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ABSTRACT The arginine catabolic mobile element (ACME) is the largest genomic region distinguishing epidemic USA300 strains
of methicillin-resistant Staphylococcus aureus (MRSA) from other S. aureus strains. However, the functional relevance of ACME
to infection and disease has remained unclear. Using phylogenetic analysis, we have shown that the modular segments of ACME
were assembled into a single genetic locus in Staphylococcus epidermidis and then horizontally transferred to the common an-
cestor of USA300 strains in an extremely recent event. Acquisition of one ACME gene, speG, allowed USA300 strains to with-
stand levels of polyamines (e.g., spermidine) produced in skin that are toxic to other closely related S. aureus strains. speG-
mediated polyamine tolerance also enhanced biofilm formation, adherence to fibrinogen/fibronectin, and resistance to
antibiotic and keratinocyte-mediated killing. We suggest that these properties gave USA300 a major selective advantage during
skin infection and colonization, contributing to the extraordinary evolutionary success of this clone.

IMPORTANCE Over the past 15 years, methicillin-resistant Staphylococcus aureus (MRSA) has become a major public health
problem. It is likely that adaptations in specific MRSA lineages (e.g., USA300) drove the spread of MRSA across the United States
and allowed it to replace other, less-virulent S. aureus strains. We suggest that one major factor in the evolutionary success of
MRSA may have been the acquisition of a gene (speG) that allows S. aureus to evade the toxicity of polyamines (e.g., spermidine
and spermine) that are produced in human skin. Polyamine tolerance likely gave MRSA multiple fitness advantages, including
the formation of more-robust biofilms, increased adherence to host tissues, and resistance to antibiotics and killing by human
skin cells.
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tarting in the late 1990s, the USA300 lineage of methicillin-

resistant Staphylococcus aureus (MRSA) underwent an ex-
tremely rapid expansion across the United States, replacing many
other S. aureus strains (1). Since that time, it has become a major
cause of skin and soft-tissue infections (2), community-acquired
pneumonia, catheter-related bloodstream infections (3), and
other systemic infections (4). The reason for the overwhelming
success of the USA300 clone is not known, and there is a lively
debate about the role that specific genetic factors play in the suc-
cess and virulence of this lineage (5).

The 31-kb genomic island referred to as the arginine catabolic
mobile element (ACME) may be particularly important for the
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fitness of USA300 strains (6). The ACME locus of USA300 is strik-
ing because it is virtually identical to highly prevalent genomic
regions in Staphylococcus epidermidis, a colonizer of human skin
(7-10), and ACME-like regions, most with markedly distinct gene
contents and arrangements, are only occasionally found in non-
USA300 S. aureus strains (11-14). These observations led to the
assumption that the region was acquired from S. epidermidis, but
the evolutionary direction, timing, and selective benefits of this
horizontal event have not been investigated.

The ACME locus from USA300 strains is composed of at least
33 putative genes and two operons, referred to as arc and opp (Fig.
1A). The arc operon encodes genes that are thought to be involved
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FIG 1 Prevalence of ACME genes in S. aureus and S. epidermidis. (A) Open
reading frames (ORFs) of the 31-kb ACME. Integrase genes are red, speG locus
genes are orange, arc genes are green, and opp genes are black. (B) Proportions
of strains positive for ACME genes by either PCR or BLAST-based screening
(see Materials and Methods). The first two pie charts represent a broad survey
of geographically and genotypically diverse genomes (see the supplemental
material). Note that in S. epidermidis the genes are found in different combi-
nations, whereas in S. aureus the genes are only found together. The third pie
chart shows presence of ACME genes in 192 environmental and clinical iso-
lates (53), 137 of which were identified as belonging to the clonal complex of
USA300 (ST8) by spa typing.

in arginine catabolism and has recently been shown to be impor-
tant for survival of USA300 in acidic environments (6). The opp
operon may encode an oligopeptide or metal transporter, and
homologous genes have been implicated in virulence in Strepto-
coccus pyogenes (15). Diep et al. (16) showed that deletion of
ACME reduced the competitive fitness of USA300 in a rabbit bac-
teremia model, but others showed no virulence defect in rodent
models of pneumonia or skin abscess (17).

Joshi et al. (18) showed that the ACME speG gene, which en-
codes a spermidine acetyltransferase (SpeG), confers the ability to
survive levels of the polyamines spermidine and spermine that are
lethal for other strains of S. aureus. Polyamines, products of argi-
nine metabolism, are made in human tissues, where they partici-
pate in basic physiological processes including wound healing and
inflammation (19). In a murine skin abscess model, polyamines
were shown to contribute to clearance of S. aureus, an effect that
was mitigated by SpeG, and the ACME arc genes appear to drive
increased synthesis of polyamines in skin (6).

Polyamines such as spermidine are also known for pleiotropic
effects on basic bacterial physiology, including protection from
oxidative stress, cell wall formation, and acid tolerance (20). In
Gram-negative organisms, including Vibrio cholerae (21, 22) and
Yersinia pestis (23, 24), polyamines are involved in regulation of
biofilm formation. In addition, spermidine and spermine toxicity
can be synergistic with several classes of antibiotics (25), especially
B-lactams, through a mechanism that may involve direct interac-
tion with penicillin binding protein 2 (26).

Since biofilm formation and antibiotic resistance are crucial to
S. aureus skin colonization, persistence, and transmission, we hy-
pothesized that speG-mediated polyamine tolerance would con-
stitute an important adaptation that could explain the remarkable
success of USA300 strains. By performing a rigorous phylogenetic
analysis of the ACME locus, accompanied by a survey of a diverse

2 mBio mbio.asm.org

collection of clinical isolates, we have provided strong evidence
supporting initial assembly of the ACME locus in S. epidermidis,
and a single, extremely recent horizontal gene transfer to USA300.
In addition, we have shown that speG-mediated polyamine toler-
ance allows upregulation of genes required for biofilm formation,
increased adherence to abiotic surfaces and fibrinogen/fibronec-
tin, and increased resistance to antibiotics and killing by human
keratinocytes. Taken together, these data suggest that acquisition
of the speG gene was a crucial factor in the evolutionary success of
USA300.

RESULTS

The modular ACME was assembled in S. epidermidis. To test the
hypothesis that ACME was assembled in S. epidermidis prior to
transfer to USA300, we did an in-depth phylogenetic analysis of
representative genes from a diverse collection of draft genomes of
S. epidermidis. In contrast to the case with S. aureus, S. epidermidis
ACME-related genes were not always found in the same locus, and
some genomes lacked certain ACME-related genes entirely
(Fig. 1B).

To chart the historical events that led to the assembly of
USA300 ACME, we reconstructed gene phylogenies for three
genes, arcA, aliD, and speG. Gene trees constructed under
maximum-likelihood (ML), maximum-parsimony (MP), and
Bayesian criteria had consistent topologies. Based on the incon-
gruence length difference (ILD) test (27), aliD and speG partitions
had congruent historical signals, while arcA was significantly dif-
ferent (P = 0.002). Tree reconciliation analysis (Fig. 2A) shows
that arcA may have become newly associated with speG genes in
three separate events. In one of these events, the arcA gene became
associated with the speG-aliD locus, which was later transferred to
USA300 strains.

We predicted that the entire ACME locus would be intact in
most strains if it had been transferred in a single event. PCR-based
screening of 192 clinical and environmental samples collected in
New York City (28) showed that the speG, aliD, arcA, and opp-3a
genes were never found in isolation from one another, strongly
suggesting that the entire ACME locus was present (Fig. 1B; see
also Table S1 in the supplemental material). Further screening of a
diverse collection of 125 whole-genome sequences revealed only a
single instance of a USA300-type ACME gene in isolation (a gene
with 98% nucleotide identity to USA300 speG from the NRS105
strain).

ACME was transferred to S. aureus extremely recently. We
next addressed the question of timing, asking when ACME, once
assembled, was transferred. To increase phylogenetic resolution
and statistical power, we expanded our analysis to include the
largest possible segments of ACME loci and focused on the set of
ACME loci most closely related to the USA300 lineages. Our phy-
logeny (Fig. 2B) identified a recent ancestor of the S. epidermidis
strains VCU050 and NTHLMO049 as the likely donor in the hori-
zontal transfer to USA300.

To estimate the timing of the horizontal gene transfer event, we
used a Bayesian approach. Using recorded isolation dates local-
ized on the tips of the phylogenetic tree to calibrate divergence
times (see Table S2 in the supplemental material), we estimated a
median year for the earliest ACME transfer date from S. epidermi-
dis to S. aureus of 1981 (95% highest posterior density [HPD],
1878 to 1998) (Fig. 2B). Relaxed and strict clock models yielded
almost identical dates (see Table S3) and an evolutionary rate of
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FIG 2 Phylogenetic reconstruction of ACME. (A) Reconciled gene genealogy
for arcA (green), aliD (red), and speG (black), which depicts the smallest num-
ber of reticulation events based on each gene tree. Numbers on branches are
Bayesian clade credibility values for the speG locus phylogeny. The polytomy
indicated by the green bar represents ACME loci from US300 strains and their
very close relatives from S. epidermidis and includes all strains found in the tree
in panel B. Note that arcA, speG, and aliD coalesced in the same genome just
prior to the putative transfer (HGT) to USA300 strains. (B) Bayesian chrono-
gram of ACME loci from the polytomy depicted in panel A, calibrated using
the dates of strain isolation. The node bars indicate the uncertainty (95%
highest posterior density) for the divergence times. Branch values are the pos-
terior probabilities of clade credibility. (B) Inset shows the distribution of
sampled dates for calculation of divergence times from the Bayesian analysis.
Abbreviations: Se, S. epidermidis; Sa, S. aureus; Sp, Staphylococcus pettenkoferi;
Sc, Staphylococcus capitis.
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~4.2 X 10~ substitutions/site/year, in agreement with published
rates (29, 30). Al USA300 ACME loci are estimated to have shared
a common ancestor around 1997 (95% HPD, 1975 to 2001).
Therefore, it is likely that the transfer of ACME occurred between
1981 and 1997, just prior to the expansion of USA300.

Polyamines enhance S. aureus USA300 biofilm formation
when speG is present. The speG locus appears to have been added
to the rest of the ACME locus in the steps leading up to its success-
ful horizontal transfer into S. aureus. Thus, we hypothesized that
speG may be the crucial factor that gives USA300 strains a selective
advantage. Alleviation of spermidine/spermine toxicity may have
been an important adaptation, since close relatives of USA300 that
lack ACME, and thus the speG gene, are highly susceptible to sper-
midine killing (see Fig. S1 in the supplemental material).

We predicted that other beneficial traits associated with the
ability to survive polyamine challenge might also have had an
impact. To test whether or not spermidine would enhance biofilm
formation as it does in Gram-negative organisms (21-24), S. au-
reus USA300 was grown in various concentrations of spermidine
chosen to reflect physiologic levels present in skin and wounds (6,
31). Biofilm formation was quantified using a standard crystal
violet (CV) assay. Treatment with spermidine elicited a dose-
dependent increase in biofilm formation and the development of
characteristic mound or mushroom-like structures (Fig. 3).

The largest increases in biofilm formation occur at spermidine
levels that are toxic to ACME-minus strains (Fig 3; see also Fig S1
in the supplemental material). Comparison of wild-type USA300
and the isogenic speG null mutant showed a similar result, and
complementation of the speG null strain with the wild-type speG
gene in trans restored the ability to survive and form increased
biofilms (Fig. 3D, E, and F). We observed small increases in bio-
film in both speG-positive and -negative strains exposed to sub-
lethal (5.75 mM) doses of spermidine (Fig. 3D to F). These results
were similar with spermine, but putrescine had no obvious effect
on biofilms or viability (Fig. 3F; see also Fig. S2 in the supplemen-
tal material).

Spermidine/spermine significantly increase pH when they are
added to media, and it is known that polyamine toxicity is pH
dependent (see Fig. S2) (18). To explore the impact of pH on
biofilm formation, we compared bacteria grown in the presence of
spermidine to those grown in medium adjusted to the same pH
values (Fig. 4A). Exposure to spermidine caused significantly
more biofilm formation than pH-matched medium, suggesting
that increased biofilm formation cannot be explained by alkaline
stress alone. In contrast, N-acetylspermidine had no impact on
biofilm formation at any pH (Fig. 4A; see also Fig. S2), which also
suggests that the predicted product of the SpeG acetyltransferase
reaction is not involved in biofilm formation.

Spermidine-induced biofilms appear to be structurally similar
to other S. aureus biofilms. They are susceptible to disruption with
agents that target proteins and extracellular DNA (eDNA) (Fig. 4B
and C), but they are not disrupted by the addition of dispersin B,
an enzyme that targets biofilm-associated polysaccharide (poly-
saccharide intercellular antigen [PIA]/poly-N-acetylglucosamine
[PNAG]) (32) (Fig. 4D).

Spermidine increases transcription of biofilm genes. S. au-
reus biofilm formation is regulated by the agr quorum-sensing
regulatory system, with repression of agr leading to increased
biofilm formation (33-36). We used quantitative reverse
transcription-PCR  (qQRT-PCR) to assess whether or not
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FIG 3 Biofilm formation in the presence of spermidine. (A) Crystal violet
(CV)-stained biofilms formed after exposure of wild-type USA300 to spermi-
dine. (B) Confocal imaging of wild-type USA300 expressing GFP, grown with
and without spermidine. Note the formation of larger dome-shaped structures
in the spermidine-exposed bacteria. The black bar shows the scale (20 um).
(C) Grossly visible clumping/autoaggregation of strains exposed to spermi-
dine (magnification, X40). (D and E) Growth (18 h, 37°C, in TSB with 0.4%
glucose) and biofilm formation, respectively, in various concentrations of
spermidine (0, 0.35, 0.7, 1.4, 2.8, 5.6, 6.5, 7.5, 9.4, and 11.5 mM) for wild-type
(wt) and AspeG strains. Major increases in biofilm formation occur at levels of
spermidine that are lethal to the AspeG strain. Data were analyzed with a
one-way ANOVA. “*” indicates P < 0.001 for a Bonferroni posttest comparing
the wild type to the AspeG strain. (F) Biofilm formation as quantified by a CV
assay for the wild-type USA300 strain compared with isogenic AspeG mutant
strains at various concentrations of spermidine (0 mM, 5.75 mM, and
11.5 mM) and spermine (0 mM, 1 mM, and 5 mM). The complemented
(AspeG + pSpeG) and vector control (AspeG + vector) strains are also shown.
Data shown constitute a single representative of the experiment, which was
replicated in quintuplicate. A one-way ANOVA test was performed for each
strain, comparing each of the three concentrations for each polyamine. Aster-
isks indicate a Dunnett’s posttest result of P < 0.01 when comparing each value
with that for the no-spermidine control for each strain. Note that asterisks in
parentheses denote values for severely attenuated growth and are therefore not
due to decreased biofilm formation.

spermidine-induced biofilms had the expected changes in agr ex-
pression (Fig. 5A). Indeed, cultures exposed to spermidine
showed a rapid reduction of agrC expression over a 3-h time
course. The cell wall-associated adhesin fibronectin binding pro-
tein A (encoded by fnbA), which has been shown to be involved in
biofilm formation (37), was increased in expression. The cidA
gene, which enhances biofilm formation through production of
eDNA (38), and the icaA gene, which is involved in production of
the biofilm-associated PIA (39), were also upregulated. The atl
gene, which encodes a protein (autolysin) involved in early stages
of the FnbA-mediated biofilm phenotype (40), was upregulated
within the first 30 min of exposure to spermidine.

Spermidine enhances binding to fibronectin and fibrinogen.
The cell wall-associated adhesins CIfA and FnbA bind to the ma-
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trix components, such as fibrinogen (41, 42) and fibronectin (43),
that are important in the pathogenesis of skin infection. Because
spermidine increased expression of the genes clfA and fnbA (Fig.
5A), we hypothesized that it would also enhance binding to these
substrates. Using a chemiluminescence assay, we found that addi-
tion of spermidine enhanced adherence of S. aureus to fibrinogen
and fibronectin in a dose-dependent manner (Fig. 5B).

fnbA and fubB are required for the full spermidine-enhanced
biofilm phenotype. A preliminary assay of fnbA and fnbB inser-
tion mutants (NARSA-Nebraska Library) showed significant def-
icits in spermidine-enhanced biofilm formation (data not
shown). A USA300 LAC AfnbAB mutant showed an overall reduc-
tion in biofilm biomass and a significant proportional (2-fold)
decrease (P < 0.0001) in the ability of spermidine to enhance
biofilm formation (Fig. 5C). The complete extent of biofilm for-
mation was restored with complementation in trans with either
fnbA or fubB. Of note, additional spermidine-enhanced biofilm
formation was observed in the mutant and in complemented mu-
tant strains, suggesting that the phenotype is multifactorial.

speG contributes to antimicrobial resistance. There is docu-
mented synergy between the toxic effects of spermidine and sev-
eral antibiotics (25), most notably 3-lactams (26). We hypothe-
sized that such synergy would be disrupted by the presence of the
speG gene. We assayed MICs using an Etest-based approach with
sublethal concentrations of spermidine added to solid medium
(Fig. 5A). We observed a striking decrease in synergy between
spermidine and oxacillin for the wild type compared to that for
speG mutant. There were also significant decreases in synergy with
clindamycin, gentamicin, and mupirocin, all of which are impor-
tant antibiotics for treatment of staphylococcal infection (Fig. 5B).
There were no significant changes in MIC for other antistaphylo-
coccal antibiotics, such as daptomycin, vancomycin, and
trimethoprim-sulfamethoxazole. For doxycycline, we observed
an antagonistic effect, and we noted a protective effect for tetracy-
cline, consistent with findings of other studies (see Fig. S4 in the
supplemental material) (44). The mechanism of this antagonistic
effect is not well understood, but it may be due to spermidine’s
ability to protect against oxygen radicals (44).

speG ameliorates spermidine-enhanced killing by human
keratinocytes. Human keratinocytes have antistaphylococcus ac-
tivity that is thought to be due to the action of several antimicro-
bial peptides (45, 46), especially human B—defensin 3 (hBD3)
(47). By analogy with the observed antibiotic effects, we hypoth-
esized that spermidine may potentiate keratinocyte killing. In-
deed, in the presence of keratinocytes, the MIC of spermidine was
greatly reduced for both wild-type and speG null strains (Fig. 6B
and C). This effect was more pronounced in the speG null strain,
which was killed even at a 10th of the MIC of medium alone,
providing further evidence for an in vivo selective advantage of
speG-positive strains.

DISCUSSION

Large increases in hospitalizations for severe skin infections from
2000 to 2009 (48) coincide with the geographic spread of the
USA300 MRSA clone (1) and its replacement of other S. aureus
strains as the most common cause of skin and soft-tissue infec-
tions (2, 4). Such epidemiological observations suggest that there
was a major evolutionary event or series of events that changed the
biology of USA300 strains, making them more fit, transmissible,
and potentially more virulent. Here we explored one possible con-
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tribution to this rapid epidemiological and geographic expansion,
the acquisition of the ACME locus.

Phylogenetic analysis shows that the genes of the USA300
ACME locus coalesced into a single genetic locus prior to a single
transfer into S. aureus USA300. Given the strong association with
methicillin resistance in clinical strains, it is likely that the recipi-
ent had already acquired the mec type IV element. Our Bayesian
analysis suggests that the acquisition of ACME in USA300 most
likely occurred between 1981 and 1997, temporally linking this
event to the expansion of this clone.

There are now multiple reports of diverse ACME regions in
non-USA300 strains that are characterized by presence of the arc
operon but are otherwise genetically distinct (11-14). In particu-
lar, the association of the speG locus with other ACME genes ap-
pears to be very uncommon outside of USA300. Addition of the
speG gene to ACME may have been a key step in the successful
horizontal transfer to USA300 strains. Spermidine is produced
especially in areas of keratinocyte proliferation, inflammation,
and wound healing (19), conditions under which S. aureus in-
vades and causes skin infection. Polyamines may be further in-
creased in the presence of ACME genes (6). One explanation for
increased fitness is that the product of speG simply neutralizes the
toxic effects of spermidine produced in human skin (6, 18), but
the other spermidine-associated traits demonstrated in this report
could also significantly enhance effective colonization, transmis-
sion, and infection.

Biofilm formation is thought to be a critical bacterial strategy
for colonization and infection of skin (49). We showed here that
S. aureus demonstrates strong increases in biofilm formation in
the presence of polyamines, likely due to upregulation of genes
involved in adherence and biofilm formation. In particular, we
showed that expression of the genes encoding fibronectin binding
proteins (fubA and fubB) is required for the full spermidine-
induced biofilm phenotype. However, increases in biofilm forma-
tion even in the absence of fubA and fnbB suggest that the effect of
spermidine on biofilm formation is multifactorial. This effect may
include the contribution of other biofilm proteins or genes in-
volved in production of extracellular DNA (eDNA). In addition,
spermidine is known to bind and stabilize nucleic acids, which
could stabilize the eDNA structural component of biofilms. Re-
cent evidence has also indicated that norspermidine may be in-
volved in staphylococcal biofilm disassembly through direct inter-
actions with exopolysaccharide (50), raising the possibility that
spermidine interacts directly with exopolysaccharide to competi-
tively inhibit dispersal. However, our dispersal data suggest that
polysaccharide (PIA/PNAG) is not an important component of
spermidine-enhanced biofilms.

Genes upregulated in response to spermidine (i.e., fnbA and
clfA) are critical for adherence to the host extracellular matrix

Figure Legend Continued

test was used for analysis. *, P < 0.05; *** P < 0.0001. NASpd,
N-acetylspermidine. (B to D) Effect of proteinase K (10 pg/ml) (B), DNase
(2 pg/ml) (C), or dispersin B (10 ug/ml) (D) on wild-type USA300 after
growth in various concentrations of spermidine (0 mM, 5.75 mM, and
11.5 mM). Biofilms formed overnight were treated (gray) with proteinase K,
DNase, or dispersin B for 1 h and then measured with the CV assay. One-way
ANOVA was used to analyze data at each spermidine concentration. **, P <
0.01 after Dunnett’s posttest comparing each treatment value with that for the
untreated control (black).
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for 0.5, 1, 2, and 3 h, and mRNA levels were analyzed by qRT-PCR (see Mate-
rials and Methods). Relative quantification (RQ) fold difference values from
triplicate readings in one representative experiment with standard deviations
are shown. The experiment was replicated in triplicate. Results are expressed as
the ratio of mRNA transcript (pmol/vol) between spermidine-exposed and
-unexposed bacteria at each time point. A one-way ANOVA test was used to
analyze the data. **, P < 0.001; *, P < 0.05 after a Bonferroni posttest com-
paring exposed to unexposed samples at each time point). (B) Wild-type
USA300 adherence to fibronectin/fibrinogen (0, 1.25, 2.5, 5, 10, or 20 ug/ml)-
coated plates. BacTiter-Glo luminescence was used to quantify the proportion
of adherent bacteria. Values represent proportions of luminescence measured
when wells were washed to total luminescence in the entire well. One-way
ANOVA was used to analyze these data. **, P < 0.001; *, P < 0.05 (after a
Bonferroni posttest comparing exposed to unexposed samples at each fibrin-
ogen/fibronectin concentration). (C) Crystal violet (CV) biofilm assay; results
for the fibronectin binding protein double mutant (AfnbAB) and comple-
mented mutants expressing either fnbA or fnbB in trans are compared to those
for the isogenic wild-type strain with biofilms grown with 0 mM (black),
5.75 mM (light gray), or 11.5 mM (dark gray) of spermidine. Results show one
representative experiment. The experiment was repeated in triplicate. A one-
way ANOVA test was used to analyze these data. ****, P < 0.0001; ***, P <
0.001; **, P < 0.01; and *, P < 0.05 after Dunnett’s posttest for each strain
compared to the 0 mM spermidine condition.

WT

proteins fibrinogen and fibronectin. Keratinocytes and skin fibro-
blasts produce fibronectin, which is abundant in the skin (51) and
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along with fibrinogen is important in clot formation and wound
healing (51, 52). SpeG-enhanced binding of S. aureus to these
substrates could facilitate the initial steps of wound infection. The
interaction between the FnbA adhesin and fibronectin is also re-
quired for integrin-mediated intracellular invasion of keratino-
cytes (53).

In the era of widespread antibiotic use, synergy between poly-
amines and antibiotics (25) likely constitutes a major selective
pressure and may be especially relevant in skin, where there are
relatively large concentrations of polyamines (31). The presence
of speG not only ameliorates the toxicity of spermidine at high
doses but also enhances bacterial survival in the presence of anti-
biotics at sublethal doses (Fig. 6). The robust synergy with oxacil-
lin suggests that a major advantage of the presence of speG may be
enhancement of the methicillin resistance phenotype. Notably,
there is also synergy with mupirocin, a topical antibiotic that is
widely used with the aim of eradicating MRSA colonization.

The acquisition of speG may have made USA300 strains less
prone to killing by the innate defenses of human keratinocytes.
Exogenous spermidine, even at low concentrations, greatly en-
hanced killing of wild-type USA300 by human keratinocytes. For
the speG mutant, this effect was even more pronounced with sig-
nificant killing at every concentration of spermidine we tested.
Although the mechanism behind this killing is not clear, it is pos-
sible that spermidine synergizes with antimicrobial peptides pro-
duced by keratinocytes.

There were undoubtedly multiple biological events that led to
the rapid population expansion and replacement of other S. au-
reus strains by the USA300 community-associated MRSA (CA-
MRSA) clone. Changes in expression levels of key virulence genes
(e.g., those encoding phenol soluble modulins and alpha-toxin)
likely had a major impact on the virulence of this strain (54, 55).
However, virulence is not the only factor in the evolutionary suc-
cess of a pathogen. Key adaptations may have occurred in coloni-
zation, persistence, and transmissibility.

Our phylogenetic and microbiological data lead us to propose
the following scenario. Genomic rearrangement and recombina-
tion led to the positioning of the speG locus immediately adjacent
to the rest of ACME in an ancestral S. epidermidis strain. Because
of the physical proximity of speG to the arc genes, a single hori-
zontal transfer event of the entire region resulted in acquisition of
a detoxification gene (speG), along with a system that increases
production of the toxic metabolite (arc) in human skin, ensuring
the stability of the entire locus in the recipient. The acquisition of
speG also had other important positive benefits for the recipient
USA300 strain. Polyamine tolerance led to enhanced biofilm for-
mation and adherence, decreased antibiotic susceptibility, and de-
creased killing by human keratinocytes. All of these properties
would be key adaptations that enhanced colonization and persis-
tence on human skin, perhaps leading to more effective spread
and a competitive advantage over other strains.

MATERIALS AND METHODS

Phylogenetic and sequence analysis for tree reconciliation. Nucleotide
sequences for speG (GenBank accession no. YP_492772.1), aliD (acces-
sion no. ABD22386.1), and arcA (accession no. YP_492784.1) were used
as queries in searching of public databases and genomic data from genome
drafts of strains from the NARSA S. aureus and S. epidermidis genome
sequencing project (courtesy of G. Archer and B. Kreiswirth). Codon-
based alignments were done using the MUSCLE algorithm (56) in the
software program MEGA (57) with default parameters (see Data Set S1 in
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B MIC of USA300 (ug/ml)
Spermidine OmM 575mM OmM 5.75mM
AspeG AspeG wt wt
Ciprofloxacin 0.25 1 0.25 0.38
Clindamycin 0.19 0.19 0.064
Daptomycin 4 2* 3 3
Doxycycline 1 1 1 4
Gentamicin 1.5 1 0.38
Mupirocin 0.38 0.19* 0.75 1
Oxacillin 4 4 1.5
Polymixin 64 48 i)
Trimethoprim
sulfamethoxazole | 0.125 0.19 0.19 0.125
Vancomycin 3 4 2.5 4
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FIG 6 Spermidine synergy with antibiotics and human keratinocytes. (A)
Oxacillin Etest on solid agar in the presence or absence of spermidine at
5.75 mM. Note that changes in both halo diameter and the point of intersec-
tion with the strip show less synergy between oxacillin and spermidine when
speG is present. (B) Table of the Etest MIC data for other important anti-
staphylococcal antibiotics. All Etest values were determined in triplicate.
Light-gray cells denote MIC changes of 2 dilutions with addition of spermi-
dine, darker gray cells indicate MIC changes of more than 2 dilutions. An
asterisk denotes a change in the maximum halo diameter of more than 50%.
(C) Shown are growth/survival at different concentrations of spermidine for

(Continued)
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the supplemental material). We used the program PAUP 4b10 (2003;
Sinauer, Sunderland, MA) for MP analyses and the incongruence-length
difference (ILD) analysis (see Data Set S1), the program MrBayes 3.1.2
(58) for Bayesian Markov chain Monte Carlo (MCMC) analysis, and the
RAXML 7.4.1 program (59) for ML analysis. For tree reconciliation, we
reconciled trees both by hand and using the software program TreeMap 3
(https://sites.google.com/site/cophylogeny/), assigning duplications and
losses equal weight, and solving for the minimum sum of these events.

Bayesian estimation of the timing of the ACME horizontal event.
For resolving close phylogenetic relationships and estimating divergence
times, we used draft assemblies of S. epidermidis genomes from the S. epi-
dermidis genome sequencing projects. We completed assembly of contig-
uous ACME loci using genomic DNA from close S. epidermidis strains for
PCR and Sanger sequencing. We aligned ACME loci with default param-
eters of MUSCLE (56) in two sections corresponding to the speG and
arc-opp gene loci, respectively (total = 14 taxa and 21.3 kb) (see Data
Set S1 in the supplemental material). We used the date of strain isolation
to calibrate coestimation of the phylogeny and divergence times in the
software program BEAST 1.7.4 (60) using the general time-reversible nu-
cleotide substitution model with among-site rate heterogeneity, with the
I" distribution and four discrete rate categories (GTR plus I',). Evolution-
ary rates across the phylogenetic tree were allowed to vary using the un-
correlated lognormal relaxed-clock model (61) as well as a strict clock and
a uniform prior on the overall evolutionary rate in the range 10~7 to 10~
substitutions X site~! X year~! (29, 30). The Markov chain Monte Carlo
procedure was run five times for 100 million generations, sampling every
5,000 steps. Convergence was assessed by observing the expected sample
size (ESS) values (>200) and by inspecting the LogLikelihood trace. The
relaxed and strict models were compared using Bayes factors.

Bacterial strains and cultures. S. aureus strains SF8300 (USA300 wild
type), AR0417 (AspeG derivative of SF8300), ARO581 (AR0417 with the
pLZ12-Sp-speG complementing plasmid), and AR0582 (AR0417 with the
pLZ12-Sp vector) were provided by A. Richardson (18). S. aureus strain
SA108 is a derivative of USA300 FPR3757 expressing green fluorescent
protein (GFP) from the pCU1(Cm") shuttle vector. S. aureus LAC strains,
including the AfnbAB strain and its isogenic parent, and mutants with
complementing plasmids [pFnBA4(Cm") and pFnBB4(Cm?")] were pro-
vided by J. Geoghegan (62). S. epidermidis strains VCU013, VCU014,
VCUO050, VCU112, and VCU120 were provided by G. Archer. In general,
strains were plated on trypticase soy agar (TSA) and grown overnight at
37°C. Single colonies were inoculated in tryptic soy broth (TSB) and
grown overnight with shaking at 37°C. Strains ARO581 and AR0582 were
grown with spectinomycin (100 pg/ml), and SA108 and the comple-
mented AfnbAB mutant were grown in chloramphenicol (10 ug/ml), to
ensure plasmid stability. Clinical samples of S. aureus were provided from
the collection of F. Lowy and A. C. Uhlemann. S. aureus strains were
collected as part of a prior study in New York City, NY, between January
2009 and May 2010 (28) (IRB AAAD0052; Columbia University).

PCR and BLAST-based screening. The presence of arcA and opp3AB,
spa-type clonal complex, pulse field gel electrophoresis (PFGE), and mec
type were determined previously (28). PCR primers to speG and aliD were
used to screen 192 clinical isolates using PCR (see Text S1 in the supple-
mental material). We performed in silico screening of whole genomes and
genome drafts using the BLASTn application (default parameters), using
the arcA, aliD, and speG USA300 genes as queries. S. aureus genomes were
scored as having ACME-type versions of each of the genes if the ranked bit
score was equivalent to or higher than the best hit from any S. epidermidis
strain. Likewise, S. epidermidis genomes were scored as having each of the

Figure Legend Continued

wild-type USA300 or the isogenic AspeG mutant after 24 h of culture on a
confluent layer of human keratinocytes (HaCats). Black bars show growth in
HaCat medium without keratinocytes. One-way ANOVA P values were 0.0364
and 0.0038 for the AspeG strain and the wild type, respectively.
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genes if there was a hit for which the bit score was equivalent to or higher
than that for the best non-USA300 S. aureus strain.

Biofilm formation. For all biofilm formation assays, strains were
grown overnight statically at 37°C in TSB with an additional 0.4% glucose.
Biofilm formation was quantified using a standard crystal violet biomass
assay (see Text S1 in the supplemental material). For dispersal assays,
DNaseI (10 wg/ml), proteinase K (2 ug/ml) (Sigma-Aldrich), or dispersin
B (10 pg/ml) (Kane, Biotech) was added to wells after 24 h of static biofilm
formation and incubated for 1 h at 37°C prior to the crystal violet assay.

Confocal microscopy. S. aureus USA300 strain FPR3757 expressing
GFP from the pCU1 plasmid was grown overnight under biofilm-forming
conditions (TSB with 0.4% glucose with or without spermidine at
11.5 mM) with 10 pg/ml chloramphenicol in coverglass chamber slides.
Slides were washed with PBS and then fixed in 4% paraformaldehyde for
10 min. Bacteria were imaged using a Zeiss LSM 510 Meta scanning con-
focal microscope with a Plan-Neofluar 100X/1.3 oil objective at room
temperature. Image acquisition and presentation were performed using
LSM Image Browser 4.2 software (Zeiss).

Transcriptional activation of biofilm genes. Overnight culture of the
wild-type strain was diluted and grown with shaking at 37°C to an optical
density at 600 nm (ODy,) of 1.0. Bacteria were washed and resuspended
with or without 11.5 spermidine mM in TSB 0.4% Glucose, and aliquoted
(200 pl/well) in sterile 96-well flat-bottom plates (CytoOne). Plates were
incubated at 37°C, and samples were collected at 30 min, 1 h, 2 h,and 3 h.
RNA preparation and qRT-PCR was performed as described previously
(63) (see Text S1 in the supplemental material).

Fibronectin/fibrinogen binding assay. Human fibronectin and fi-
brinogen in Dulbecco’s phosphate-buffered saline (D-PBS) diluted to
specified concentrations (20, 10, 5, 2.5, and 1.25 ug/ml) was used to coat
96-well flat-bottom enzyme-linked immunosorbent assay (ELISA) plates
overnight at 4°C. Wells were washed with PBS—0.05% Tween 20 (washing
buffer [WB]), blocked for 1 h at room temperature with WB plus 1%
bovine serum albumin, and then washed again with WB. Strains were
grown to an ODg, of 1.0 and then washed, resuspended to an ODy, of
0.450 in TSB-0.4% glucose with or without 11.5 mM spermidine, and
inoculated into wells. After a 1-h incubation at 37°C, the supernatant was
removed and wells were washed aggressively with WB to remove nonad-
herent bacteria. We then added 50 ul of BacTiter-Glo microbial cell via-
bility luminescence (Promega) mixture to each well, and luminescence
was detected on a Tecan I-Control plate reader. Data were interpreted as
the amount of bacteria bound after washing divided by the amount of
total bacteria compared to findings for unwashed wells.

Antibiotic and polyamine MIC test. Strains were grown overnight
and then to an ODy, to 1.0. One hundred microliters of each strain was
plated on TSA with or without 5.75 mM spermidine. Antibiotic Etest
strips (bioMérieux) for each antibiotic were placed on the plated bacteria
and incubated at 37°C overnight. The MIC was determined at the inter-
section of the inhibitory halo with the strip.

HacCat killing assay. Human keratinocytes (HaCats) were grown to
confluence (10 days) in RPMI medium 1640 with 10% fetal bovine serum
(FBS). Twenty-four hours prior to bacterial exposure, the HaCat medium
was changed to antibiotic and FBS-free medium. After 24 h, HaCats were
washed three times in PBS to remove any remaining antibiotic and then
incubated in RPMI medium 1640 with fibronectin (1 ug/ml) for 1 h.
Spermidine was added in appropriate concentrations, along with 10 ul of
bacterial culture (ODyy, of 1.0). After static incubation overnight at 37°C,
supernatant CFUs were determined. CFUs were also determined from
vigorous disruption of adherent cells using an additional step of treatment
with the Triple Express reagent (Gibco) at 37°C with 5% CO, for 60 min
followed by sterile scraping scraped of the bottom of each well.

Statistical analysis. All statistical analyses were done using the soft-
ware program Prism (GraphPad). Multiple comparisons were analyzed
using one-way analysis of variance (ANOVA) with appropriate posttest as
detailed in the figure legends.
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