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Abstract

Background

Pediatric osteoarticular infections are commonly caused by Staphylococcus aureus. The
contribution of S. aureus genomic variability to pathogenesis of these infections is poorly
described.

Methods

We prospectively enrolled 47 children over 3 1/2 years from whom S. aureus was isolated
on culture—12 uninfected with skin colonization, 16 with skin abscesses, 19 with osteoarti-
cular infections (four with septic arthritis, three with acute osteomyelitis, six with acute osteo-
myelitis and septic arthritis and six with chronic osteomyelitis). Isolates underwent whole
genome sequencing, with assessment for 254 virulence genes and any mutations as well as
creation of a phylogenetic tree. Finally, isolates were compared for their ability to form static
biofilms and compared to the genetic analysis.

Results

No sequence types predominated amongst osteoarticular infections. Only genes involved

in evasion of host immune defenses were more frequently carried by isolates from osteoarti-
cular infections than from skin colonization (p = .02). Virulence gene mutations were

only noted in 14 genes (three regulating biofilm formation) when comparing isolates from
subjects with osteoarticular infections and those with skin colonization. Biofilm results
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demonstrated large heterogeneity in the isolates’ capacity to form static biofilms, with
healthy control isolates producing more robust biofilm formation.

Conclusions

S. aureus causing osteoarticular infections are genetically heterogeneous, and more fre-
quently harbor genes involved in immune evasion than less invasive isolates. However,
virulence gene carriage overall is similar with infrequent mutations, suggesting that patho-
genesis of S. aureus osteoarticular infections may be primarily regulated at transcriptional
and/or translational levels.

Introduction

Osteoarticular infections such as septic arthritis, acute osteomyelitis and chronic osteomyelitis
may lead to severe sequelae in children, including limb length discrepancies [1, 2], suppurative
complications [3], pathologic fractures [2], and a frequent need for surgery [3] and prolonged
courses of antibiotics [4]. Though Staphylococcus aureus is the most common cause of osteoar-
ticular infections in children [5-7], it is also a common cause of less invasive skin and soft tis-
sue infections [8, 9] and also frequently colonizes the skin of asymptomatic individuals [9].
The genetic determinants of these various clinical phenotypes are not well understood. From a
mechanistic standpoint, it would be anticipated that certain genes carried by S. aureus would
play a unique role in osteoarticular infections. For example, the bone sialoprotein binding pro-
tein (a product of the bbp gene) is a bacterial cell wall protein that binds to matrix molecules
on bone, antibodies to which correlate with the presence of osteomyelitis in adults [10], while
mutations in the collagen binding adhesion gene (cna) in S. aureus render the organism signif-
icantly less able to produce osteomyelitis in a murine model of the disease [11]. However, the
genetic regulatory processes involved in osteoarticular infections due to S. aureus are likely
multifactorial, and may involve the genomic composition of an infecting isolate [12], tran-
scriptional patterns of the organism [13], the influence of the host immune response and anti-
biotic exposure on the bacterial transcriptome [14-17] and the host microbiome [18-20],
among others. Identification of the bacterial genetic processes involved in driving the predilec-
tion of a S. aureus isolate towards the formation of an osteoarticular infection, however, may
provide potential targets for immunotherapeutic agents and vaccines [21], as well as novel
diagnostic approaches to differentiate virulent from avirulent strains of the organism which
may be colonizing a child’s body. Previous work has emphasized murine models [14], single
disease presentations (e.g. acute osteomyelitis only) [12, 15] or methicillin-resistant S. aureus
[12, 15]. As a necessary first step in elucidating the genetic basis for S. aureus osteoarticular
infections, we utilized whole genome sequencing to characterize the carriage of virulence
genes in S. aureus isolates (methicillin susceptible and methicillin resistant) taken from chil-
dren across a spectrum of disease, as well as to assess for mutations in these genes and to char-
acterize the phylogenetic spectrum of these isolates. We compared results from children with
acute osteomyelitis, chronic osteomyelitis and acute septic arthritis, as well as S. aureus isolates
from children with skin abscesses and isolates collected from uninfected children with skin
colonization. We hypothesized that the distribution of virulence genes would be similar across
all phenotypes of disease, suggesting primary control of pathogenesis at the transcriptional
and/or translational level.
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Materials and methods
Construction of the study cohort

Subjects were prospectively enrolled between June 12, 2016 and December 2™, 2019. Sub-
jects admitted to our hospital or Pediatric Emergency Department who were under 18 years

of age and without known immune deficiencies or post-operative or orthopedic implant asso-
ciated infections were eligible for enrollment. Subjects were enrolled from the following four
groups of osteoarticular infections: 1.) acute osteomyelitis (symptoms <14 days, normal ortho-
pedic plain films at admission and elevated inflammatory markers, as previously described)
[22] 2.) acute septic arthritis (any subject requiring an arthrotomy for suspected septic arthritis
with growth of S. aureus on culture of blood and/or synovial fluid) 3.) chronic osteomyelitis
(symptoms >14 days at admission, abnormal orthopedic plain films at admission and histopa-
thology supporting the diagnosis if available, with normal or mildly elevated inflammatory
markers) 4.) concurrent acute septic arthritis and acute osteomyelitis. To better evaluate geno-
mic composition across a spectrum of invasion, S. aureus isolates collected from two groups of
controls were utilized: 1.) children with skin and soft tissue abscesses (with sterile blood cul-
tures, if obtained, and no evidence of systemic invasion such as pneumonia or osteoarticular
infections) and 2.) uninfected children with asymptomatic skin colonization who were admit-
ted for non-infectious conditions (e.g. febrile seizures, asthma exacerbations). Demographic
and clinical information were obtained for all subjects from the electronic medical record, save
for healthy, uninfected controls who were promised anonymity.

Microbiological methodology

For subjects with infection, bacterial isolates from clinical cultures were confirmed as S. aureus
via matrix-assisted laser desorption time-of-flight (MALDI-TOF) analysis, and then collected
from sub-cultures for sequencing. Multiple isolates may have been collected from the same sub-
ject (e.g. if cultures isolated S. aureus from multiple time points during admission), though
genomic comparisons unless stated otherwise were based off the initial isolate. For uninfected
control subjects, axillary or nasal swabs were collected and plated on mannitol salt agar. Coagu-
lase-positive isolates fermenting mannitol underwent confirmatory MALDI-TOF analysis, and
confirmed S. aureus isolates were saved for sequencing. All S. aureus isolates were frozen in 10%
glycerol stock at -80 degrees until batched analysis. Susceptibility testing (to differentiate methi-
cillin resistant S. aureus, MRSA, from methicillin susceptible S. aureus, MSSA) was performed
with disk diffusion prior to freezing, and confirmed with molecular analysis for the mecA gene.

Sequencing methodology

Prior to sequencing, isolates were re-cultivated in tryptic soy broth, mixed in DNA/RNA
Shield lysis tubes™ (Zymo Research™) and centrifuged at 10,000 x g for 1 minute. DNA was
isolated using the ZymoBIOMICS DNA isolation kit following the manufacturer’s recom-
mended protocol (Zymo Research™). More specifically, the resulting supernatant was added
to a Zymospin™ filter, centrifuged at 8000 x g for 1 minute followed by addition of DNA bind-
ing buffer. The resulting mixture was added to a Zymospin™ column, centrifuged at 10,000 x g
for 1 minute followed by rinses with DNA wash buffer. This was added to DNAse/RNAse

free water and centrifuged at 10,000 x g for 1 minute. DNA was eluted from this using a
Zymospin™ filter via centrifugation. The resulting DNA was prepared for Illumina next-
generation sequencing using the Illumina Nextera XT DNA library prep kit, per recom-
mended instructions. Completed sequencing libraries were assessed for quality and concentra-
tion by gel electrophoresis (Agilent™) and Qubit fluorometric quantitation (Thermo Fisher
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Scientific™), respectively. Completed libraries were pooled in equimolar ratios and underwent
whole genome sequencing via 2x250 bp sequencing using v3 sequencing reagents on an Illu-
mina MiSeq (see S1 Table for number of sequencing reads).

Bioinformatic and phylogenetic methodology

For analysis of virulence genes, FASTA sequences were identified for 254 virulence genes
(genes taken from a published compilation [23] and a supplementary literature search).
Sequencing data of S. aureus were aligned using BWA 0.7.17 [24] using S. aureus reference
genome NCTC8325 downloaded from NCBI. Binary alignment map (BAM) files were sorted
and indexed using Samtools 1.9 [25]. BCFTools 1.9 was used to count allele frequency from
the BAM files. Transcriptome information of S. aureus was downloaded from GenBank as
CP000253.1 general feature file and converted to gene transfer format (GTF) using GFF Utili-
ties [26]. Then FeatureCounts [27] was used to count reads aligned to genes. Proportion tests
were used to assess for a proportional difference of variants between case and control groups.
Adjusted p < 0.05 was considered statistically significant.

For phylogenetic analysis, raw sequencing reads were trimmed with Trim Galore using
default settings [28]. Assemblies were created with Unicycler (S1 Table) [29]. Sequence
types were determined using ARIBA [30]. Forty-seven isolates (one from each patient) were
included for phylogenetic analysis. For these 47 isolates, a core genome alignment was created
with Roary [31]. A maximum likelihood phylogeny was built from the core genome alignment
with IQ-TREE using 5000 ultrafast bootstraps and a GTR+G model of nucleotide substitution
[32, 33]. Phylogenies were visualized using GGTREE [34]. Branches were analyzed by year,
source of the sequenced isolate, the presence of the mecA gene and the type of infection. Given
that the traditional classification of the types of osteoarticular infection as either septic arthri-
tis, acute osteomyelitis or chronic osteomyelitis may be somewhat arbitrary and not reflective
of a continuum of infection (e.g. both septic arthritis and chronic osteomyelitis may arise as
complications of acute osteomyelitis), a severity of illness score was calculated for subjects with
acute osteomyelitis as previously described [35] for assessment of phylogenetic relatedness and
disease severity.

Static biofilm assay

Static biofilm assays were conducted using a modified method of Cassat et al [36] that we
recently described [37]. Briefly, 96-well plates were coated overnight at 4 °C with pooled
human plasma (IPLANAGC; Innovative Research, Novi, MI). Overnight cultures in duplicate
for each strain were grown in TNB [trypticase soy broth (Becton, Dickinson and Company,
Sparks, MD) with 0.5% w/v dextrose (VWR Analytical, Radnor, PA) and 3% w/v NaCl (Fisher
Scientific, Waltham, MA)] at 37 °C with 220 rpm. Overnight cultures were ODgppnm matched
to within 0.05 and then diluted 1:200%v/v in fresh media. Coated wells were gently washed
with phosphate buffered saline (PBS) and then inoculated with six technical replicates per bio-
logical replicate. PBS in coated wells served as a negative stain control. Plates were then incu-
bated statically for 24 h at 37 “C. Non-adherent culture was aspirated, washed twice with PBS,
and then and the wells were fixed with 100% v/v ethanol. Ethanol was removed and the plate
was allowed to dry for 10 min. Biofilm was stained with 0.1% w/v crystal violet (Sigma-
Aldrich) for 2 minutes and then aspirated and washed twice with PBS. The stain was eluted
with 100% v/v ethanol by shaking for 10min and then diluted 1:10 in 100% v/v ethanol for
ODsg5,, measurement. A USA300 S. aureus MRSA isolate (AH1263) and it’s isogenic agr-
deletion mutant (AH1292) were included on each plate as internal controls and biofilm com-
parators [37].
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Statistical methodology

Descriptive statistics including counts and frequencies were used to profile participant charac-
teristics, including type of osteoarticular infection. For categorical variables, chi-square tests
were calculated using Fisher’s exact test for cell sizes less than five. For continuous variables,
means, medians and interquartile range (IQR) were assessed. In addition to analysis of the dis-
tribution of individual genes between types of infection and controls, genes were also grouped
into families according to putative function (toxin, adhesins, antibiotic resistance, immune
evasion, proteases, hemolysins/leukocidins/hyaluronidases) as described in the literature, and
the mean proportion positive for each family was calculated. Assignment of genes to a family
was based upon putative functions listed on the website www.uniprot.org, a recently published
review on the topic [23] and supplementary literature review. Differences in mean distribution
between osteoarticular infections vs. healthy controls and vs. skin abscess controls were calcu-
lated using a t-test. Descriptive statistics were also employed to evaluate gene carriage in iso-
lates from separate sources in the same patient (e.g. bone and blood cultures) and isolates from
the same patient serially over time. All statistical tests were two-sided. To decrease the likeli-
hood of false positive findings given the large number of statistical comparisons undertaken,
the Benjamini and Hochberg correction [38] was used and reported as the final p-value. The
quantity of biofilm production for each included bacterial isolate was compared between skin
soft tissue infections, bone and joint infections and healthy controls, and to the biofilm com-
parators and internal controls AH1263 and to AH1292. Biofilm quantities were evaluated on
a log scale to accommodate non-normal distributions. Mixed models were estimated with
accounting for repeated measures. All statistical tests used a two-side alpha value of .05. Analy-
ses were conducted using Statistical Analysis Systems (SAS) software, v. 9.4 (Cary, N.C.)

This study was approved by the University of New Mexico Human Research Review Com-
mittee (HRRC #16-102), and informed consent was obtained for all participants.

Results

Clinical, demographic and microbiological overview of the study
population

Among uninfected controls, specimens for culture were collected from 127 subjects. Of these
127 subjects, 12 subjects produced specimens with growth of viable S. aureus isolates (11 from
nasal swabs and one from an axillary swab). Six of these uninfected controls were enrolled
from the inpatient units, and six from the Pediatric Emergency Department. Overall, sixteen
subjects with skin and soft tissue abscesses were also enrolled, as well as four subjects with sep-
tic joints, three subjects with acute osteomyelitis, six subjects with both acute osteomyelitis and
septic arthritis and six subjects with chronic osteomyelitis (Table 1). Subjects with osteoarticu-
lar infections were more likely to be male (p = .04) and were older (p =.02) (Table 1). MRSA
was more frequently seen in isolates from skin abscesses (56.2%) than osteoarticular infections
(15.8%), though this did not reach statistical significance (p =.06).

Phylogenetic analyses of the isolates

To determine whether osteoarticular infections were caused by closely related bacterial strains,
a phylogenetic tree was generated for 47 S. aureus isolates (Fig 1). Isolates causing osteoarticu-
lar infections were widely dispersed throughout the phylogeny, and were often closely related
to isolates from skin infections and skin colonization. Sequenced isolates came from 11 differ-
ent sequence types (ST8, ST15, ST789, ST5, ST87, ST59, ST51, ST30, ST39, ST398, ST45), and
osteoarticular infections were observed from 7 sequence types (ST8, ST5, ST87, ST59, ST51,
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Table 1. Demographic, clinical and microbiological overview of 35 children with osteoarticular infections and skin and soft tissue abscesses.

Variable
Gender
Male
Female
Age (years)
Mean
Median
IQR
Race
African American
Asian
Caucasian
Native American
Ethnicity
Hispanic
Non-Hispanic
Frequency of MSSA
Frequency of MRSA

SSTI

5(31.3)
11 (68.7)

1.3
1.4
0.5-2.1

1(6.3)
1(6.3)
13 (81.2)
1(6.3)

5(31.3)
11 (68.7)
7 (43.8)
9(56.2)

Due to rounding, numbers may not add to 100%

OAI Exact p-value Adjusted p-value
15 (79.0) .005 04
4(21.0)

11.1
11.8
6.3-13.3 .001 .02

0 NA NA
0

17 (89.5)

2(10.5)

9 (47.4) 33 48
10 (52.6)

16 (84.2) 01 .06
3(15.8)

SSTI, skin and soft tissue infection; OAI, osteoarticular infection; IQR, intraquartile range; NA, not applicable; MSSA, methicillin susceptible Staphylococcus aureus;

MRSA, methicillin resistant Staphylococcus aureus.

The 12 asymptomatic control subjects with skin colonization were promised anonymity, and did not contribute demographic information as a result.

https://doi.org/10.1371/journal.pone.0272425.t001

ST30 and ST398). In other words, isolates causing invasive infections came from a diversity of
lineages, and they were not phylogenetically distinct from less invasive isolates. No association
was present between phylogenetic relatedness and severity of acute osteomyelitis.

ST8 was the serotype present in all but one of our isolates carrying the mecA gene, which in
turn represented half of our skin and soft tissue abscesses, consistent with prior reports [39].
Isolates with the mecA gene accounted for all isolates with confirmed phenotypic antimicro-
bial resistance patterns consistent with MRSA.

Distribution of virulence genes and virulence gene families

Immune evasion genes were significantly more common amongst S. aureus isolates collected
from children with osteoarticular infections than from those collected from children with
asymptomatic skin colonization after accounting for multiple comparisons (p = .02), but not
when compared with isolates collected from children with skin abscesses (p =.76) (Tables 2
and 3, Fig 2). The absolute difference in carriage of these genes between isolates from osteoarti-
cular infections and asymptomatic skin colonization was only 5%, however. The Cap5h, Cap5l
and Capj genes individually were all significantly associated with osteoarticular infections in
unadjusted analyses (p = 0.04), but this was not sustained when accounting for multiple
comparisons.

Spatial and temporal assessment of genomic content

Among S. aureus isolates taken from four subjects concurrently from different sources (three
subjects with isolates collected from blood cultures and cultures of bone abscesses, and one
subject with isolates collected from a blood culture and a synovial fluid culture) no differences
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Year
2016
B 2017
2018
I 2019

Severity

ZOhrwN =

Source

[l blood

I bonef/joint
B skin abscess

skin colonization

9e-04

General Disease mecA

[ bone/joint [l mecA
skin colonization none

[ SSTI

BJOT
~SSTI02 ST8

~SSTI1
“He10 |sT15

--SSTH3 1ST789
"""""" -BJ17 ST5

:HCO3 ST87

BU27 1ST59

-BJ26
vy ST51

~-HCO07
-SSTI09
-SSTI07
-BJ04
-SSTIH2
-SSTH4
-BJ18
-BJO5 ST30
-BJ31
--HCO06
~-HC05
-BJ14

--SSTI08
-BJ16
~HCO1 1ST39

~BJ23 1ST398

B |sT45

Fig 1. Phylogenetic analysis of Staphylococcus aureus isolates from children with osteoarticular infections compared with children
with skin and soft tissue abscesses and healthy controls. Maximum likelihood phylogeny of 47 S. aureus genomes. Each isolate originates
from a different patient. This phylogeny was generated from a core genome alignment, and it is midpoint rooted. Branches are color-coded
by the year, source of the sequenced isolate, the patient’s general disease, and the presence/absence of mecA and a disease severity score for
patients with acute osteomyelitis (scale from 1, lowest to 10, highest). Sequence types are shown at the right. The scale bar indicates
nucleotide substitutions per site. Triangles indicate nodes with ultrafast bootstrap support of at least 95%. BJ = bone and/or joint infection;
SSTI = skin/soft tissue infection; HC = healthy control.

https://doi.org/10.1371/journal.pone.0272425.9001

amongst carriage of virulence genes were seen in each individual subject’s isolates. Among six
subjects who had S. aureus isolates collected serially over time (four subjects from bone cul-
tures three to seven days apart and two subjects with blood and synovial fluid cultures one to
three days apart), no significant differences in virulence gene carriage were noted amongst
each subject’s isolates.
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Table 2. Distribution of virulence gene families amongst Staphylococcus aureus isolates from children with osteoarticular infections compared with healthy
controls.

Gene Family ASA AOM ASA+AOM COM OAI Controls p-value Corr. p-value
Toxins 0.50 0.54 0.54 0.51 0.52 0.55 .28 46
Adhesins 0.92 0.90 0.90 0.92 0.91 0.94 .13 41
Antibiotic Resistance 0.63 0.64 0.64 0.63 0.64 0.66 .28 .46
Immune Evasion 0.94 0.92 0.95 0.92 0.93 0.88 .002 .02*
Proteases 0.63 0.55 0.86 0.75 0.73 0.55 .26 .46
Hemolysins/Leukocidins/Hyaluronidases 0.92 0.95 0.93 0.93 0.93 0.93 .74 .76

*denotes statistical significance after adjustment for multiple comparisons
ASA, acute septic arthritis (n = 3); AOM, acute osteomyelitis (n = 4); ASA+AOM, acute septic arthritis and acute osteomyelitis concurrently; COM, chronic
osteomyelitis (n = 6); OAL all osteoarticular infections combined (n = 19); Corr, corrected (via Benjamini-Hochberg correction of p-value)

Numbers in each column of osteoarticular infection represent the percentage of isolates carrying at least one of the genes belonging to each family.

https://doi.org/10.1371/journal.pone.0272425.t1002

Distribution of virulence gene mutations

Mutations were most frequently documented when comparing sequences from acute osteoar-
ticular infections (acute osteomyelitis or acute septic arthritis) and healthy controls (Fig 3).
Most interestingly, significant differences were noted in the frequency of mutations of genes
associated with biofilm formation and regulation, including the cIfA gene (clumping factor A),
the clp gene and the WalKR regulon. However, mutations were noted in only 14 virulence
genes overall.

Biofilm formation capacity

Biofilm formation is clinically relevant to osteoarticular infections and as such we sought to
elucidate the isolate’s ability to form biofilm in a 24-hour static biofilm assay. The isolates were
normalized to USA300 LAC (AH1263) which is a clinical MRSA strain and compared with the
isogenic agr-deletion mutant (AH1292). Forty-five of the 47 isolates were analyzed, as one iso-
late did not grow on culture, and another was not located in the freezer (both from asymptom-
atic skin colonization). There was heterogeneity within each infection type, where skin and
soft tissue infection isolates ranged from 73%-284% (Fig 4A), osteoarticular isolates ranged
from 59%-327% (Fig 4B), and healthy control isolates (asymptomatic skin colonization) ran-
ged from 35%-295% (Fig 4C). Most surprisingly, when the isolates were grouped together the

Table 3. Distribution of virulence gene families amongst Staphylococcus aureus isolates from children with osteoarticular infections compared with children with
skin and soft tissue abscesses.

Gene Family ASA AOM ASA+AOM COM OAI Controls p-value Adj. p-value
Toxins 0.50 0.54 0.54 0.51 0.52 0.52 .88 .88
Adhesins 0.92 0.90 0.90 0.92 0.91 0.91 .76 .76
Antibiotic Resistance 0.63 0.64 0.64 0.63 0.64 0.64 69 .76
Immune Evasion 0.94 0.92 0.95 0.92 0.93 0.94 71 .76
Proteases 0.63 0.55 0.86 0.75 0.73 0.84 .15 41
Hemolysins/Leukocidins/Hyaluronidases 0.92 0.95 0.93 0.93 0.93 0.95 .29 46

ASA, acute septic arthritis (n = 3); AOM, acute osteomyelitis (n = 4); ASA+AOM, acute septic arthritis and acute osteomyelitis concurrently; COM, chronic
osteomyelitis (n = 6); OAI, all osteoarticular infections combined (n = 19); Adj, adjusted (via Benjamini-Hochberg correction)
Numbers in each column of osteoarticular infection represent the percentage of isolates carrying at least one of the genes belonging to each family.

https://doi.org/10.1371/journal.pone.0272425.1003
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Fig 2. Presence/absence of virulence genes in Staphylococcus aureus isolates from children with osteoarticular infections
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https://doi.org/10.1371/journal.pone.0272425.9002

healthy controls produced the most biofilm, followed by the osteoarticular isolates, and finally
the skin and soft tissue infection isolates (Fig 4D). However, only healthy control isolates pro-
duced significantly more biofilm than any other category (in comparison to skin and soft tis-

sue isolates, p = .02).
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https://doi.org/10.1371/journal.pone.0272425.9003

Discussion

We demonstrated significantly increased carriage of genes involved in evasion of the host
immune response amongst S. aureus isolates taken from children with osteoarticular infections
compared with those involved in asymptomatic skin colonization. Interestingly, this difference
was not present when compared with S. aureus isolates involved in the formation of skin
abscesses, suggesting that the carriage of these genes may be involved in invasive disease in
general. However, despite the statistical significance of this finding, the absolute difference in
carriage of any immune evasion gene between the two groups was relatively small (5%). This
fact, in addition to the absence of any other significant differences in virulence gene carriage
noted in our data, suggests that genetic drivers of S. aureus osteoarticular infections may be
primarily regulated by factors other than genomic content (e.g. at the transcriptional or trans-
lational level). Using a murine model of osteomyelitis, Szafranska found that 444 of 2,503
genes in S. aureus were differentially expressed during infection, which suggests that a greater
degree of variability may be seen in children with osteomyelitis at the transcriptional level than
at the genomic level [13]. In contrast to our findings, Gavira-Agudelo demonstrated slight dif-
ferences in virulence gene carriage in 12 children with acute osteomyelitis due to MRSA when
compared to two laboratory reference strains (76 of 78 sequenced virulence genes in children
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https://doi.org/10.1371/journal.pone.0272425.9004
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with acute osteomyelitis vs. a mean of 62 of 78 sequenced virulence genes carried by the refer-
ence strains, p =.0124) [12]. However, as the authors discussed, the use of laboratory reference
strains (isolated from older patients) as a comparator group may have biased results. In addi-
tion, this study focused only on acute osteomyelitis due to MRSA. Collins analyzed the distri-
bution of 201 virulence genes amongst 71 children with acute osteomyelitis and found 40
genes significantly associated with severity of the osteomyelitis (as assessed by a validated clini-
cal scoring system) [23]. These findings suggest that the genomic content of S. aureus may dif-
fer between more virulent and less virulent isolates. However, this study did not include
isolates from control groups without osteomyelitis, and as such may not be in an optimal posi-
tion to address questions of pathogenesis itself.

Cap gene products are involved in immune evasion of host defense [21, 40, 41], and were
the most differentially distributed genes between isolates with and without osteoarticular
infections in our study. However, at an individual gene level, these were not significantly dif-
ferent after correction for multiple comparisons. Cap proteins provide a measure of immune
evasion which is mediated primarily through resistance to opsonization and phagocytosis [40].
Interestingly, these genes may be less frequently expressed in adults with chronic osteomyelitis
than those with acute osteomyelitis [42], though the gene carriage between acute and chronic
osteomyelitis did not differ in our study cohort.

Mutations in three genes regulating biofilm formation were differentially present between
isolates from subjects with acute osteoarticular infections and healthy controls, the clfA and clp
genes and the WalK/R regulon. WalKR expression is linked to more robust biofilm formation
[43] and cellular adherence in vitro [44], clfA facilitates biofilm formation, bacterial attachment
and colonization of surfaces [45] and clp (the caseinolytic or clp protease) modulates biofilm
development [46]. Given the well described role of biofilm formation in the development of S.
aureus osteoarticular infections [47], these relatively conserved genes may facilitate establish-
ment of these infections in children. However, given the large number of S. aureus genes
involved in biofilm formation and virulence, this represents a very small number of mutations,
and as such is unlikely by itself to explain the pathogenic potential of S. aureus isolates involved
in bone and joint infections. In addition, our phenotypic assessment of biofilm production
failed to detect any differences between isolates from osteoarticular infections and other iso-
lates. Larger studies with more power may help to identify additional genes involved in this
process, and unravel the complex interplay involved between the host immune response, the
transcriptional patterns of the pathogen and the impact of antimicrobial therapy on bacterial
transcription over time. Interestingly, these findings were not apparent when chronic osteomy-
elitis was compared with control groups. However, given our small number of isolates taken
from children with chronic osteomyelitis, our findings are likely to be limited in this regard.

Though a limited number of our isolates were collected serially over time or from multiple
anatomic sites in our cohort, we did not notice any difference in virulence gene carriage spa-
tially or temporally. Trouillet-Assant described whole genome sequencing of S. aureus isolates
involved in recurrent bone and joint infections in three adults, and failed to find any signifi-
cant differences in genomic content between the isolates over time [48]. Differences in the
expression of hemolysin alpha, a product of the hla gene, were noted however [48].

ST-8, a predominant sequence type in the U.S. [49], was the most common sequence type
noted in children with skin abscesses (and in those with MRSA infections) in our study, though
no sequence types were specifically associated with osteoarticular infections in our cohort. How-
ever, given the predilection of S. aureus to evolve primarily via emergence of single nucleotide
polymorphisms and horizontal gene transfer of mobile genetic elements [50], as well as the lim-
ited number of isolates in our study, our results would not be able to prove descent from geneti-
cally similar organisms but are primarily estimates of the genetic distance between isolates.
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The virulence determinants of S. aureus osteoarticular infections are likely multi-factorial,
and may involve factors such as the genomic composition of the infecting isolate [23], a neces-
sary combination of virulence and regulatory genes [12] and transcriptional variability [14]
(which in turn may be influenced by the host immune response [15], antimicrobial exposure
[17] and/or the host microbiome) [18]. Hence, future study of genetic drivers of osteoarticular
infections in children would ideally attempt to account for many of these factors.

Knowledge of the virulence determinants involved in S. aureus osteoarticular infections
has direct clinical implications. Identification of genes involved in driving a particular isolate
towards a predilection for osteoarticular infections (as opposed to a localized skin abscess or
skin colonization) may help create novel diagnostic approaches to identify colonization with
isolates exhibiting a tropism for osteoarticular sites, as well as to identify possible targets for
future vaccines and immunotherapeutic agents, such as novel drugs designed to dysregulate
the formation of biofilm production by S. aureus (e.g. via activation of the clp protease) [51].

In regards to biofilm formation, it was surprising to find that the healthy control isolates
generated more robust biofilms compared with skin and soft tissue infection isolates. We
expected that osteoarticular isolates would demonstrate the largest biofilm capacity, followed
by isolates taken from skin and soft tissue infections, as these infection types rely on biofilms
[47]. However, the large variability within each group suggests that the capacity to form bio-
film is not the only requirement for each infection type. We also note that compared to our
previous report [38], the agr-deletion mutant was only 5% above that of the isogenic LAC. The
only experimental difference between the two studies was the lot numbers of the human
plasma pools, suggesting that donor variability may affect biofilm assays; this would suggest
that when comparing isolates a single plasma pool would be favorable to make strong and
accurate conclusions.

Our study benefited from the collection of a variety of isolates from two different control
groups across a spectrum of S. aureus involvement (asymptomatic skin colonization and skin
abscesses), prospective data collection and the inclusion of a variety of osteoarticular infections
due to both MRSA and MSSA. Our study was limited by a small sample size. In addition, as a
single site study, it may have limited generalizability given the potential for regional differences
in the clones of S. aureus in circulation in particular areas of the country [52]. Our use of the
reference strain NCTC8325 may have limited our generalizability to currently circulating com-
munity strains. However, given the extensive annotation of the strain, the fact that it is still in
use as a reference genome, and that it is familiar to investigators we think it is a valid compara-
tor. Further, we strengthened our findings through use of internal comparisons with multiple
clinical controls and phenotypic investigation and validation of noted biofilm mutations.
Given the complex genetic interplay between virulence mechanisms in S. aureus and an ever-
expanding list of known virulence genes, our list of genes was likely incomplete. However, it
did provide an important first step in describing the distribution of these genes in isolates
cultivated from a broad variety of infections. Further study utilizing larger sample sizes and
incorporating diverse patient populations would be beneficial, as would assessments of tran-
scriptional and translational patterns and the influence of the host immune response on tran-
scription in children with bone and joint infections.
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