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Background. Methicillin-resistant Staphylococcus aureus (MRSA) USA300 is the leading cause of MRSA infections in the Unit-
ed States and has caused an epidemic of skin and soft-tissue infections. Recurrent infections with USA300 MRSA are common, yet
intrahost evolution during persistence on an individual has not been studied. This gap hinders the ability to clinically manage re-

current infections and reconstruct transmission networks.
Methods.

To characterize bacterial intrahost evolution, we examined the clinical courses of 4 subjects with 3-6 recurrent

USA300 MRSA infections, using patient clinical data, including antibiotic exposure history, and whole-genome sequencing and phy-

logenetic analysis of all available MRSA isolates (n =29).
Results.

Among sequential isolates, we found variability in diversity, accumulation of mutations, and mobile genetic elements.

Selection for antimicrobial-resistant populations was observed through both an increase in the number of plasmids conferring mul-
tidrug resistance and strain replacement by a resistant population. Two of 4 subjects had strain replacement with a genetically distinct

USA300 MRSA population.
Discussions.

During a 5-year period in 4 subjects, we identified development of antimicrobial resistance, intrahost evolution, and

strain replacement among isolates from patients with recurrent MRSA infections. This calls into question the efficacy of decoloni-
zation to prevent recurrent infections and highlights the adaptive potential of USA300 and the need for effective sampling.
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Methicillin-resistant Staphylococcus aureus (MRSA) pulsed-
field gel electrophoresis—type USA300 is the leading cause of
MRSA infections in the United States and has caused an epi-
demic of skin and soft-tissue infections (SSTIs) in multiple set-
tings [1]. Recurrent infections with USA300 are common, but
many host and pathogen characteristics underlying the risk of
recurrence are not known [2].

Whole-genome sequencing (WGS) has been used to eluci-
date MRSA infection outbreaks in hospitals [3,4], epidemiology
in households [5], and cloud of variation in an individual [6].
On a larger scale, the geographic origins of common genotypes
[7], community transmission [8],and convergent adaptation [9]
have been investigated. However, the evolution of MRSA
during a single infection has rarely received attention, despite
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knowledge that substantial diversity can arise [3], and within-
host evolution during antimicrobial therapy can result in the
development of resistance.

If information about the diversity arising in MRSA strains
through within-host evolution were available, it would en-
hance accurate reconstruction of interhost transmission net-
works during epidemic investigations [10] and improve
management of recurrent infections [11]. Intrahost diversity
in colonizing MRSA strains can vary tremendously as a result
of the diversity of bacteria acquired through a transmission
event (ie, bottleneck size), duration of colonization and/or in-
fection, and selective pressures such as antibiotic exposure
[10,12]. Longitudinal monitoring of intrahost MRSA popula-
tions may identify adaptive mutations or acquisition of mo-
bile genetic elements conferring antibiotic resistance or
augmented virulence, which would not be recognized in a
cross-sectional study.

To characterize bacterial intrahost evolution, we examined
the clinical courses of 4 patients with recurrent USA300
MRSA infections, using detailed clinical data, including antibi-
otic exposure data, from patients and WGS, comparative geno-
mics analysis, and phylogenetic analysis of all available isolates.
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We demonstrate a unique progression of strain evolution and
evidence of heterogeneity in intrahost evolutionary dynamics
among patients. We also highlight the importance of compre-
hensive sampling of intrahost bacterial populations. WGS
data would enhance the ability of clinicians to treat MRSA in-
fections by providing information on strain characteristics and
distinguishing between new and recurrent infections.

METHODS

Prospective collection of all MRSA isolates from the Clinical
Microbiology Laboratory at the University of Chicago has
been ongoing. Patients with >1 episode of culture-isolated
MRSA from an infection treated in outpatient or inpatient set-
tings between November 2003 and April 2009 were identified.
An episode was defined as isolation of MRSA from the site of a
clinically significant infection, separated by >30 days from any
previous isolation of MRSA. We randomly selected 20% of these
individuals and characterized the first isolate from each episode
by multilocus sequence typing (MLST), staphylococcal cassette
chromosome mec (SCCmec) typing, and polymerase chain reac-
tion analysis of the genes encoding Panton-Valentine leukoci-
din (PVL) [13, 14]. MRSA isolates that were ST8 and carried
SCCmec type IV, and the genes encoding PVL were considered
to be USA300 [15]. Available isolates from the 4 patients (pa-
tients A-D) who had the greatest number of recurrent USA300
episodes underwent WGS (n=29). This included 2 non-
USA300 MRSA isolates. Antibiograms (Vitek, Marcy L’Etoile),
sites of infection, and bacteria cultured from polymicrobial in-
fections were recorded for each isolate. Age, race, comorbidities,
dates of patient encounters, antibiotic therapy, and other means
of treatment were abstracted from medical records. The Univer-
sity of Chicago Institutional Review Board approved the study,
and written informed consent or a waiver of consent was ob-
tained from participants.

WGS, genome assembly, and single-nucleotide polymor-
phism (SNP) calling and annotation were performed as previ-
ously described [4]. Briefly, genomic DNA was sequenced on
the Illumina MiSeq, using the NexteraXT library preparation
kit. Paired-end 250-base pair reads were assembled to reference
genome USA300-FPR3757 (accession CP000255). SNPs were
called using FreeBayes v0.9.14 and filtered, requiring a depth
of coverage of 5 and a minimum alternate allele frequency of
0.75. To confidently call a SNP, we considered only sites with
a read depth of >5 among all intrahost isolates. Clustered
SNPs were investigated through review of BAM files to assess
read mapping, and SNP flanking insertions and deletions
were removed. The resulting high-quality SNPs were annotated
using SNPeff v4.1. Functional categories were assigned using
RAST (available at: http://rast. nmpdr.org/) [16]. SNP align-
ments for each patient and a single alignment of all 27
USA300 isolates were constructed for phylogenetic analysis. Re-
combination events were investigated using Gubbins [17]. To

identify mobile genetic elements, unmapped reads from each
reference-based assembly were de novo assembled with SPAdes
v3.5.0 and scaffolded with SSPACE v3.0. BLAST was used to
identify putative plasmids from contigs, which were ordered
and aligned to the highest match, using Mauve v2.4.0. Plasmid
genomes were annotated using Prokka v1.11 and visualized
using GView.

Maximum likelihood phylogenetic analysis was used to in-
vestigate the genomic relatedness of isolates within and
among patients. A maximum likelihood phylogeny of the 27
USA300 isolates was inferred by means of RAxML v8.2.8,
using an ASC_GTRGAMMA substitution model and 100 boot-
strap replicates. For each patient, the temporality of infection,
medical interventions, and MRSA intrahost evolution were il-
lustrated with minimum spanning trees.

RESULTS

The 4 patients ranged from 1 to 54 years of age. Three had di-
abetes mellitus type 2. No other comorbidities were identified.
Table 1 delineates the clinical course of each patient. A mini-
mum of 3 and maximum of 13 isolates were obtained from
the 4 patients (Table 2). MRSA decolonization was not attempt-
ed. Among reference-based assemblies, the average genome
coverage with a read depth of >5 or 10 was 93.7% and 88.3%,
respectively (ie, on average, 93.7% of the genome had sufficient
depth of coverage to call SNPs confidently). The earliest
USA300 populations in patients B and D were putatively re-
placed by a genetically distinct USA300 population (ie, strain
replacement) during their follow-up (Figures 1 and 2). This
was inferred from phylogeny data, anatomical sites of recovery
and temporality of infection, and MRSA-negative cultures ob-
tained between populations 1 and 2 (Figure 1 and Supplemen-
tary Table 1). The 2 groups of isolates from patients B and D
formed monophyletic clades and were therefore analyzed as in-
dependent populations. In addition, patients B and D both ac-
quired a non-USA300 MRSA strain. Intrapatient mean SNP
differences for 6 discrete infections ranged from 2.6 to 7.3
(mean, 4.9), compared with an overall between-patient (inter-
host) mean difference of 54.5 SNPs (Supplementary Table 2).
The progressive accumulation of SNPs was punctuated by peri-
ods of little-to-no mutation, followed by episodes of rapid intra-
host evolution.

SNPs were more often in coding regions with significantly
more nonsynonymous than synonymous mutations (P =.03;
Figure 2). In addition, SNPs that may have impacted protein
function occurred more frequently in genes associated with
membrane transport (rate ratio, 6.7; 95% confidence interval,
2.97-15.1; Table 3 and Supplementary Table 3). However,
there was no pattern of mutations to suggest convergent evolu-
tionary changes of USA300 isolates among patients. Instead,
our observations were more consistent with an accumula-
tion of potentially deleterious nonsynonymous mutations.
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Table 1. Clinical Histories and Treatment of 4 Patients Treated at the University of Chicago With Recurrent Methicillin-Resistant Staphylococcus aureus

USA300 Infections, 2005-2009

Patient Time Point  Day Clinical Description, Presentation, Treatment, Outcome
A T1 0 Male aged 1y seen in ED for lower extremity abscess, underwent incision and drainage and received oral clindamycin for 10 d; an
additional colonization isolate was obtained from anterior nares culture
T2 194 Buttock abscess, underwent incision and drainage in ED and was treated with clindamycin for 10 d
T3 235 Perirectal and abdominal wall abscess, required admission and surgical drainage and debridement, treated with oral clindamycin for
10d
T4 750 Scalp folliculitis, ED visit, no incision and drainage, treated with clindamycin for 10 d
B T 0 Male aged 44 y with a history of diabetes mellitus and an infected diabetic foot ulcer, resulting in amputation below the left knee 2
mo earlier; had SSTI on right forearm, which was treated with incision and drainage in the clinic and received oral amoxicillin/
clavulanic acid for 7 d; had received cephalexin within past 6 mo
T2 58 SSTI at amputation site below left knee, surgical incision and drainage completed, treated with oral clindamycin and ciprofloxacin
T3 133 SSTI reoccurrence at amputation site below left knee, treated with oral clindamycin and ciprofloxacin
T4 424 SSTlreoccurrence at amputation site below left knee, underwent amputation above the knee, treated with oral moxifloxacin for 14 d
T5 1086 SSTI at right third toe amputation site, which did not improve with intravenous vancomycin, clindamycin, and ciprofloxacin;
required transmetatarsal amputation for osteomyelitis and treatment with extended courses of intravenous daptomycin, oral
ciprofloxacin, and metronidazole
T6 1232 SSTI at site of accidental burn on right heel, requiring skin grafting; underwent multiple surgeries and treated with intravenous
vancomycin and piperacillin/tazobactam
T7 1300 SSTI at right heel, requiring amputation below knee
C T1 0 Female aged 33y with hip and buttock abscesses that required surgical incision and drainage, treated with intravenous
vancomycin and discharged receiving oral amoxicillin/clavulanic acid, subsequently readmitted for repeat incision and drainage
due to failure, treated with linezolid 3 wk later
T2 131 SSTI, abscess of upper extremity that required incision and drainage, treated with oral clindamycin and ciprofloxacin; did not
respond to this regimen, but intravenous vancomycin resulted in cure
T3 225 SSTI, abscess of breast, seen in outpatient clinic, treated with oral ciprofloxacin and rifampin with resolution
D T 0 Male aged 54 y with diabetes mellitus with SSTI of the left fifth toe amputation site, treated with oral amoxicillin/clavulanic acid and
trimethoprim/sulfamethoxazole
T2 104 SSTI at ulcer on the right foot, progressed to osteomyelitis that required right first metatarsal and sesamoid amputation, treated
with intravenous vancomycin and piperacillin/tazobactam for 6 wk
T3 112 Same as for T2
T4 230 SSTI of right foot ulcer that progressed to osteomyelitis despite treatment with oral antibiotics, required right second toe and left
fourth toe amputations
T5 326 SSTI of right toe that did not resolve after wound management and oral antibiotics, underwent right transmetatarsal amputation,
T6 327 treated with oral amoxicillin/clavulanic acid and trimethoprim/sulfamethoxazole for 6 wk
T7 390 SSTI at transmetatarsal amputation stump site, underwent surgical debridement, treated with oral amoxicillin/clavulanic acid and
trimethoprim/sulfamethoxazole for 2 wk
T8 396 Same as for T7
T9 447 SSTI of plantar ulcer on left foot proceeding to osteomyelitis, underwent podiatry care, treated with oral trimethoprim/
sulfamethoxazole for 10 d
T10 553 Previous osteomyelitis did not respond to treatment, underwent left transmetatarsal amputation, treated with linezolid, amoxicillin/

clavulanic acid, and ciprofloxacin for 14 d

Time points indicate each infection episode that corresponds to Figure 2.

Abbreviations: ED, emergency department; SSTI, skin and soft-tissue infection.

No intrahost recombination events were identified (Supplemen-
tary Figure 1). A complete table of annotated SNPs is available
in Supplementary File 1.

Assessment of de novo assemblies of unmapped reads
demonstrated that all isolates possessed complete or partial
fragments of plasmids pUSA01-ISMMS (CP007177) and
pUSA02-ISMMS (CP007178). Contigs from unmapped reads
of isolate PtD-04 were aligned to these reference plasmids and
manually curated to fully circularize the molecules, which were
then annotated. This produced 31-kb and 3-kb ISMMS-
like plasmids with 48 and 4 coding sequences, respectively (Fig-
ure 3). The larger plasmid contained several genes coding for an-
tibiotic resistance to aminoglycosides, macrolides, lincosamides,
bacitracin, and B-lactams. Additionally, 4 isolates from 2 patients

harbored plasmids carrying constitutively expressed ermC, and 1
patient had 2 isolates with a transposon carrying aac(6’)-aph(2")
conferring clindamycin and aminoglycoside resistance,
respectively.

Patient A

Patient A, a previously healthy 19-month-old male at the first
time point, had 5 USA300 MRSA strains isolated in 744 days.
A colonization isolate and an isolate from a lower extremity ab-
scess collected at the first time point differed by a single SNP
(Figure 2). Multiple anatomic sites were involved in subsequent
infections (Table 2). Between the time of recovery of the first
isolate and 194 days later, no SNPs were identified. However,
isolates PtA 04 and PtA 05 possessed 3 and 11 SNPs, respective-
ly, without shared variation (Figure 2).
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Table 2. Isolate, Genotype, Anatomical Site, and Antibiogram of 29 Methicillin-Resistant Staphylococcus aureus USA300 Isolates From 4 Patients
Antibiogram

Isolate,

Patient Time Point Genotype Site Description Cip Cli Erm Gen Oxc Rif Van D Test SXT

A 01, T1 ST8/USA300 SSTI: thigh abscess S S R S R S <1 - S
02, T2 ST8/USA300 Colonization S S R S R S <1 - S
03, T2 ST8/USA300 SSTI: right buttock wound S S R S R S <1 - S
04, T3 ST8/USA300 SSTI: perirectal and abdominal wall abscess S S R S R S <1 - S
05, T4 ST8/USA300 SSTI: scalp folliculitis S S R S R S <1 - S

B 01, T ST8/USA300 SSTI: right forearm S S R S R S <1 - S
02, T2 ST8/USA300 SSTI: left leg stump (BKA) S S R S R S <1 - S
03, 73 ST8/USA300 SSTI: left leg stump (BKA) S S R S R S <1 - S
04, T4 ST8/USA300 SSTI: left leg stump (AKA) S S R S R S <1 - S
05, 5 ST-105 (CCb) SSTI: right foot wound R R R S R S <1 - S
06, T6 ST8/USA300 SSTI: right leg wound R S R S R S <1 - S
07, T6 ST8/USA300 SSTI: right leg wound R S R S R S <1 - S
08, T7 ST8/USA300 Bonef/joint: heel ulcer R S R S R S <1 - S

C 01, T1 ST8/USA300 SSTI: left hip and buttocks S R R S R S <1 - S
02, T2 ST8/USA300 SSTI: right upper extremity S} S R S R S <1 - $
03, T3 ST8/USA300 SSTI: left breast wound S R R S R S <1 - S

D 01, T ST8/USA300 SSTI: left foot wound S S R S R S <1 - S
02, T1 ST8/USA300 SSTI: left foot wound S S R S R S <1 - S
03, T2 ST8/USA300 Bonef/joint: right foot S S R S R S <1 - S
04, T3 ST8/USA300 SSTI: right foot S R R R R S <1 - S
05, T4 ST8/USA300 SSTI: right foot S R R R R S <1 - S
06, T4 ST-59 (CCH9) SSTI: right foot S S R S R S <1 - S
07,75 ST8/USA300 Bone/joint: right foot R S R S R S <1 - S
08, 76 ST8/USA300 SSTI: right foot TMA site R S R S R S <1 - S
09, 77 ST8/USA300 SSTI: right foot TMA site R S R S R S <1 - S
10, T8 ST8/USA300 SSTI: right foot TMA site R S R S R S <1 - S
11, T9 ST8/USA300 Bonef/joint: left foot wound R S R S R S <1 - S
12, T10 ST8/USA300 Bone/joint: left foot wound R S R S R S <1 - S
13, T10 ST8/USA300 SSTI: left flexion tendon R S R S R S <1 - S

Vancomycin minimum inhibitory concentrations are included.

Abbreviations: AKA, above knee amputation; BKA, below knee amputation; Cip, ciprofloxacin; Cli, clindamycin; D test, macrolide-inducible clindamycin resistance; Erm, erythromycin;
Gen, gentamicin; Oxc, oxacillin; R, resistant; Rif, rifampin; S, susceptible; SSTI, skin and soft tissue infection; SXT, trimethoprim/sulfamethoxazole; TMA, transmetatarsal amputation;

Van, vancomycin; —, negative.

Half of all mutations that accrued during the microevolu-
tion of MRSA in patient A were nonsynonymous, including
those in msrA, glmU, tcaR, and nikA (Table 3). Nickel trans-
porter (encoded by nikA) is a virulence factor playing a role in
colonization, and mutations in nikA can affect metabolism
[22].1n all isolates, we identified a 44-kb class II bacteriophage
with homology to bacteriophage 85 (GenBank accession:
AY954953) [37].

Patient B

Patient B was 44 years old at the time of recovery of the first iso-
late, with 8 MRSA isolates collected during the subsequent 1278
days. He had diabetes mellitus and an infected foot ulcer, result-
ing in an amputation below the left knee. A second infection on
his right forearm and new infections at the stump site required
multiple courses of antimicrobials and surgical debridement.
These first 4 isolates formed a distinct population that evolved

linearly, accruing 6 SNPs in 424 days. Patient B underwent a
right third toe amputation >1 year later and subsequently devel-
oped an infection at the surgical site. Despite intravenous van-
comycin treatment, he required a transmetatarsal amputation.
A non-USA300 MRSA strain, MLST ST105, was isolated
from that site on day 1086. The ST105 strain was resistant to
fluoroquinolones and clindamycin, which the patient had pre-
viously received to treat the earlier susceptible USA300 popula-
tion (Table 2). The ST105 strain infection was cured after an
extended course of daptomycin, ciprofloxacin, and metronida-
zole. A second USA300 population was identified approximate-
ly 5 months later from a complicated polymicrobial right heel
ulcer. Prior to the identification of this population, MRSA-
negative culture results cultured from the right foot wound
site on day 1114, 3 months prior to the identification of the sec-
ond USA300 population. The second USA300 group of isolates
(PtB 06-08) had greater SNP divergence from the first group
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Figure 1.

PtA 03 - T2
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Maximum likelihood phylogenetic tree inferred from single-nucleotide polymorphism (SNP) alignment of 27 methicillin-resistant Staphylococcus aureus USA300

isolates and colored by patient. Phylogeny was inferred using RAXML v8.0.0, using the ASC_GTRGAMMA nucleotide substitution model with ascertainment bias correction and
100 bootstrap replicates. The tree is midpoint rooted, and clades with bootstrap values of >80% are denoted with an asterisk. The phylogeny illustrates that patients B and D
had strain replacement events in which a separate USA300 population replaced their incident USA300 population. Separate strain acquisitions are inferred from the temporality
of isolate collection and phylogenetic data illustrating distinct, well-supported monophyletic clades for each USA300 population.

(PtB 01-04) than did the between-patient (ie, interhost) popu-
lations (Supplementary Table 1). The second USA300 popula-
tion (PtB 06-08) was fluoroquinolone resistant (gyrA
Ser84 — Leu; Supplementary Figure 2) but clindamycin suscep-
tible, and all 3 isolates carried prophages with similarity to bac-
teriophage 85. While the first population was not observed after
day 424, more-comprehensive sampling would be required to
confirm elimination.

Within the first USA300 population, SNPs included a non-
sense mutation in the gene coding for autolysin (at/) and a non-
synonymous mutation in AraC (Table 3). Autolysin plays a role
in cell wall metabolism, biofilm formation, and antibiotic-
induced lysis [38]. The second USA300 population possessed
greater intrahost nucleotide diversity. Isolate PtB 07 possessed
3 nonsynonymous mutations in loci linked to virulence and an-
tibiotic nonsusceptibility (Table 2), including accessory gene
regulator protein A (agrA), which regulates expression of several
virulence factor genes [23]. The R170K mutation of agrA

maintained the same amino acid charge but varied in size,
and visualization of the protein structure suggested a potential
conformational change near a binding site that may influence
function (Supplementary Figure 3). The subsequent isolate
collected from the same anatomic site 2 months later did not pos-
sess any of these 3 nonsynonymous mutations, suggesting that iso-
lates PtB 06 and 08 shared an intermediate, unsampled, common
ancestor with an unknown time of coalescence (Figure 2).

Patient C

Patient C was 33 years old at the time of collection of the first
isolate, with 3 MRSA isolates collected during the subsequent
222 days. She had uncontrolled diabetes mellitus. After treat-
ment failure with amoxicillin/clavulanic acid for the index
hip/buttock SSTIs, she was treated with linezolid. On day 131,
isolate PtC 02 was obtained from an upper extremity abscess.
After failure of oral clindamycin and ciprofloxacin, she received
3 weeks of intravenous vancomycin. On day 225, she presented
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Table 3. Annotation and Function of Notable Single-Nucleotide Polymorphisms (SNPs)

SNP Amino Acid
Patient  Position Gene Codon  Effect Change Gene Name/Function Category Association
A 534 272 glmU gGc/gAc NS G208D Bifunctional N-acetylglucosamine-1- Cell wall and capsule Key component of cell wall biosynthesis [18]
phosphate uridyltransferase
941 455 glpQ Cag/Tag SG Q125STOP Glycerophosphoryl diester Carbohydrates
phosphodiesterase
1246 149 mhB aTa/aAa NS L64K Ribonuclease HIl RNA metabolism Degrades RNA of DNA-RNA hybrids
1302 306 SAUSA300_1182  tTg/tCg NS L511S Pyruvate ferredoxin oxidoreductase, o Respiration
subunit
1449721 msrA Cca/Tca NS P23S Methionine sulfoxide reductase A Protein metabolism Bacterial oxidative stress response [19]
2130440 SAUSA300_1975 gAt/gGt NS D140G Aerolysin/leukocidin family protein Virulence, disease, and defense L
2476 503 tcaR Act/Cct NS T99P Transcriptional regulator, TcaR Virulence, disease, and defense Important role in biofilm formation [20] and
expression of virulence factors, including sarS
and spa [21]
2857 261 nixA Gcea/Tca NS  A285S High-affinity nickel transporter Membrane transport Necessary for urease activity [22]
B Population 1
16135 SAUSA300_0012 atG/atA SL M1l Homoserine O-acetyltransferase Amino acids and derivatives Metabolism
115262 SAUSA300_0104 tAt/tGt NS Y569C Transcriptional regulator, AraC Regulation and cell signaling
507017 treC gAa/gGa NS E437G o-phosphotrehalase Virulence, disease, and defense -
1046 867 atl Aaa/Taa SG K374STOP Bifunctional autolysin Virulence, disease, and defense Cell wall metabolism and biofilm development
2705337 SAUSA300_2500 gCa/gTa NS A259V 4,4’-diaponeurosporenoate glycosy! Membrane transport Metabolism of terpenoids and polyketides
transferase
Population 2
2149492 agrA aGa/aAa NS R170K Accessory gene regulator protein A Regulation and cell signaling Regulates expression of several virulence genes
and may have a role in biofilm production [23]
2746919 SAUSA300_2542 aGt/aAt NS S323N Putative AMP-binding enzyme Regulation and cell signaling May be linked to daptomycin nonsusceptibility [24]
2766651 SAUSA300_2556 gCg/gTg NS AB19V ABC transporter protein Membrane transport Effluxing cytotoxic drugs across the cell membrane
[25]x(AtbIRowCount)
© 238924 SAUSA300_0202 Gaa/Aaa NS E273K Peptide ABC transporter permease Membrane transport Peptide ABC transporter permease [26]
975709 oppC aTt/aAt NS 211N Oligopeptide ABC transporter, permease Membrane transport Peptide ABC transporter permease [26]
protein
975798 oppC Aaa/Taa SG K241STOP Oligopeptide ABC transporter, permease Membrane transport Peptide ABC transporter permease [26]
protein
1263 354 pyrH Atg/Ttg NS M207L Uridylate kinase Cofactors, vitamins, prosthetic Involved in cell wall and RNA biosynthesis [27]
groups, pigments
D Population 1
848576 eno Gta/Ata NS V119l Phosphopyruvate hydratase Amino acids and derivatives Enhances the activation of plasminogen, assisting
in tissue dissemination [28]
1181644 ftsZ gaC/gaA NS D31E Cell division protein, FtsZ Cell division and cell cycle Essential for cell division [29]
1420581 dapB Tca/Aca NS S211T Dihydrodipicolinate reductase Amino acids and derivatives Essential component for lysine biosynthesis [30]
1955851 lukD tCt/tGt NS S150C Leukotoxin, LukD Virulence, disease, and defense Well-known cytotoxic virulence gene responsible
for cell lyses [31]
2808635 SAUSA300_2587 Cgt/Agt NS R57S Accessory secretory protein, Asp1 Membrane transport Cell-wall-associated protein involved in the

pathogenesis [32]
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Table 3 continued.

SNP Amino Acid
Patient  Position Gene Codon Effect Change Gene Name/Function Category Association
Population 2
1405837 pepF cCt/cTt NS P11L Oligoendopeptidase F Protein metabolism Protein turnover [33]
2165813 ilvD aTg/aCg NS M313T Dihydroxy-acid dehydratase Amino acids and derivatives Dehydratase required for isoleucine metabolism
and isoleucyl tRNA limitation [34, 35]
2554758 SAUSA300_2375 tGg/tAg SG W547STOP Multidrug ABC transporter ATP-binding/ Membrane transport ABC transporter ATP-binding permease [25]
permease
2734 666 panC Gaa/Aaa NS E203K Pantoate—B-alanine ligase Cofactors, vitamins, prosthetic Essential component of CoA synthesis and has

groups, pigments

been reported as a putative antimicrobial target
[36]

SNPs resulting in a putative change in protein function are listed by patient. The annotation includes the location in respect to the USA300_FPR3757 reference genome (accession CP000255), gene name, and location and effect of the amino acid change.
Significantly more mutations were observed in genes associated with membrane transport. NS mutations occurring in genes coding for hypothetical proteins were excluded from this table but can be found in Supplementary File 1.

Abbreviations: NS, nonsynonymous; SG, stop gained; SL, stop lost; tRNA, transfer RNA.
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Patient D

Patient D, over a 553-day period, had 13 isolates collected and
had the greatest diversity among sampled strains. Subsequently,
patient D, 54 years old with a history of diabetes mellitus, devel-
oped multiple foot ulcers resulting in toe amputations and then
bilateral transmetatarsal amputations. We observed 2 distinct
USA300 populations, obtained during 2 discrete periods, com-
prising isolates PtD 01-05 and PtD 07-13, which were separat-
ed by a mean between-population SNP difference of 71,
compared with an overall between-patient mean difference of
54.5 (Figure 2). The first population was isolated from both in-
fection sites during initial infection episodes and was not subse-
quently recovered after day 112, despite multiple cultures of the
same anatomical sites. In addition, MRSA-negative results were
yielded by culture of a specimen collected from the left foot
wound site on day 252, approximately 2 months prior to the
identification of the second USA300 population. These findings
were consistent with strain replacement of the incident USA300
population. A non-USA300, MLST ST59 MRSA strain was cul-
tured between periods of isolation of the 2 USA300 populations.

Isolates PtD 01 and PtD 02 were from an infection of the left
fifth toe amputation site and treatment with oral antimicrobials.
Subsequently, an ulcer developed on the right foot, progressing
to osteomyelitis requiring right first metatarsal and sesamoid
amputation and treatment with intravenous antimicrobials for
6 weeks. Isolates PtD 03-05, in addition to other species, were
collected from this infection site. The first USA300 population
had little genetic variation, reflected by polytomies in the max-
imum likelihood phylogeny (Figure 1), suggesting that the same
population existed concurrently on multiple anatomical sites
during recurrent infections. With the exception of identical iso-
lates PtD 04 and 05, the population was segregated by several
unshared SNPs, 67% (8 of 12) of which were nonsynonymous,
with mutations in genes coding for enolase, dihydrodipicolinate
reductase, and accessory secretory protein (Aspl; Table 3). Iso-
lates PtD 04 and 05 were clindamycin and gentamicin resistant
by automated testing; the earlier isolates from the same popula-
tion were susceptible to both. This resistance was associated
with a 4.2-kb pSES22-like plasmid carrying constitutively ex-
pressed ermC and an aac(6’)-aph(2”)-possessing transposon,
conferring clindamycin and aminoglycoside resistance, respec-
tively (Supplementary Figures 5 and 6). The 2 isolates also
shared 2 nonsynonymous mutations in ftsZ and LukD.

On day 230, patient D developed a right foot ulcer that
progressed to osteomyelitis despite oral antimicrobial therapy. A
MRSA ST59 strain, unrelated to ST8 USA300 MRSA, was isolated
from this site. A second USA300 population resistant to fluoro-
quinolones was later identified at the same right foot wound
site, requiring transmetatarsal amputation and 6 weeks of an
oral antimicrobial. Fluoroquinolone resistance was linked to the
Ser84 — Leu mutation in DNA gyrase (gyrA; Supplementary Fig-
ure 2). Afterward, a postoperative infection developed at the stump

site. Two more isolates were obtained, PtD 09 and PtD 10. One
month later, a new plantar ulcer on the left foot progressed to os-
teomyelitis. After antimicrobial treatment failure, a transmetatarsal
amputation was performed. Linezolid, amoxicillin/clavulanic acid,
and ciprofloxacin were administered. This series of infections was
polymicrobial. The second population of USA300 had a progres-
sive accumulation of mutations surrounded by a cloud of diversity;
however, sparse variation was observed during the first 4 months
of recurrent infections caused by this population.

Isolate PtD 13 possessed nonsynonymous mutations in ilvD
and panC. The gene ilvD codes for dihydroxy-acid dehydratase,
which is required for isoleucine metabolism and isoleucyl trans-
fer RNA limitation. Mutations in this pathway have been asso-
ciated with reduced linezolid susceptibility [34], suggesting that
linezolid therapy may have selected for this mutant.

DISCUSSION

We found significant variation among patients in the diversity
of the MRSA population, accumulation of mutations, and pres-
ence of plasmids and bacteriophages. MRSA USA300 antimi-
crobial resistance developed in 2 patients through strain
replacement, mobile genetic element acquisition, and a mutation
putatively generated by antimicrobial pressure. Two of the 4 pa-
tients had 2 temporally and genetically distinct USA300 popula-
tions with evolving antibiotic resistance, demonstrating that
MRSA decolonization after an initial SSTI would likely not
have prevented recurrence of disease in these cases.

Intrahost bacterial population dynamics are governed by bot-
tleneck size and the evolutionary rate, which is a function of
host (eg, immune response), pathogen (eg, virulence), and en-
vironmental (eg, antibiotic exposure or presence of other bacte-
ria) factors [39]. The bottleneck size may range from a single
bacterium to a diverse population separated by tens of SNPs,
and evolutionary rate estimates for S. aureus have ranged
from 5.6 to 9.5 mutations per year [40, 41]. Once a population
is acquired, the intrahost population size may fluctuate in asso-
ciation with pathogenesis or the seeding of other anatomical
sites [12]. The observed intrahost diversity will therefore reflect
these processes, as well as the duration of colonization prior to
symptomatic infection and subsequent sampling.

For the 5 instances in which multiple contemporaneous iso-
lates were available, pair-wise differences ranged from 0 to 8
SNPs, and all but 1 of these isolate pairs were from the same
anatomic site. This is lower than previous reports of intrahost
diversity of 30-40 SNPs [42, 43]. However, previous estimates
were largely based on isolates from asymptomatically colonized
individuals with unknown durations of colonization. In our
study, we observed a cohesive microbial population among iso-
lates collected from recurrent infections across multiple ana-
tomical sites, consistent with previous studies of colonized
individuals [12, 44]. However, the true range of bacterial diver-
sity transmitted to a susceptible individual remains unknown.
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The rate of diversification varied among patients and infec-
tion episodes, perhaps related to antimicrobial therapy or, pos-
sibly, in some cases, the presence of other bacteria. All patients
in our study received antimicrobial therapy for each infection
episode. In MRSA populations A, B(1), and C, we observed a
progressive accumulation of mutations emerging from a ho-
mogenous population with low diversity. In contrast, in popu-
lations B(2), D(1), and D(2), we observed higher rates of
diversification and a greater frequency of segregating nonsynon-
ymous polymorphisms. In patient D, higher rates of diversifica-
tion among concurrently collected isolates from 2 anatomic
sites suggested the existence of site-specific subpopulations or
a large transmission bottleneck. Interestingly, among all pa-
tients, we observed prolonged periods during which no SNPs
were observed among sampled isolates, similar to the findings
of others [8]. These periods were sometimes followed by a
rapid increase in mutations, a phenomenon previously associat-
ed with a transition from colonization to invasive infection [12].
It is worth noting that the increase observed at the last time
point of patient D(2) preceded the development of osteomyeli-
tis; however, multiple isolates from each infection episode
would be required to comprehensively inform population
level dynamics. Patients B and D experienced multiple polymi-
crobial infections, and the presence of other bacteria can impact
the evolutionary dynamics of S. aureus. It is known, for exam-
ple, that cooperative (eg, Enterococcus faecalis) or competitive
(eg, Corynebacterium species) interactions exist [45]. We ob-
served substantial intrahost evolutionary rate heterogeneity,
which further cautions against the use of SNP cutoffs in deter-
mining recent transmission events.

During recurrent infections, selective pressures may precipi-
tate phenotypic changes, including antibiotic resistance, small
colony variants, or mitigated virulence [46]. To investigate
adaptive changes to the USA300 genome, we assessed nonsy-
nonymous SNPs. The average intrahost rate of nonsynonymous
mutations was nearly 3 times that of synonymous mutations,
suggesting incomplete purifying selection leading to the persis-
tence of putative deleterious mutations [43]. Over a longer time
scale, many of these mutations would likely be removed through
purifying selection. Among nonsynonymous SNPs, mutations
more often occurred in regions of the genome responsible for
membrane transport, such as ABC transporter genes involved
in allocrite transport and environmental stress responses [26].
Nonsynonymous mutations were also frequent in genes respon-
sible for metabolism, virulence, and defense, consistent with an
adaptive response to the oxidative stress of antibiotic exposure
or host immune response [47]. These adaptations may have a
large evolutionary impact on the emergence of antibiotic resis-
tance or even enhanced biofilm production.

We found variations in the presence of plasmids, transpo-
sons, and prophage, which are known to facilitate acquisition
of novel genetic material [48]. All USA300 isolates possessed

ISMMS-like plasmids. Four harbored additional plasmids con-
ferring clindamycin resistance [49]. A similar ISMMS-like plas-
mid was prevalent among community-derived USA300 strains
from New York, suggesting an evolutionary advantage of en-
hanced antibiotic and heavy metal resistance [8]. Prophages,
when present, were found among all isolates from a patient’s
USA300 population.

S. aureus may undergo marked evolutionary change during a
relatively short period that may have direct implications for
pathogenesis, risk of subsequent infection, and changes in anti-
microbial resistance. Selection for antimicrobial-resistant popu-
lations was observed through gain of multiple, diverse mobile
genetic elements conferring multidrug resistance and strain re-
placement by a resistant population. Patients B and D had 3 sep-
arate acquisitions of MRSA, involving multiple body sites and
changing antibiotic resistance profiles. In contrast, in another
study among patients with cystic fibrosis, S. aureus isolates
from the same lineage were recovered repeatedly during chronic
infections [50]. Individuals with chronic nonhealing wounds,
however, may be at risk for acquisition of multiple MRSA
strains of the same MLST in high-prevalence settings. The an-
tibiotic pressure during ongoing treatment likely precipitated
fluoroquinolone and aminoglycoside resistance in patients B
and D. Additionally, we identified a plasmid conferring clinda-
mycin resistance in the first and last isolates but not the second
isolate from patient C. However, treatment failure of the PtC T2
infection episode with oral clindamycin and ciprofloxacin and
the presence of the plasmid in the subsequent isolate suggest
that some population of USA300 may still have harbored the
plasmid at the intermediate time point. This necessitates effec-
tive sampling of intrahost bacterial populations, which, com-
bined with timely genomic information, may better inform
clinical management.

In conclusion, in this pilot study, we did not identify evidence
for convergent evolution to suggest specific patterns associated
with persistent carriage of USA300 MRSA. Therefore, it is not
clear whether persistence of colonization and risk of recurrent
infection is primarily related to MRSA strain or host character-
istics. However, we do highlight the adaptive potential of MRSA
on relatively short time scales, which may have implications for
clinical decision-making.
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