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Correction for “Sequential evolution of virulence and resistance
during clonal spread of community-acquired methicillin-resistant
Staphylococcus aureus,” by Richard Copin, William E. Sause, Yi
Fulmer, Divya Balasubramanian, Sophie Dyzenhaus, Jamil M.
Ahmed, Krishan Kumar, John Lees, Anna Stachel, Jason C.
Fisher, Karl Drlica, Michael Phillips, Jeffrey N. Weiser, Paul J.
Planet, Anne-Catrin Uhlemann, Deena R. Altman, Robert
Sebra, Harm van Bakel, Jennifer Lighter, Victor J. Torres, and
Bo Shopsin, which was first published January 29, 2019; 10.1073/
pnas.1814265116 (Proc Natl Acad Sci USA 116:1745-1754).

The authors note that some citations in the article appeared
incorrectly. On page 1746, right column, third paragraph, lines
5-6, citations to refs. 23 and 24 should instead be to ref. 61.
Additionally, three other citations to ref. 24 should instead be to
ref. 61: on page 1746, right column, fourth paragraph, line 5; on
page 1748, right column, first full paragraph, line 11; and on page
1752, left column, first full paragraph, line 19.

The authors also note that the following statement should be
added to the Acknowledgments: “We thank the members of the
NYU Langone Genome Technology Center (GTC) for expert
support. The GTC is partially supported by the Cancer Center
Support Grant P30CA016087 at the Laura and Isaac Perlmutter
Cancer Center.”
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The past two decades have witnessed an alarming expansion of
staphylococcal disease caused by community-acquired methicillin-
resistant Staphylococcus aureus (CA-MRSA). The factors underlying
the epidemic expansion of CA-MRSA lineages such as USA300, the
predominant CA-MRSA clone in the United States, are largely un-
known. Previously described virulence and antimicrobial resistance
genes that promote the dissemination of CA-MRSA are carried by
mobile genetic elements, including phages and plasmids. Here, we
used high-resolution genomics and experimental infections to char-
acterize the evolution of a USA300 variant plaguing a patient pop-
ulation at increased risk of infection to understand the mechanisms
underlying the emergence of genetic elements that facilitate clonal
spread of the pathogen. Genetic analyses provided conclusive evi-
dence that fitness (manifest as emergence of a dominant clone)
changed coincidently with the stepwise emergence of (i) a unique
prophage and mutation of the regulator of the pyrimidine nucleotide
biosynthetic operon that promoted abscess formation and coloniza-
tion, respectively, thereby priming the clone for success; and (i) a
unique plasmid that conferred resistance to two topical microbio-
cides, mupirocin and chlorhexidine, frequently used for decolonization
and infection prevention. The resistance plasmid evolved through suc-
cessive incorporation of DNA elements from non-S. aureus spp. into an
indigenous cryptic plasmid, suggesting a mechanism for interspecies
genetic exchange that promotes antimicrobial resistance. Collectively,
the data suggest that clonal spread in a vulnerable population resulted
from extensive clinical intervention and intense selection pressure to-
ward a pathogen lifestyle that involved the evolution of consequential
mutations and mobile genetic elements.

MRSA | evolution | antimicrobial resistance | virulence

Community-acquired methicillin-resistant Staphylococcus au-
reus (CA-MRSA) strains have dramatically increased the
global burden of S. aureus infections. CA-MRSA consists of
multiple lineages; however, specific geographic regions are usu-
ally dominated by a single subclone, with different subclones
present in different regions. For example, the pandemic se-
quence type USA300 is dominant in the United States (1-4).
Among the well-known problems caused by USA300 are out-
breaks of skin abscesses in high-risk communities (e.g., jails and
daycare facilities) (5). Despite considerable research, how epidemic
strains of CA-MRSA become established in different settings,
especially community settings, is poorly understood.

Although epidemiological risk factors, such as human activities
that increase infection risk, are often the primary trigger for clonal
spread of pathogens, genome-wide surveys of pathogen populations

Www.pnas.org/cgi/doi/10.1073/pnas. 1814265116

promise insight into the evolutionary processes and the genetic
basis underlying the emergence of successful lineages (6-12). Indeed,
genomic comparisons between successful CA-MRSA clones and
distantly related strains have provided broad insight into genome
evolution within S. aureus (13-17). For example, genome-wide
studies have described the evolutionary history and spread of
successful pandemic clones and have defined the contributions
of mutation and recombination to genetic variation in the species
(reviewed in ref. 18). They have also pinpointed syndrome-specific
elements, such as the prophage-encoded Panton-Valentine
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Epidemics of community-acquired methicillin-resistant Staph-
ylococcus aureus (CA-MRSA) are of growing medical concern.
To understand the emergence of virulence and antimicrobial
resistance, both of which promote CA-MRSA spread, we exam-
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by analyzing the genome sequences of CA-MRSA clones charac-
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fully optimized variant was created by selection of plasmid-
mediated biocide resistance. The data provide mechanistic in-
sight and indicate that high-risk populations are incubators for
evolution of consequential phenotypes. Inmediate interruption
of this evolutionary pattern is essential for forestalling dissemi-
nation of resistance from high-risk communities to hospitals and
the general population.
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leukocidin, that are associated with skin and soft tissue infections
and that promote transmission (19). Collectively, prior work
creates a framework upon which evolution studies can in-
vestigate adaptations underpinning the emergence of clones of
public health concern within a background of closely related
competing strains. Identification of such adaptations is key to
finding new therapeutic directions, since the spectrum of adap-
tive changes that arises during the course of CA-MRSA spread is
likely to identify genetic pathways critical for bacterial pathogen-
esis in vivo.

Human populations having above-average risk of infection (e.g.,
due to differences in exposure to infection and/or defects in pre-
existing immunity) are likely important for the initial spread of
epidemic CA-MRSA clones. The present report describes a pro-
longed, ongoing spread of a USA300 clone causing infections in a
high-risk community in Brooklyn, New York. Prolonged pathogen
circulation represents a unique opportunity for understanding
how CA-MRSA adapts to both clinical intervention and to
unique aspects of bacterial pathophysiology underlying height-
ened infection risk. We used whole-genome sequencing of 86
isolates obtained from infected children and adults over a 2-y
period, followed by comparative analyses, to reconstruct the
evolutionary steps that led to the emergence of an adapted
MRSA strain in a previously unrecognized high-risk population. For
convenience, we call the adapted strain the USA300-Brooklyn
variant (USA300-BKV). We found distinct single-nucleotide
polymorphisms (SNPs) and larger structural changes that help ex-
plain the success of the USA300-BKYV clone. Phenotypic analyses
further showed how genetic alterations can affect virulence and
antibiotic resistance. The evolution of the USA300-BKV clone
supports the hypothesis that human exposures and selection pres-
sures that occur in populations at high risk for infection result in
dangerous bacterial adaptation. The study underscores the need for
rapid pathogen containment in such situations.

Results

High Prevalence of MRSA Infection Among Pediatric Patients from an
Orthodox Jewish Community. Clinical reports of increasing num-
bers of CA-MRSA infections in our hospital among pediatric
Orthodox Jewish children from Brooklyn, New York, led us to
investigate the risk of MRSA infection among Orthodox Jewish
patients. From May 2015 to December 2016, we identified
4,368 children aged 0 to 18 y who were admitted to our pediatric
general and intensive care units (ICUs). Community members
were identified on the basis of postal (zip) code, a surrogate for
Orthodox-predominant neighborhoods in Brooklyn (20). Medical
record review, using clinical criteria plus isolation of S. aureus
from a normally sterile body site, was used to distinguish infection
from colonization. The MRSA infection rate per 1,000 admissions
was 10-fold higher among children from Orthodox-associated zip
codes than that from other zip codes in New York City (80.2 vs.
8.1, P < 0.001) (SI Appendix, Table S1). We also determined the
prevalence of MRSA colonization upon admission for the general
pediatric ward and ICU. Nasal and throat swabs were collected
upon admission for 451 patients. Colonization by MRSA was
twofold higher in children from high-risk (Orthodox-associated)
zip codes as compared to children admitted from all other zip
codes, labeled “low-risk” [7% (10/127) vs. 3% (11/324), P = 0.04].
No difference was observed in methicillin-susceptible S. aureus
colonization prevalence or in risk factors predisposing for MRSA
acquisition. To our knowledge, correlations between the Ortho-
dox Jewish community and risk of MRSA infection have not been
previously described. The clinical characteristics of the subjects
studied are described in detail elsewhere. Whether common
sources serve as a reservoir for MRSA acquisition and, potentially,
the spread of the USA300-BKV clone remains to be determined.

1746. | www.pnas.org/cgi/doi/10.1073/pnas. 1814265116

Phylogeny Indicates Spread of a Clone of CA-MRSA Strain USA300 in
the Community. We collected consecutive, single-patient isolates of
MRSA from infected community members residing in Orthodox-
associated zip codes during a 2-y period of medical record review
(clinical characteristics and antimicrobial susceptibilities are de-
scribed in Dataset S1). Ninety-two MRSA isolates from commu-
nity members were obtained; 84 were from children (42 females)
who ranged in age from <1 mo to 18y, and eight isolates were
from adults (four females). The mean age of children in the study
was 2.9 + 3.8 y; 71 patients presented with skin abscesses. Mo-
lecular typing results indicated that all isolates were a clone of the
epidemic CA-MRSA strain USA300 [spa type t008 or a related
repeat type, staphylococcal cassette chromosome mec type IV
(SCCmeclV), arginine catabolic mobile genetic element (ACME),
and pvl positive; these characteristics define USA300 clones (21,
22)] (Dataset S1). Thus, the USA300 clone was associated pre-
dominantly with skin infections, consistent with data indicating
that the USA300 clone is currently the most frequent cause of
purulent skin infection in US emergency departments (2).

To establish whether, and to what extent, infections reflect
dissemination of a specific USA300 subclone, we used whole-
genome sequencing with mapping of the individual genome se-
quences against the reference MRSA strain, USA300_FPR3757
(NC_007793.1). Phylogenetic reconstruction was used to com-
pare the 92 community isolates with 16 USA300 control isolates
obtained from patients residing in low-risk zip codes (Dataset
S1). We observed that 93% (86/92) of isolates from Orthodox
community patients (USA300-BKYV isolates) clustered within a
unique clade, consistent with dissemination of a clone. On av-
erage, USA300-BKYV isolates differed from one another by 79
SNPs, ranging from 1 to 144 SNPs. None of the control isolates
was found within the clade (Fig. 14).

To determine the genomic relationship between USA300-
BKYV isolates and other USA300 strains in New York City, we
compared high-risk genomes with 68 USA300 strains that were
collected in a comprehensive community-based study of MRSA
transmission in northern Manhattan and the Bronx (Fig. 1B) (23,
24). Representatives of all phylogenetic subclades in the parent
study were included in the analysis, capturing most of the global
diversity of the USA300 lineage. Remarkably, none of these New
York City USA300 strains clustered with the USA300-BKV
subclade (Fig. 1B).

With the same dataset, we used a bayesian approach and the
collection dates of each strain as calibration points to estimate
the date of origin of the most recent common ancestor of the
USA300-BKV cluster (Fig. 1C). As in the study of USA300 strains
in northern Manhattan mentioned above (24), we predicted the
date of divergence of the USA300 epidemic lineage from its most
recent common ancestor to be around 1993. We estimated the
divergence of the USA300-BKYV subclade to have occurred much
more recently, around 2005. Additionally, a second branching
event within the clade occurred in 2008 (Fig. 1C). The nucleotide
substitution rate among USA300-BKYV isolates was similar to the
rate of the broader USA300 lineage (24) (1.41 x 107° substitu-
tions per site per year; 95% CI, 7.48 x 107/, 2.09 x 107°). Thus,
mutation rates were not elevated in the USA300-BKYV strains.

A Mutation in pyrR Enhances the Fitness of USA300-BKV Clones.
Adaptive mutations that may have contributed to the initial suc-
cess of the USA300-BKYV clone should appear in all isolates of the
clone but be absent from non-USA300-BKV-associated isolates.
USA300-BKYV isolates shared 20 unique nonsynonymous SNPs
and a stop-gain mutation affecting genes whose products were
primarily involved in metabolism of amino acids (aroD, arcB,
metK) and carbohydrates (licR, melR, glvC, setC, ddh, pyc) (SI
Appendix, Table S2 and Dataset S2). Four mutated genes (licR,
glvC, arcB, and fadA) have been shown to be negatively regulated
through carbon catabolite repression (25-28). Carbon catabolite
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Fig. 1.

Bacterial phylogeny reveals the emergence and spread of a dominant clone (USA300-BKV) in the Orthodox Jewish community. Maximum-likelihood

phylogenetic trees of 92 isolates obtained from patients residing in Orthodox-associated zip codes (shown in red) compared with (A) 16 representative

USA300 isolates from adults and children in the same hospital or (B) 68 USA3

00 strains from northern Manhattan and the Bronx. Ninety-three percent (86/92)

of isolates from patients residing in Orthodox-associated zip codes clustered within a unique clade (USA300-BKV; BKV clade in red). The remaining six isolates

from patients residing in high-risk zip codes clustered with contemporary isol
trees are rooted using USA300_FPR3757 and the distantly related S. aureus

ates from our hospital and isolates from northern Manhattan and the Bronx. The
isolate MRSA131 as outgroups. Bootstrapping value for the USA300-BKV clade

divergence branch is indicated. (C) Bayesian phylogenetic reconstruction of BKV isolates estimated from core genome mutations. USA300-BKV clade branches
are highlighted in red. Predicted dates of divergence from a most recent common ancestor are indicated.

repression allows bacteria to preferentially utilize rapidly me-
tabolizable carbon sources (e.g., glucose), thereby increasing
fitness (29).

Mutation of the regulator of the pyrimidine nucleotide bio-
synthetic operon (pyrR) was particularly interesting. Inactivation
of pyrR, a transcription repressor that responds to levels of uracil,
results in up-regulation of carbamoyl phosphate synthetase

(carAB). S. aureus carries only one form of carAB, which is es-
sential for both arginine and pyrimidine biosynthesis (Fig. 24;
reviewed in ref. 30). When the sequences of pyrR orthologs were
aligned, the mutation occurred near conserved residues previously
identified by mutagenesis of Bacillus subtilis as inactivating pyrR,
suggesting that the pyr mutation was inactivating (31, 32). Ac-
cordingly, we tested for functional effects using clinical pyr mutant
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strains and assayed growth in chemically defined media containing
uracil (Fig. 2B). For this measurement, we employed a USA300-
BKV clinical clone complemented with a chromosomally in-
tegrated wild-type (WT) pyrR. The pyrR mutation enhanced
growth of the clinical isolate compared with the complemented
clone, suggesting that mutation of pyrR increased fitness in energy-
poor environments. Moreover, real-time quantitative PCR
showed that the pyrR mutation enhanced transcription of pyr
operon genes carA and pyrB (Fig. 2C), indicating inactivation
of PyrR-mediated transcription repression.

Two additional observations suggested that the pyr mutation
was biologically important. First, unique nonsynonymous muta-
tions in other members of the pyr operon occurred in in-
dependent descendants of clones containing the USA300-BKV-
associated pyrR mutation (Fig. 2D). Independent mutations in
the same gene or operon evolving in parallel within individual
patients (convergent evolution) suggests compensation for pyr
operon overexpression through attenuating mutations. Consis-
tent with this hypothesis, we found no evidence of mutation in
pyr operon alleles among strains from control isolates from our
hospital and isolates from northern Manhattan and the Bronx.
Compensatory mutations may result from functional trade-offs,
wherein inactivating mutations in pyrR may enhance fitness in
certain vulnerable human populations, while representing a lia-
bility to clones in other environments. Second, examination of
publicly available genome sequences identified a unique non-
synonymous mutation in pyrR as one of the few mutations
common to all strains in an independent outbreak of CA-MRSA
skin infections among 12 hospitalized children during a 6-mo
outbreak in a postnatal ward (33). We found no other pyrR
mutations in the public database. Collectively, these observations
support the hypothesis that skin and soft tissue disease clusters
exert selective pressure on pyr operon biosynthesis.

Although pyr operon-regulated arginine and pyrimidine bio-
synthesis is known to be critical for virulence in vivo (34-37), the
pyrR mutation associated with the USA300-BKYV clone did not
significantly enhance virulence in a murine skin infection model
in which lesion size and bacterial cfu were measured (SI Ap-
pendix, Fig. S1). These observations suggest that the virulence
effects of pyrimidine biosynthesis reflect a requirement for a
threshold level of expression.

The effects of pyr operon-regulated biosynthesis on commen-
salism are largely unknown. The majority of USA300-BKYV in-
fections in children were purulent skin and soft tissue infections
[82% (64/78)] that frequently occurred in the groin/buttock area
of children aged <1y, possibly related to skin breakdown from
exposure to wet or soiled diapers. At least three observations
support the idea that enteric carriage is highly relevant to the
spread of CA-MRSA clones. First, it is known that CA-MRSA
frequently colonizes the gastrointestinal tract of infants and that
broken skin can serve as a nidus for infection (38, 39). Second, in
children with CA-MRSA skin infections, the rectum and perianal
skin was the key site of colonization (38-41). Third, recent work
involving a combination of a murine model of S. aureus gastro-
intestinal colonization and field studies in humans identified
interactions between the global virulence regulator agr and the
gut microbiota as the dominant risk for S. aureus carriage (42).
To assess the in vivo impact of the pyrR mutation, we examined
colonization by the USA300-BKV clone in a mouse model of
gastrointestinal colonization and transmission (Fig. 2 £ and F).
USA300-BKV isolates showed a significant colonization and
transmission advantage in the mouse intestine with respect to the
same isolates carrying a WT copy of pyrR (Fig. 2F). Collectively,
the data provide experimental evidence for the S. aureus pyr
operon being a colonization determinant, as previously seen with
Escherichia coli and Salmonella (43, 44). The data also (i) in-
dicate that pyrR mutation confers an advantage to the bacterium
during competition with other strains both in culture and in the

1748 | www.pnas.org/cgi/doi/10.1073/pnas. 1814265116

mammalian intestine, and (if) suggest that mutation of pyrR
enhances commensal rather than pathogenic fitness.

A Mosaic Version of Phage ¢11 in USA300-BKV Isolates Enhances
Abscess Formation. We next examined the possibility that mo-
bile genetic elements contributed to the success of the USA300-
BKYV clone, beginning with an analysis of phage content. The
genomes of half (41/86) of the USA300-BKYV isolates contained
a 42-kb prophage variant of ¢p11 (NC_004615) (Fig. 34). Phage
¢$11 belongs to the integrase group Sa5, members of which in-
tegrate into an intergenic region in the S. aureus chromosome
(45, 46). Sa5 homologs were present infrequently outside the
high-risk Orthodox community in New York [16% (62/387)]
(24). A mosaic block of 24 genes, which affects the lysogeny and
DNA replication modules, contained sequences that are un-
related to ¢11 or other known prophages; thus, the block might
have arisen by a recombination event (Fig. 3 4 and B).

Examination of the distribution of the mosaic prophage among
USA300-BKV isolates showed that it clustered with the proximal
portions of the phylogeny, indicating that it was a defining feature at
an early stage of the lineage evolution and suggesting that, as with the
pyrR mutation, it may have primed the clone for success (Fig. 3C).
The absence of the phage from some of the branches of the more
distal tips of the phylogeny suggests the ability to reactivate and ex-
cise, possibly owing to prophage mobilization during antimicrobial
treatment. Indeed, subinhibitory concentrations of antibiotics induce
bacteriophage excision and replication (47, 48); moreover, phage
excision is frequent among clinical isolates associated with invasive
infection (49-52). However, variants that lost the phage often rep-
resented a terminal node in phylogenic trees, suggesting that infec-
tions are likely selective for the maintenance of mosaic phage.

To determine whether the mosaic phage modulates virulence,
we tested for phenotypes in several isolates representative of
different phases of USA300-BKYV clone evolution based on the
phylogeny (Fig. 3D). A laboratory strain of USA300-LAC and a
USA300 isolate from our hospital not associated with USA300-
BKYV were used as controls. All naturally occurring isolates from
the high-risk Orthodox population demonstrated indistinguish-
able exoprotein profiles. Core genome-encoded toxins play an
important role in CA-MRSA skin infection (53, 54), and cyto-
toxicity measurements can be used to determine the potential for
CA-MRSA strains to cause disease (55). Cytotoxicity assays in-
dicated that cell-free extracts from cultures of the USA300-BKV
strain tended to be highly cytotoxic toward primary human
neutrophils, irrespective of the presence or absence of the mo-
saic phage (SI Appendix, Fig. S2). Thus, in vitro analyses of cy-
totoxicity toward human neutrophils do not predict the relative
virulence of phage-containing strains.

To determine how well in vitro data translate to the in vivo
skin environment, we examined eight representative clinical USA300-
BKV strains, five of which encoded the phage, in a murine skin abscess
model of infection (56, 57). Each of the strains chosen was simi-
larly cytotoxic in vitro. USA300-BKYV strains that contained the
mosaic phage formed larger abscesses compared with control strains
and USA300-BKYV strains that lacked the phage (Fig. 3D).

To better understand the contribution of the phage to viru-
lence, we tested for in vivo virulence phenotypes in mosaic phage
and WT ¢11 (NC_004615, from strain RN6734) lysogens derived
from strain USA300-LAC. Strikingly, a USA300-LAC strain con-
taining mosaic ¢11 showed a 50% increase in abscess size over
USA300-LAC and USA300-LAC containing the WT ¢11 (Fig. 4).
Testing a higher bacterial inoculum revealed more prominent dif-
ferences in lesion size, but not in bacterial cfu or dermonecrosis (Fig.
4 and SI Appendix, Figs. S3 and S4), perhaps owing to enhanced
proinflammatory and/or cytotoxic properties of the USA300-BKV
clone. Based on these data, we conclude that (7) the effect of mosaic
¢11 was not due to cis-acting effects on genes flanking the phage
attachment site (both phages integrated at the same site in the
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Fig. 3.

USA300-BKV isolates (BKV isolates) characterized by the presence of mosaic $11 ($11-mos) demonstrate enhanced virulence in a murine abscess

model of infection compared with phage-free control USA300 isolates. (A) Comparative genome map of the prototypical $11 and the BKV isolate-associated
¢$11-mos. Arrows indicate predicted ORFs and the direction of the transcription in phage functional modules. Unique ORFs are indicated in blue. (B) Genes
encoding proteins with low homology between the BKV isolate-associated ¢11-mos and prototypical $11 are indicated. (C) Distribution of ¢11-mos among
BKYV isolates (blue). (D) Selected BKV isolates (n = 8) from the minimum spanning tree representing a set of phage-free (n = 3) and ¢11-mos—containing BKV
isolates (n = 5). Size of murine skin lesions [(n = 10) five mice per group with two abscesses per mouse] at 24, 48, and 72 h after s.c. infection with ~1 x 107 cfu
of the indicated strain. Statistical analyses were performed with the Kruskal-Wallis test; ***P < 0.001. The results were corrected for multiple comparisons by

using the Bonferroni-corrected threshold.

chromosome of USA300-LAC), and (i) genes encoded within the
mosaic portion of the phage enhance virulence. Additional studies
are needed to determine to what extent mutation of pyrR, or other
polymorphisms specific to the USA-BKYV clone, modulate the effect
of mosaic ¢11. Notably, in vitro cytotoxicity failed to correlate with
abscess size or phage content, suggesting that the changes that ac-
company phage-mediated enhanced virulence in the skin require
host tissue-specific signals in vivo.

Identification of a Staphylococcus Epidermidis-Derived Mupirocin and
Chlorhexidine Resistance Plasmid Driving Expansion of USA300-BKV
Clones. DNA contigs derived from de novo DNA sequencing of
all USA300-BKYV strains were used to query publicly available
databases [National Center for Biotechnology Information (NCBI)],
resulting in identification of three plasmids. Two plasmids, pre-
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sent in all USA300-BKV isolates, closely matched plasmid
pUSAO01_ISMMS (CP007177.1), which encodes penicillinase (blaZ)
and kanamycin resistance (aphA-3), and pUSAO01 (NC_007790), a
cryptic plasmid with no clear function. Both plasmids are widely
distributed among USA300 clones (58-61).

The third plasmid, designated pBSRCI1, did not demonstrate
homology to any known sequence. To assemble pBSRC1 sequences,
two USA300-BKV isolates (BKV_A1l and BKV_A2, Dataset S1)
were selected for PacBio RSII long-read sequencing. Plasmid
pBSRCI1, obtained from USA300-BKYV isolate BKV_A2, was
~38 kb long and contained 46 coding sequences (Fig. 54) that
included the mupA and gacA/B genes, which encode resistance to
the widely used topical antimicrobials mupirocin and chlorhexidine,
respectively. The pBSRC1 coding sequence matched a mixture of
S. aureus and Staphylococcus epidermidis sequences (Fig. 54).
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Fig. 4. The mosaic portion of ¢$11 increases skin abscess size. USA300-LAC
lysogens of mosaic $p11 [($p11-mos) produced by induction of USA300-
BKV_28] and prototypical $11 (produced by induction of RN451), which
differ only in the region corresponding to the mosaic block, were made and
compared in a murine abscess model of infection. (A) Abscess size at 24, 48,
and 72 h after s.c. infection with ~1 x 107 cfu of the indicated strain [(n = 10)
five mice per group with two abscesses per mouse]. Statistical analyses were
performed with the Kruskal-Wallis test after multiple comparison correc-
tion. (B) Representative pictures of murine skin abscesses at 3 d after s.c.
infection with the indicated strain at either a 1 x 107 (Top) or a 5 x 107 cfu
(Bottom) inoculum.

Transduction of pPBSRC1 to recipient strain JE2, a laboratory
USA300 strain (CP020619), resulted in high-level resistance to
mupirocin [minimal inhibitory concentration (MIC) >1,024 pg/mL]
(Dataset S1). High-level mupirocin resistance is frequent among
USA300 clades that are associated with pediatric populations in
New York City (62). Since no standardized method for testing
susceptibility to chlorhexidine exists, resistance is usually defined
by the presence of gacA/B, which increases the risk of persistent
MRSA carriage after decolonization therapy (63-66). Broth di-
lution assays demonstrated a twofold MIC increase (from 2 to
4 pg/mL) for chlorhexidine in transductants (Dataset S1), con-
sistent with gacA/B-associated resistance levels reported in previous
studies of USA300 strains (67, 68).

We next examined the consequences of plasmid presence in
the context of the dissemination of the USA300-BKV clone. We
used a network analysis approach based on patristic distances to
visualize genetic relationships between each USA300-BKYV iso-
late. Although evolution of the clone began in a linear manner, a
dominant variant emerged during dissemination of the USA300-
BKYV clone within the community (Fig. 5B, Top).

pBSRCI1 was identified in most [88% (76/86)] USA300-BKV
clones. mupA was always associated with pBSRC1, the presence
of which correlated with the emergence of the dominant sub-
clone (Fig. 5B, Middle). gqacA/B-containing plasmids were found
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in 44 isolates (49%) and were always associated with the presence
of mupA (Fig. 5B, Bottom and Dataset S1). To date the acquisi-
tion of mupA and qac genes, we performed an ancestral re-
construction using a time-scaled analysis based on the maximum
parsimony tree (SI Appendix, Fig. S5). The results indicated that
primary acquisition of mupA was, for the most part, followed by
acquisition of gacA/B. Collectively, these data suggest that the
USA300-BKYV variants containing pBSRC1, a dual-resistance plasmid,
arose during dissemination, became dominant, and accounted
for the majority of isolates during the sampling period.

pBSRC1 sequences always included the 3.1-kb cryptic pUSAO01
plasmid. Thus, the probable path of evolution of pBSRC1 was
sequential recombination of a mosaic plasmid containing ele-
ments from S. aureus and S. epidermidis onto an indigenous cryptic
plasmid (Fig. 5C).

Discussion

We report the spread of a unique USA300 clone of CA-MRSA
that was limited exclusively to an Orthodox Jewish community in
Brooklyn, suggesting a previously unrecognized high-risk pop-
ulation. Comprehensive genomic analysis and virulence assays
identified a clone-specific prophage and a metabolic change that
promoted abscess formation and colonization, respectively; they
appear to have primed the clonal variant for success. Key events
in clonal expansion were acquisitions of resistance genes to
mupirocin and chlorhexidine, agents commonly used for de-
colonization and prevention of infection. These adaptations in
virulence and resistance, when expanded from the high-risk
community to the general human population, would constitute a
serious public health threat.

As expected, the USA300-BKV clone carried a number of
distinct nonsynonymous mutations that were present in all iso-
lates. These mutations primarily affected genes involved in
amino acid, carbohydrate, and nucleotide biosynthesis pathways,
suggesting that metabolic adaptability was critical for success of
the USA300-BKV clone. Our data indicate that differences in
pyrimidine metabolic pathways in the USA300-BKYV strain may
be advantageous in high-risk populations, both because nucleo-
tide metabolism is linked to the expression and synthesis of
virulence factors (69) and because such differences provide a
priming mechanism for growth in infectious ecologies where
nutrients are scarce (70).

Genomic comparisons also showed that a unique phage, pre-
sent in early USA300-BKV isolates, promotes large skin ab-
scesses that may drive CA-MRSA contagion. More detailed
analysis is required to define the mosaic phage components
driving the enhanced skin virulence phenotype. Intriguingly, the
mosaic portion of the prophage DNA that produced virulence
encodes a methyltransferase/endonuclease restriction modifica-
tion (RM) system (Fig. 4B). RM systems have been associated
with increased virulence and clonal spread during an outbreak of
Shiga toxin-producing E. coli O104:H4 (71, 72). Regardless of
whether the methylase is found to be important in staphylococcal
virulence, the absence of known virulence genes encoded within
the phage supports a growing body of evidence that the regula-
tion of bacterial genes, rather than the production of a virulence
factor, confers increased fitness (73-75). Interestingly, the mo-
saic phage was associated with virulence phenotypes in vivo, but
not in vitro, suggesting that an in vivo signal is required for
phage-mediated up-regulation of virulence, and potentially
explaining why the involvement of lysogeny in virulence has few
precedents in S. aureus research. It is also worth noting that
competence for DNA uptake in staphylococci depends on the
presence of bacteriophage (76-78). Thus, sequential assimilation
of plasmid DNA and chlorhexidine resistance elements may have
been facilitated by the recombinant ¢11 that was initially present
within USA300-BKYV isolates.
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Fig. 5. Emergence of a dominant clone coincides with acquisition of an S. epidermidis-recombinant mupirocin resistance plasmid, pBSRC1. (A) Structure and

characteristics of pBSRC1. Gene names and location are indicated in the first inner circle (gray). mupA and qacA/B are highlighted in orange and purple, respectively.
Other inner circles show perfect BLAST homology results to S. epidermidis (blue) and S. aureus (red) plasmid sequences. The site of S. aureus pUSAOQ1 integration in
pPBSRC1 is indicated. (B) Minimum spanning tree (MST) based on a patristic genetic comparison of 86 isolates obtained from patients residing in Orthodox-associated
zip codes compared with 22 control USA300 isolates from adults and children in the same hospital (16 representative USA300 isolates from patients residing in non—
high-risk zip codes, and six USA300 strains from Orthodox-associated zip-codes that were not part of the USA300-BKV clade). The first MST (Top) shows control strains
(blue) and the USA300-BKYV isolates (red). The second MST (Middle) highlights the distribution of mupA* pBSRC1 containing strains (orange), whereas the third MST
(Bottom) represents the distribution of gacA/B pBSRC1 containing strains (purple). Each node represents a single strain. Distance between nodes is arbitrary, whereas
node size is proportional to the number of connections. (C) Working model of the stepwise assembly of pBSRC1 in USA300-BKV isolates.

Selectively advantageous changes that spread through the
bacterial population will fall on distal phylogenetic branches.
Thus, our data indicating that evolution of the pBSRC1 plasmid
containing dual-biocide resistance coincided with the emergence
of successful variants strongly suggest that this plasmid and de-
colonization therapy were key events in clonal spread. The
pBSRCI1 plasmid originated from interspecies DNA exchange of
S. epidermidis and S. aureus sequences plus recombination with
an indigenous cryptic plasmid, pUSAO1 (Fig. 3). These data
suggest that cryptic plasmids can serve as an anchor for the
stepwise acquisition of elements from both species. Acquisition
of the arginine catabolic mobile element of S. epidermidis by
USA300 is thought to have expanded its colonization niche to
the skin, increasing opportunities for abscess formation and
transmission (19). Collectively, these observations point to a
potential reservoir of genes in otherwise nonpathogenic staphy-
lococcal species that primarily confer a commensal fitness ad-
vantage rather than an enhanced capacity for infection.

In conclusion, high-resolution bacterial genomics and field
surveillance of clinical strains provide insight into how height-
ened infection risk and clinical intervention remodel pathogens
with respect to virulence and antimicrobial resistance. Broadly
speaking, these data lead to a two-stage framework for inter-
preting the phenotypes of newly emergent clones. Early on, an
introduction to a vulnerable population selects for genetic
changes, such as pyrR mutation and phage acquisition, that drive
bacterial emergence. These data highlight the need for vigorous
surveillance and early public health intervention to limit further
adaptation. In later stages, clinical intervention and control mea-
sures select for rapidly spreading determinants of success, such as
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plasmid-borne dual resistance to chlorhexidine and mupirocin. The
temporal connection between these two processes links virulence
and antimicrobial resistance, potentially explaining the convergence
of pvl-mediated abscess formation and methicillin resistance in CA-
MRSA lineages. The result is high-consequence clones and DNA
elements that threaten larger human populations, including vul-
nerable populations in hospitals. Unique epidemiology and patho-
gens make the course of dissemination unpredictable, complicating
efforts to plan for the next high-risk clone. Nonetheless, we expect
that a better understanding of principles and infection traits in-
volved in the epidemiology (e.g., virulence, metabolism, and re-
sistance) will (i) uncover new vulnerabilities that can be exploited
for prevention and treatment, and (i) facilitate integration of ge-
nomic and epidemiological analysis, allowing more effective tar-
geting of intervention strategies.

At a more global level, the present report demonstrates how
the relationship between virulence and transmissibility (79) in
pathogens such as CA-MRSA, in which disease and transmission
are tightly linked, can lead to a new antimicrobial-resistance
threat. Historically, antimicrobial-resistant clones of S. aureus
disseminate globally. To interrupt this evolutionary pattern, our
results suggest that the focus of preventative strategies targeting
CA-MRSA should be to influence virulence so that the infective
capacity is never attained.

Methods

Study Design and Facility. Children'’s services at New York University Langone
Medical Center (NYCLMC) consist of 109 beds within a larger 1,069-bed
tertiary care academic medical center. The general medicine ward, pediatric
ward, and ICUs manage about 24,500, 1,700, and 600 admissions a year,
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respectively. Ethical approval and informed consent were not required for
the colonization study because all patients are routinely screened for S.
aureus and MRSA nasal and throat carriage within 48 h of admission to the
general pediatric ward and ICU as part of surveillance and management of
health care-associated infection. Approval for medical record reviews, lab-
oratory studies, and genome sequencing was granted by the NYULMC In-
stitutional Review Board.

Bacterial isolates or genome sequences were obtained from three patient
groups. The first group consisted of 84 consecutive single-patient isolates from
pediatric patients residing in Orthodox-associated (high-risk) zip codes collected
over a 2-y period from the clinical microbiology laboratory (cases, BKV _isolates,
Dataset S1). Isolates were identified from every child 18 y old and younger
having a high-risk zip code admitted to the general pediatric ward and ICU
from May 2015 to May 2017. Eleven additional isolates were obtained from
adults residing in high-risk zip codes who were admitted to the general
medicine wards (BKV_A_isolates). Sites of infection and patient age are listed
in Dataset S1. The second group consisted of 16 consecutive single-patient
USA300 strains, including children admitted to the general pediatric ward
and pediatric ICU (Ctl_isolates). Controls were collected from January 2016 to
June 2016, after the clonality of isolates was established. Control zip codes
represented each of the five New York City boroughs. Clonality was assigned
by genotyping using a combination of methods, outlined below, as part of
routine surveillance of MRSA by the NYULMC Molecular Outbreak Center. The
third group consisted of 68 genome sequences of USA300 control isolates from
single patients, collected and characterized in a large, community-based case-
control study of CA-MRSA in northern Manhattan and the Bronx (24).

Bacterial Strains, Phage Sources, and Growth Conditions. Clinical isolates and
laboratory strains USA300-LAC (AH-LAC) and USA300-JE2 (80, 81) were used
in all experiments. For pyrR complementation, Sapl1 integration vector
pJC1111 was used to chromosomally integrate the WT pyrR, amplified using
primers pyrR-F-Pstl ATATCTGCAGGATACAATTCGAAAAAGAGA and pyrR-R-
BamHI ATATGGATCCGTACTGAATTAAAAGGGGTA, incorporating the en-
dogenous promoter into the SaPI1 attC site of RN9011, as described (82).
Phage 80a was used to transduce the allele into JE2 or the indicated USA300-
BVK strain (83); transductants were selected on tryptic soy agar (TSA) plates
containing the appropriate antimicrobial (Cd). Phage 80a was also used to
transduce plasmid pBSRC1 from USA300-BKV_02 into recipient strain AH-
LAC. Prototype ¢11 and mosaic $11 were obtained by mitomycin C in-
duction of RN451 (84), which is considered to be free of prophages except
for $11, and clinical isolate USA300-BKV_28, respectively. USA300-AH-LAC
was lysogenized as described previously (83) by plaque-purified ¢11 and
mosaic $11 to create strain AH-LAC + ¢11 and AH-LAC + mosaic ¢11, re-
spectively. Cells were cultured in tryptic soy broth (TSB) (Difco) or Roswell
Park Memorial Institute culture medium (RPMI) 1640 (Invitrogen) supple-
mented with 1% casamino acids or complete defined medium [CDM; Pattee/
Neveln medium (85)] with constant aeration shaking (180 rpm) or on TSA
plates. Incubation was at 37 °C. Growth curves were carried out in 200-pL
cultures within a 96-well plate, which was inoculated using overnight cul-
tures of three independent colonies for each strain and then washed three
times in PBS and diluted 1:1,000 in fresh medium. Optical densities at 600 nm
were read at the beginning of the subculture and at the indicated time
points using a Bioscreen C Analyzer.

Mouse Model of Colonization and Transmission. We adaptated the infant
mouse model to the study of CA-MRSA shedding and transmission. Intestinal
carriage of S. aureus is frequent in human infants (86-88) and is thought to
decrease toward adulthood. Unlike adult mice (89, 90), infant mice are
highly susceptible hosts for which colonization and intralitter transmission
of pathogens has been demonstrated without the use of antimicrobials (91—
93). For competition experiments, WT reference strain LAC was grown sep-
arately from the pyrR-complemented strains overnight at 37 °C, diluted 100-
fold, subcultured for 4 h, and mixed at a 1:1 ratio of 5 x 10° cfu. Pregnant
C57BL/6J mice were obtained from The Jackson Laboratory and maintained
in the Alexandria Center for Life Science West Tower animal facility. Seven-
day-old pups were mouth-fed with 107 cfu of S. aureus suspended in 10 pL of
sterile PBS with 20% sucrose using a blunt pipette tip. After the pup swal-
lowed the inoculum, it was returned to its dam. In each cage, half of the
pups were inoculated to study colonization, cohoused with the rest of the
pups from which transmissions were detected. Cecal contents are used to
evaluate colonization in infant mice, since they do not excrete stool pellets.
Four days postinoculation, pups were killed by CO, asphyxiation followed by
decapitation, and_the cecum was_collected and resuspended in 1 mL of
sterile PBS followed by homogenization using a FastPrep-24 Classic In-
strument (MP Biomedicals). The cecal suspension was then performed by
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10-fold serial dilutions and plated on CHROMID MRSA SMART Il agar (bio-
Mérieux). The limit of detection was 10 cfu/mL. Colonies recovered from
CHROMID MRSA SMART Il agar were subsequently plated on TSB with
0.25 mM CddCl, to distinguish pyrR-complemented strains and WT. The
amount of WT bacteria was calculated by subtracting the number of colo-
nies that grew on CdCl,-containing plates from the number of colonies
formed on CHROMID MRSA SMART Il plates.

Genotyping, Sequencing. All strains were genotyped by DNA sequence
analysis of the protein A gene variable repeat region (spa typing) and a
variety of additional DNA polymorphisms, including SCCmec, and the presence
of the ACME and pv/ genes as previously described (94, 95). USA300 lineage
was defined by the presence of SCCmeclV, ACME, pvl/, and assignment to
clonal complex 8 by spa type using the Ridom SpaServer database (spa.
ridom.de/mlst.shtml).

Genome Sequencing, Assembly, and Annotation. We prepared sequencing li-
braries from DNA extracted from each MRSA isolate as previously described
(24, 96). Whole-genome sequencing was performed using lllumina HiSeq
2000 with 100-base paired-end reads or a PacBio RS/l instrument (24, 49, 96).
Paired-end Illumina reads were mapped against USA300_FPR3757 reference
genome using Burrows-Wheeler Aligner (BWA) (97). BWA outputs were
analyzed and annotated using SAMtools (97), GATK (98), and ANNOVAR
(99). SNPs in genes annotated as integrases, transposases, resolvases, matura-
ses, or phages were removed from the analysis using custom scripts. Other
mobile genetic elements, including SaPI5, phiSA2usa, phiSA3usa, SCCmeclV,
and ACME, were identified using IslandPath-DIMOB and PHASTSNPs (100, 101).
Raw (PacBio) long-read data were assembled using the HGAP3 version
2.2.0 pipeline (102). Subsequently, a custom postassembly pipeline (https:/
github.com/powerpak/pathogendb-pipeline) was used to finalize each ge-
nome. Genes were annotated using Prokka (103), and genomes were visualized
using ChomoZoom (104).

Raw Illumina reads from Harris et al. (33) were downloaded from the NCBI
and mapped against S. aureus HO-5096-0412 reference genome (HE681097.1).
SNPs were identified, and genes sharing mutations in all high-risk strains were
compared with our list of mutated genes. De novo assemblies were performed
on unmapped lllumina reads selected using BWA, and contigs were generated
using Velvet with the Velvet Optimizer (105). Contigs larger than 100 bp (n =
276) were subjected to BLAST to identify large sequence polymorphisms.

Phylogenetic Analyses. Phylogenetic analysis was based on 5,326 high-
confidence variable positions by specifying S. aureus MRSA131 (GCA_000187145.1)
as the outgroup. Maximum-likelihood phylogenies with 1,000 bootstrap
replications were obtained using PhyML (106) and the HKY model. These
analyses included the two groups of control isolates from our hospital (n =
27) or the community-based case-control study in northern Manhattan
(n = 68) (24). Evolutionary rates and time of emergence were determined
using BEAST 1.7.5 package (107). BEAST was run for 100 million genera-
tions, sampling every 10,000 states using the HKY substitution model and
strict, exponential-relaxed and lognormal-relaxed molecular clocks. Mini-
mum spanning trees were generated using a patristic distance matrix and
the Fruchterman-Reingold layout from the ape and igraph R packages (108).
Tree topologies for ancestral reconstructions were generated in PhyML.
Ancestral state reconstructions were performed using the phangorn R
package (version 2.4.0) with the accelerated transformation function; all
states and transformations were given equal weight.

Quantitative Reverse Transcriptase-PCR (qRT-PCR). Isolation of total RNA from
S. aureus cultures grown for 6 h in CDM was carried out using an RNeasy
extraction kit, following the manufacturer’s instructions and the method
previously described by Carroll et al. (109). gRT-PCR was performed using a
one-step reaction with Reverse Transcriptase Mastermix (QuantiTect) and
SYBR Green Master Mix (Qiagen) in a 7300 Real-Time PCR system (Applied
Biosystems). Specific primer sets (S/ Appendix, Table S3) were used to detect
pyrR (this study) and carA and pyrB [Kriegeskorte et al. (69)] genes. All genes
were normalized to the housekeeping gene (the 16S rRNA gene). Fold
change for target genes from pyrR-complemented strains relative to the
corresponding genes in WT strains was determined using the threshold cycle
(2—AACT) method of analysis. Melting curve analyses were employed to
verify specific single-product amplification.

Cytotoxicity Assays. Leukopaks were obtained from deidentified donors from
the New York Blood Center where written consents were obtained from all
participants. Human polymorphonuclear neutrophils (\PMNs) were purified
as described previously (56). Bacteriologically supernatants obtained from
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early logarithmic-phase growth, were used for differentiating cytotoxic ac-
tivity. Briefly, overnight cultures were diluted with fresh TSB, and the diluted
culture was regrown for 6 h at 37 °C. Bacteria were pelleted, and filtered
culture supernatants were serially diluted and added to 2 x 10° hPMNs per
well for a final volume of 100 pL per well RPMI 1640 supplemented with
10% FBS. hPMNs were intoxicated with the culture supernatant from the
indicated strain for 2 h at 37 °C and 5% CO,. hPMN viability was determined
using CellTiter 96 Aqueous One Solution (Promega). Cells were mixed with
CellTiter and incubated at 37 °C and 5% CO, for 1.5 h. Cell viability was
measured by absorbance at 492 nm using a PerkinElmer Envision 2103 Mul-
tilabel reader (PerkinElmer).

Animal Infections. For the skin infections, one representative strain from each
group was cultivated for 3 h in TSB, washed in 1x PBS and normalized to 5 x
10® cfu. Five-week-old female ND4 Swiss Webster mice (Envigo, Inc.) were
anesthetized intraperitoneally using 300 pL of avertin [2,2,2-tribromoethanol
dissolved in tert-Amyl-alcohol and diluted to a final concentration of 2.5%
(volivol) in sterile saline]. A total of 100 pL of bacteria, resulting in a 1 x 107 or
a5 x 107 cfu inoculum, as indicated, was injected s.c. into both hind flanks of
shaved mice (56, 57). Subsequent lesions were measured using a digital caliper
(Fisher Scientific) every 24 h, and the abscess diameter was determined. To
assess bacterial burden, 8-mm punch (Integra Miltex) biopsy samples were
obtained from mouse lesions at 9 d postinfection, and the tissues were ho-
mogenized, serially diluted, and enumerated on TSA (110).
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Statistical Methods. Statistically significant differences between survival
curves were determined by log rank (Mantel-Cox) test. The results were
corrected for multiple comparisons by using the Bonferroni-corrected
threshold. Sizes of murine skin abscesses were compared using the Kruskal-
Wallis test with a P value <0.05. For the proteomic data, a two-sided Student'’s
t test was performed, correcting for multiple testing by controlling for false
discovery rate (FDR) at 5% (permutation-based FDR).
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