus sequence type (ST)-derived single-nucleotide polymor-

phisms [3, 10]. Patient demographics and strain descriptions

related to the first 2 collection cohorts above have been reported

elsewhere [3, 4, 8].

Bacterial Strains and Plasmid-Transformation of crtOPQMN

S. aureus cultures were grown overnight in trypticase soy broth

(TSB), diluted to an optical density (OD600) of 0.1, and grown

to either exponential phase (OD600, 0.75–1.0) or stationary

phase (40 hours). Cells were washed twice with phosphate buff-

ered saline (PBS) and resuspended in 20% glycerol from which

colony-forming units (CFUs) were enumerated on trypticase

soy agar (TSA). Aliquots of the suspension were frozen at −80°

C until further use, at which time they were individually

thawed and CFUs reenumerated.

As controls for our investigations, we chose well-characterized

community-associated S. aureus strains to represent different

S. aureus lineages: LAC (ST8; USA300) [11],MSSA476 (ST1) [12],

and JKD6159 (ST93) [13]. We also included a S. epidermidis

strain, RP62a. We transformed a S. argenteus strain, MSHR1132,

with a plasmid containing the crtOPQMN gene operon (kindly

provided by Dr F. Gotz; Tubingen, Germany). The plasmid con-

struct pTXcrtOPQMN [14] was purified using a Wizard Plus

kit from Promega, Inc. (Madison, WI). Electroporation of the

plasmid DNA into MSHR1132 strain was performed as per

Schenk and Laddaga [15] and transformants selected on TSA

containing tetracycline (5 µg/mL).

Quantification of Carotenoids

We visually determined pigmentation status and also quantita-

tively compared the overall carotenoid content of the parental

MSHR1132 and transformant strains, with the LAC strain used

as a pigment-positive control. In brief, S. aureus cells were

grown in brain heart infusion (BHI) broth to stationary phase

(24 hours) at 37°C, then harvested, washed, and pelleted in PBS

by centrifugation. Excess liquid was removed from the final

pellets by inversion for at least 5 minutes. The S. aureus cells

were then subjected to methanol extraction, and the carotenoid

content spectrophotometrically determined at 450 nm wave-

length [6, 16]. A minimum of 3 independent experiments was

performed for all strains on different days.

Oxidative Stress Studies

Stationary-phase S. aureus cells (2 × 108 CFU) were incubated

with 0, 0.375%, 0.75%, and 1.5% final concentrations of hydro-

gen peroxide (H2O2) in 1 mL PBS at 37°C for 1 hour; 1000 IU/

mL of catalase (Sigma-Aldrich, St Louis, MO) was then added

to quench residual H2O2. An aliquot of the assay was plated on

TSA, and CFUs were enumerated the following day. For the

singlet oxygen assay, stationary-phase S. aureus cells (5 × 108

CFUs) were incubated with 1 μg/mL methylene blue in 1 mL

PBS at 37°C and 10 cm from a 100-watt light bulb for 1 hour as

described elsewhere [6]. CFUs were enumerated as described

above. Cell counts from control cultures containing no methy-

lene blue or methylene blue + foil (to shield from light) demon-

strated no bacterial killing. Three replicates of each experiment

were performed.

Host Defense Peptides (HDPs) Susceptibilities

Although our studies above focused on the impact of the carot-

enoid locus on the oxidative limb of innate host defense against

staphylococci, it was important to also examine the nonoxida-

tive limb in parallel. Since cationic HDPs are very important in

the nonoxidative innate immune response to infection, includ-

ing skin and soft tissue infections, we analyzed the susceptibil-

ity profiles of our parental and transformant strains to 2

prototypical and relevant HDPs. Both HDPs that were used

(LL-37; and hNP-1) are present in neutrophils, although stored

in distinct granules (specific granules; and azurophilic granules,

respectively) [17]. In addition, LL-37 is found constitutively in

skin epidermal cells. Both LL-37 and hNP-1 were purchased

from Peptide International (Louisville, KY). Stationary phase

cells were used in these 2-hour timed-kill assays, which were

carried out in the appropriate buffers as described elsewhere [16]

(and see below). The concentrations of peptides used in the

killing assays were 5 and 10 µg/mL for LL-37 and 10 and 20 µg/mL
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for hNP-1. These peptide concentrations represent levels that

did not rapidly kill the parental strain in this assay, based on ex-

tensive pilot experiments.

In brief, stationary phase S. aureus cells were diluted into the

peptide solutions and adjusted to desired final inoculum (103

CFU/mL) and peptide concentrations, then incubated at 37°C.

After 2 hours of exposure, samples were obtained and pro-

cessed for quantitative culture to evaluate the extent of killing

by each HDP [16]. Final data were expressed as mean (± SD)

percent surviving CFU/mL. Since there is no bona fide “resis-

tance” breakpoint for HDPs, we statistically compared only the

mean percent survivability (± SD) in the parental vs transform-

ant strains. A minimum of 3 experimental runs on separate

days was performed for each peptide.

Neutrophil Bactericidal Activity Assays

Human neutrophils were isolated from heparinized venous

blood of healthy donors using a standard method [18]. All

work was performed in accordance with protocol approved by

the Institutional Review Board for Human Subjects, National

Institute of Allergy and Infectious Diseases, National Institutes

of Health. All human blood donors provided written informed

consent prior to participation in the study.

S. aureus strains were cultured to midexponential phase of

growth as described above, washed in PBS, and then opsonized

in 50% normal human serum for 30 minutes. Bacteria were

washed in PBS and resuspended in Roswell Park Memorial In-

stitute (RPMI) 1640 buffered with 10 mM Hepes (RPMI/H)

and at 107 CFU/mL. In total, 106 bacteria were combined with

106 neutrophils (600 μL final volume) and rotated gently for 2

hours at 37°C. Based on extensive pilot studies, experience in the

literature, and our bacteria:neutrophil ratios, we chose 2 hours as

an optimal time point for these assays. An aliquot of the assay

was removed at 30 minutes for subsequent analysis by light mi-

croscopy. At the end of the 2-hour time period, saponin (0.1%

final concentration) was added to permeabilize neutrophils, and

assay tubes were chilled on ice for 15 minutes. An aliquot of the

assay was plated on Luria-Bertani agar, and CFUs were enumer-

ated the following day. Percentage of S. aureus survival was cal-

culated with the equation (CFUPMN+S. aureus/CFUS. aureus) × 100.

For analysis of samples by light microscopy, samples were

prepared on slides by using a Cytospin 4 and Wright-Giemsa

stain. In total, 250 neutrophils from 5 fields of view were scored

to determine the percentage of neutrophils with bound and/or

ingested S. aureus (total associated). Nine independent experi-

ments were performed.

Murine Infection Studies

Male BALB/c mice (the Jackson Laboratory, Bar Harbor, ME)

aged 4–6 weeks were housed in a centralized research animal

facility at Duke University, North Carolina, and provided with

food and water ad libitum. All animal experiments were

performed in accordance to National Institutes of Health

(NIH) guidelines, the Animal Welfare Act, and US federal law,

and were approved by Duke University’s Institutional Animal

Care and Use Committee (IACUC).

For the skin abscess model [13], mice were anesthetized with

intraperitoneal ketamine/xylazine, had their right flank shaved

and then subcutaneously inoculated with 1 × 107 CFU of expo-

nential phase bacteria in 50 μL PBS. Key experiments were re-

peated using stationary phase bacteria as specified in the

results. Paracetamol was added to the drinking water to a con-

centration of 1 mg/mL for analgesia as prescribed by the

IACUC. Mice were assessed daily, with lesion size measured

using calipers, and the infection area calculated by length ×

width. A subset of mice was killed at day 3 at which time photo-

graphs were taken, skin and muscle harvested for histology, and

tissue homogenized for enumeration of CFUs. Histopathology

changes were assessed by a dermatopathologist who was

blinded to the infecting strains. Changes were defined as mild

inflammation for inflammatory cells in the subcutaneous layer

and muscle; moderate inflammation for inflammatory cells in

subcutaneous layer, muscle and soft tissue; and severe inflam-

mation for severe necrosis in epidermis, dermis, subcutaneous

layer, and deep muscle.

For the sepsis model [19], mice were intraperitoneally inocu-

lated with 1 × 109 CFU of exponential phase bacteria in 200 μL

PBS and observed every 24 hours for 5 days. Moribund mice

were killed.

Statistical Analysis

Categorical data are presented as proportions and compared

using χ2 or Fisher exact test. Continuous data are presented as

means with standard errors of the mean and compared using

the Mann–Whitney U test or ANOVA and Tukey post-test.

Survival analysis is presented as Kaplan–Meier plots and com-

pared using the log rank test. Two-sided P values < .05 were

considered significant. Analyses were performed using Stata 11

(StataCorp, TX) and GraphPad Prism 5.01 (GraphPad Soft-

ware, Inc, CA).

RESULTS

The Epidemiological Niche of S. argenteus Differs From that of

Other S. aureus Lineages

Large, representative S. aureus strain collections recovered from

3 distinct clinical populations from the same geographical

region of northern Australia were used to compare the

prevalence of S. argenteus across these cohorts (Figure 1). S.

argenteus made up 8% (36 of 431) of methicillin-susceptible

Staphylococcus aureus (MSSA) and 69% (62 of 90) of methicillin-

resistant Staphylococcus aureus (MRSA) recovered from impetig-

enous lesions in children from remote Australian Indigenous

communities. However, this clone accounted for only 1% (3 of
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226) and 9% (21 of 229) of MSSA and MRSA nonbacteremic

hospital-infection isolates and 1% (3 of 220) and 0% (0 of 47) of

MSSA and MRSA hospital bacteremias at the RDH (P < .001 for

a comparison of proportions across the 3 cohorts for both MSSA

and MRSA). Among the nonbacteremic hospital-infection

MRSA isolates, S. argenteus was more commonly recovered from

Indigenous patients (17 of 126 [13%]) than from non-Indigenous

patients (4 of 103 [4%]; P = .02).

Quantification of Carotenoids

Transformant construct MSHR1132 containing pTX-

crtOPQMN displayed a typical golden pigmented phenotype

(Figure 2A). As expected, the quantity of carotenoid content of

the transformant strain was significantly higher than its paren-

tal isolate, which was at the lower limit of detection by this

assay (Figure 2A). The LAC control strain, which is representa-

tive of the widespread USA300 clone, also produced signifi-

cantly more carotenoid than the parental strain.

Oxidative Stress Resistance Is Augmented by Staphyloxanthin

We compared resistance to oxidative stress in vitro using H2O2

and singlet oxygen assays (Figure 2B and 2C). MSHR1132 was

significantly more susceptible to H2O2 compared to MSSA476

and LAC and more susceptible to singlet oxygen than all other

S. aureus strains. The transformant MSHR1132 (containing

pTX-crtOPQMN) strain was significantly more resistant than

MSHR1132 in these assays (P < .05 for both assays), confirming

the ability of staphyloxanthin to modulate the antibacterial

effects of H2O2 and singlet oxygen.

Susceptibility to Host Defense Peptides (HDPs)

The transformant strain consistently appeared to be more sus-

ceptible than the parental strain to both LL-37 and hNP-1.

However, these data differences did not reach statistical signifi-

cance (Table 1).

Survival of MSHR1132 Following Phagocytic Interaction With

Human Neutrophils Is Not Augmented by Staphyloxanthin

To determine if the noted in vitro differences in resistance to

oxidative stress among the strains translated into differential

survival following interaction with host phagocytic leukocytes,

we tested bacterial survival during co-culture with human neu-

trophils (Figure 2D). The binding/uptake of bacteria by neutro-

phils was similar for all bacterial strains tested (data not

shown). LAC and MSSA476 were more resistant to killing by

neutrophils than MSHR1132 (both comparisons P < .05). Sur-

prisingly, MSHR1132 containing pTX-crtOPQMN was not

more resistant to neutrophil killing that the parent strain

MSHR1132. Thus, although expression of staphyloxanthin

conferred increased resistance to oxidative stress onMSHR1132,

this did not translate into improved survival following phago-

cytic interaction with neutrophils.

In vivo Virulence in Murine Skin Infection and Sepsis Models

We next compared the different community-associated S.

aureus lineages in both skin abscess and systemic sepsis models

(Figure 3). In the skin abscess model with exponential phase

bacteria, JKD6159 (ST93) was clearly the most virulent strain

and MSHR1132 the least virulent strain, as assessed by the

measured area of infected lesion, CFUs recovered from skin ab-

scesses, and histologically determined inflammation and nec-

rosis. MSHR1132 caused larger lesions than RP62a (S.

epidermidis). The JKD6159 strain was also the most virulent

and strain MSHR1132 the least virulent, in the murine sepsis

model (Figure 3D). Of note, there was no difference between

MSHR1132 and transformant MSHR1132 containing pTX-

crtOPQMN in any outcome metric in either infection model. In

Figure 1. Proportion of Staphylococcus argenteus among Staphylococcus aureus isolates in 3 distinct clinical cohorts from northern Australia. The clini-

cal cohorts are community-based impetigo, hospital-based clinical disease, and hospital-based bacteremia. S. argenteus is represented by solid red bars;

other S. aureus lineages by striped blue bars. A, Methicillin-susceptible S. aureus (MSSA). B, Methicillin-resistant S. aureus (MRSA).

Comparative Virulence of S. argenteus • JID 2013:208 (1 August) • 523

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jid
/a

rtic
le

/2
0
8
/3

/5
2
0
/2

1
9
2
5
1
0
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



addition, a mean of 89% (±4.5%) of CFUs of the transformant

strain displayed a pigmented phenotype at day 3 following in-

oculation in the skin abscess model, thus demonstrating excel-

lent plasmid stability.

Given that stationary phase bacteria may produce greater

amounts of staphyloxanthin as compared to log phase

bacteria [6], we repeated the in vivo murine skin infection

studies using stationary phase bacteria (Figure 4) for

MSHR1132 (n = 14) and MSHR1132:Pcrt (n = 14). Again, no

difference was seen with regard to size of skin lesions at any

time point, nor was there a difference in CFUs at day 3 (n = 3

for each strain). Following inoculation with stationary phase

MSSA476 (n = 15), the size of skin lesions and CFUs at day 3

were consistent with greater virulence for MSSA476 compared

to MSHR1132. Thus, similar to the findings in the neutrophil

bactericidal activity assays, staphyloxanthin-mediated resis-

tance to oxidative stress did not translate to increased strain vir-

ulence.

DISCUSSION

Several key observations emerged from this study. First, the

phylogenetically divergent S. argenteus lineage occupies a

Figure 2. Plasmid transformation and oxidative stress and neutrophil survival assays. A, Pigment production. Following transformation with the plasmid

pTX-crtOPQMN a yellow phenotype consistent with expression of staphyloxanthin is demonstrated (MSHR1132 on left, MSHR1132:Pcrt on right). Both the

transformant strain and LAC (USA300) strain produced significantly more carotenoid pigment than the parental MSHR1132 strain (both P < .02). B, H2O2 me-

diated killing. Survival following incubation in H2O2 1.5%, 0.75% and 0.375%. MSHR1132 is more susceptible to H2O2 killing compared to MSHR1132:Pcrt

and other Staphylococcus aureus strains. C, Singlet-oxygen mediated killing. MSHR1132 is more susceptible to singlet-oxygen mediated killing compared

to MSHR1132:Pcrt and other S. aureus strains. D, Phagocytic interaction with neutrophils. MSHR1132 has similar survival compared to MSHR1132:Pcrt

but has reduced survival compared to MSSA476 and LAC. Carotenoid pigment quantification and oxidative stress assays were performed in triplicate and

neutrophil survival assays from 9 blood donors. Columns represent means with standard deviation (SD) for the carotenoid pigment assays and with stan-

dard errors of the mean (SEM) for all other assays. * indicates P < .05 for comparison with MSHR1132.

Table 1. In vitro Susceptibilities of Study Strains to Two Distinct

Host Defense Peptides

Strains

LL-37

(5 µg/mL)

LL-37

(10 µg/mL)

hNP-1

(10 µg/mL)

hNP-1

(20 µg/mL)

MSHR1132 96 ± 16 38 ± 19 76 ± 14 68 ± 25

MSHR1132:pCrt 86 ± 21 26 ± 21 56 ± 11 33 ± 12

Per cent survival (mean ± SD) after 2 hours exposure to two concentrations of

host defense peptides
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distinct epidemiological niche as compared to other S. aureus

strains in our geographic locale-of-interest. We observed that S.

argenteus was less likely to cause hospital-based clinical disease

but rather appears well adapted to cause superficial skin

lesions. Given its prevalence in remote Indigenous populations

with poor levels of housing and hygiene in northern Australia

and French Guiana [3, 5], and the rarity of S. argenteus within the

overall global population sampling of S. aureus (notwithstanding

Figure 3. Skin infection and sepsis models using BALB/c mice and exponential phase bacteria. A, Area of skin abscess lesions demonstrating the

marked virulence of JKD6159 (P < .01 at all time points compared to other strains). For greater clarity, B presents the same data without JKD6159.

MSHR1132 caused smaller lesions than MSSA476 and LAC at all time points (except days 9–10) and there was no difference between MSHR1132 and

MSHR1132:Pcrt (except days 8–9). For each Staphylococcus aureus strain, there were at least 20 mice for days 1–3 and 10 mice for days 4–12. Points rep-

resent mean area, and bars represent the standard errors of the mean (SEM). C, CFUs recovered from abscess lesions. There were fewer colony-forming

units (CFUs) for MSHR1132 compared to MSSA476, LAC and JKD6159; but no difference between MSHR1132 and MSHR1132:Pcrt. JKD6159 has more

CFUs than all other strains. For each S. aureus strain there were 8 mice. Bars represent mean CFUs and SEM, and * if P < .05 compared to MSHR1132. D,

Intraperitoneal sepsis. Survival curve following intraperitoneal inoculation of 1 × 109 CFUs. Survival for MSHR1132 was significantly greater compared to

MSSA476, LAC, and JKD6159 (*P < .05) but was not different compared to MSHR1132:Pcrt. Survival for JKD6159 was similar compared to LAC at 1 × 109

CFUs but significantly worse using an inoculation of 5 × 108 (P < .01, data not shown). At least 10 mice were used for each S. aureus strain. E–N, Photos

and histological sections of representative lesions for strains MSHR1132 (E and J ), MSHR1132:Pcrt (F and K), MSSA476 (G and L), LAC (H and M ) and

JKD6159 (I and N ). There was minimal and mild inflammation for MSHR1132 (J ) and MSHR1132:Pcrt (K ), respectively; mild inflammation for MSSA476

(L ) with inflammatory cells in the subcutaneous layer and muscle; moderate inflammation for LAC (M ) with inflammatory cells in sub-cutaneous layer,

muscle and soft tissue; and severe inflammation for JKD6159 (N ) with severe necrosis in epidermis, dermis, subcutaneous layer, and deep muscle.
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the bias toward sampling from clinical disease and hospital set-

tings), it would appear that S. argenteus is less successful than

other S. aureus in human populations with access to modern-

day hygiene and healthcare facilities.

Second, we hypothesized that the lack of staphyloxanthin

production might be associated with the triad of increased sus-

ceptibility to oxidative killing, enhanced neutrophil-mediated

killing, plus reduced virulence in multiple animal models. Al-

though the in vivo virulence of wild-type S. argenteus was

indeed less than that of other S. aureus strains in murine infec-

tion models, neither the resistance to killing by neutrophils nor

in vivo virulence was augmented by the expression of staphy-

loxanthin. Our findings suggest that S. argenteus is intrinsically

more susceptible to killing by neutrophils by mechanisms unre-

lated to a lack of staphyloxanthin production. This stands in

contrast to previous findings where an isogenic S. aureus Δcrt

mutant that did not express staphyloxanthin demonstrated in-

creased susceptibility to oxidative stress and killing by neutro-

phils compared to the wild-type strain, as well as reduced

virulence in a murine skin infection model [6].

Given the phylogenetic divergence of S. argenteus from other

S. aureus, it is possible that S. argenteus lacks the regulatory

pathways to appropriately use staphyloxanthin in response to

stress. However, 2 known regulators of staphyloxanthin—the

RNA polymerase sigma factor, SigB, and its sensing module,

RsbU [20]—are both present in S. argenteus and have a 99%

amino acid identity to these proteins found in other S. aureus

strains. Furthermore, MSHR1132 containing pTX-crtOPQMN

clearly demonstrated an ability to use crtOPQMN in response

to oxidative stress to maintain survivability.

In investigating the nonoxidative limb of host defense

against staphylococci we noted that MSHR1132 containing

pTX-crtOPQMN is likely to be more susceptible than the pa-

rental wild-type strain to in vitro killing by 2 HDPs relevant to

neutrophil- and epidermal-related killing of S. aureus (although

these data did not reach statistical significance due to high stan-

dard deviations as is common in these assays). This may be a

strain-specific finding as we have previously demonstrated in

other S. aureus strains that carotenoid overexpression often

makes cells more “resistant” to HDPs [16, 21]. Nonetheless, an

increased susceptibility to HDPs of the transformant strain

could partly explain why increased resistance to oxidative

killing did not translate to increased resistance to neutrophil

killing or increased virulence in the in vivo mice models. In

other words, the gain in resistance against oxidative stress may

have been counterbalanced by a reduction in resistance to

HDPs.

The targeted inhibition of staphyloxanthin has been shown

to attenuate the virulence of selected S. aureus strains. Liu et al [7]

elegantly demonstrated that inhibition of staphyloxanthin pro-

duction using a cholesterol biosynthesis inhibitor resulted in

impaired survival of S. aureus against oxidative stress and killing

in whole blood. Furthermore, bacterial counts in the kidney in

an intraperitoneal sepsis model were significantly lower in mice

treated with the staphyloxanthin inhibitor as compared to con-

trol mice. While such therapies appear promising, our results

demonstrate that these pathways may not be of importance for

virulence in all S. aureus or related strains. The fact that

EMRSA-16 (clonal complex 30, ST36) has proven to be a suc-

cessful hospital lineage despite a nonsense mutation in crtM

and a nonpigmented phenotype [22] also supports the no-

tion that staphyloxanthin is not essential for success as a

lineage of S. aureus. It may be that targeted therapies, such

as those directed against biosynthesis of staphyloxanthin, will

Figure 4. Skin infection model using BALB/c mice and stationary phase bacteria. A, Area of skin abscess lesions. MSHR1132 caused smaller lesions

than MSSA476 at all time points and there was no difference between MSHR1132 and MSHR1132:Pcrt. For each Staphylococcus aureus strain, there

were at least 14 mice for days 1–3 and 10 mice for days 4–12. Points represent mean area, and bars represent the standard errors of the mean (SEM). B,

Colony-forming units (CFUs) recovered from abscess lesions. There were fewer CFUs for MSHR1132 compared to MSSA476; but no difference between

MSHR1132 and MSHR1132:Pcrt. For each S. aureus strain there were 3 mice. Bars represent mean CFUs and SEM, and * if P < .05 compared to

MSHR1132.
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prove to be more effective against certain lineages of S. aureus

than others.

Third, the findings presented here and elsewhere [13] regard-

ing the ST93 lineage (as represented by JKD6159) highlight the

virulence of this successful Australian clone. ST93 has become

the dominant community-associated MRSA lineage in Austra-

lia [13], as well as representing up to 20% of MSSA strains in

some parts of Australia [4]. The reasons for the high virulence

of ST93, especially in skin and soft tissue infections, remain to

be elucidated. However, our findings demonstrate that this is

not as a direct result of increased resistance to oxidative stress

and/or increased resistance to killing by neutrophils. The mo-

lecular basis for the high virulence phenotype of ST93 merits

further investigation.
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