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Abstract

Native American individuals in the Southwestern USA experience a higher burden of invasive Staphylococcus aureus disease 
than the general population. However, little is known about S. aureus carriage in these communities. A cross- sectional study was 
conducted to determine the carriage prevalence, risk factors and genomic epidemiology of S. aureus among Native American 
children (<5 years, n=121) and adults (≥18 years, n=167) in the Southwestern USA. Short- and long- read sequencing data were 
generated using Illumina and Oxford Nanopore Technology platforms to produce high- quality hybrid assemblies, and antibiotic- 
resistance, virulence and pangenome analyses were performed. S. aureus carriage prevalence was 20.7 % among children, 
30.2 % among adults 18–64 years and 16.7 % among adults ≥65 years. Risk factors among adults included recent surgery, 
prior S. aureus infection among household members, and recent use of gyms or locker rooms by household members. No risk 
factors were identified among children. The bacterial population structure was dominated by clonal complex 1 (CC1) (21.1 %), 
CC5 (22.2 %) and CC8 (22.2 %). Isolates from children and adults were intermixed throughout the phylogeny. While the S. aureus 
population was diverse, the carriage prevalence was comparable to that in the general USA population. Genomic and risk- factor 
data suggest household, community and healthcare transmission are important components of the local epidemiology.

DATA SummARy
The Staphylococcus aureus genome sequences are available from the National Center for Biotechnology Information (NCBI) 
Sequence Read Archive. The accession numbers are included in File S1 (available with the online version of this article). Participant 
data collected from Native American individuals is governed by the participating Tribal Nations. Data can be made available upon 
request (contact  lhammitt@ jhu. edu or  csutcli1@ jhu. edu), if consistent with the Institutional Review Board- approved protocol 
and if the disclosure is approved by the participating Tribes.

InTRoDuCTIon
Staphylococcus aureus is a human commensal and pathogen that is asymptomatically carried in the nose by 20–30 % of the general 
USA population [1, 2]. In addition, an estimated 1.5–3 % of individuals carry difficult- to- treat meticillin- resistant S. aureus 
(MRSA). Each year, S. aureus causes millions of infections in the USA, and at least 72 000 cases of severe invasive disease and 
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10 000 deaths are attributed to MRSA [3–5]. Carriage is the greatest risk factor for infection [6, 7], and individuals are most often 
infected by the strain they carry [2]. In the USA, a community- associated MRSA (CA- MRSA) clone, USA300, is known to be a 
common, hypervirulent strain type that spreads easily and persists for prolonged periods in households [8].

The population structure of S. aureus is diverse, comprised of ‘clones’ defined by the genetic relatedness of seven housekeeping 
genes used to assign multilocus sequence types (STs). While dominant clones of epidemic MRSA are widely recognized, meticillin 
resistance has emerged among diverse lineages due to the horizontal transfer of the staphylococcal cassette chromosome mec 
(SCCmec) element that confers resistance. The difficulty in treating invasive disease caused by antibiotic- resistant S. aureus 
strains has led to a narrow focus of epidemiological and population genomic studies on MRSA, leaving an important gap in our 
understanding of meticillin- susceptible S. aureus (MSSA), as the population dynamics of this pathogen involve interplay among 
all lineages, and not just MRSA strains. In addition, MSSA is associated with a considerable burden of invasive disease, especially 
among indigenous communities in the USA and globally [9–11].

Indigenous populations have historically been burdened by high rates of infectious disease [12]. Indeed, outbreaks of CA- MRSA 
were first described among these communities [13, 14]. In the USA, recent data have shown that rates of invasive S. aureus disease 
among Native American individuals are up to seven times the national average, likely due to a higher prevalence of risk factors 
[10–12, 14, 15]. This trend is observed globally, extending to indigenous populations in Canada [16, 17] and Northern Australia 
[18, 19]. Yet, data on S. aureus remain limited among Native American populations. To compound this deficiency, S. aureus 
epidemiology in the USA has changed significantly since the last carriage surveys among Native American individuals were 
conducted 20 years ago [20]. In particular, incidence of S. aureus skin and soft tissue infections has increased, and CA- MRSA 
genotypes have infiltrated the healthcare setting [8, 21–23]. To improve understanding of S. aureus invasive disease rates and 
inform disease prevention strategies, we investigated the contribution of individual, household and pathogen factors associated 
with S. aureus carriage. The objectives of the study were to estimate the S. aureus carriage prevalence, distribution of strain types, 
prevalence of antibiotic resistance and S. aureus population structure among Native American individuals on the Navajo Nation 
and White Mountain Apache (N/WMA) Tribal lands.

mETHoDS
Study population and sample collection
A cross- sectional study of S. aureus carriage was conducted between March and September of 2017 among Native American 
children and adults living on Tribal lands in the Southwestern USA who were co- enrolled in a pneumococcal carriage study [24]. 
A convenience sample of participants was recruited at Indian Health Service (IHS) facilities and Tribal Health Organizations 
during well- child or routine visits and at local community events. Participants were eligible if they were Native American, <5 or 
≥18 years of age, did not have a congenital anomaly of the nasopharynx, had not previously been enrolled in the study, and did 
not have a household member currently or previously enrolled in the study. An equal number of participants were targeted for 
recruitment each month in five age groups (0–1, 2–4, 18–39, 40–64 and ≥65 years old). After enrolment, a risk factor questionnaire 
was administered, focusing on demographics, household characteristics, livestock contact, day- care attendance, hygiene practices 
and participation in high- risk activities for S. aureus transmission (e.g. sports, sweat lodges). Staff collected anterior nares (AN) 
and nasopharyngeal (NP) swabs from children <5 years old, and AN, NP and oropharyngeal (OP) swabs from adults ≥18 years 
old. Swabs were inoculated into transport medium and stored at −80 °C. Healthcare exposures and other clinical risk factors were 
obtained through medical record review. Study data were collected and managed using REDCap electronic data capture tools 
hosted at the Johns Hopkins School of Public Health (USA) [25, 26].

Impact Statement

Staphylococcus aureus, a bacteria carried by an estimated 30 % of the population, can cause a variety of infections, which can be 
difficult to treat due to antibiotic resistance (e.g. meticillin- resistant S. aureus). Native American individuals experience a higher 
burden of S. aureus disease than the general population. Little is known about the proportion of Native American children and 
adults colonized by S. aureus, the types of S. aureus found in these communities, or the individual and household factors associ-
ated with carriage. Here, we address these gaps and find that carriage prevalence was 20.7 % among children <5 years, 30.2 % 
among adults 18–64 years and 16.7 % among adults ≥65 years of age. We also identify several risk factors associated with 
carriage among adults but none among children. Last, we define the types of S. aureus found within the community and describe 
the relevance of those types based on recent findings. Overall, this study lays the foundation for future investigations of the 
relatedness between S. aureus types causing carriage and disease. In addition, this study provides contemporary community 
carriage data, which are extremely limited in the USA, emphasizing the need to update national data.
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S. aureus isolation and antibiotic-susceptibility testing
Swabs were shipped to the University of Central Florida (USA) for testing. BBL CHROMagar Staph aureus and MRSA selective 
media plates (Becton Dickinson) were used according to the manufacturer’s instructions to isolate S. aureus and MRSA, respec-
tively, and isolation was performed for each AN, OP and NP sample independently. Up to three colonies were picked from positive 
plates and confirmed using catalase and BBL Staphyloslide latex agglutination test (Becton Dickinson). One isolate per positive 
participant was selected for susceptibility testing, bacterial genomic DNA (gDNA) extraction and whole- genome sequencing 
(WGS). Isolate selection was performed in the following order: AN, OP, NP. In instances where we detected dual colonization 
with MRSA and MSSA, an isolate of each was taken forward. Phenotypic susceptibility to seven antibiotics was assessed using disc 
diffusion after plating isolates on Mueller Hinton agar (MHA). Antibiotic- susceptibility breakpoints were determined based on the 
Clinical and Laboratory Standards Institute Performance Standards for Antimicrobial Susceptibility Testing (27th edition) [27].

Bacterial gDnA isolation and WGS
gDNA extraction, Illumina sequencing, Oxford Nanopore Technology (ONT) MinION sequencing, hybrid genome assembly, 
genome annotation and multilocus sequence typing (MLST) were performed as previously described [28]. Briefly, gDNA was 
quantified using a Qubit, and quality was assessed with the TapeStation. WGS short- read libraries were constructed using the 
Illumina Nextera Flex library prep kit, which were sequenced on an Illumina MiSeq using a 600 cycle V3 chemistry flow cell to 
produce 2×250 paired- end reads with a target idealized coverage of 75×. Long- read libraries were constructed using an ONT 
ligation sequencing kit (SQK- LSK109) and barcode kits (EXP- NB104 and EXP- NB114), and sequenced on the ONT MinION 
with MinIT using R9.4.1 flow cells. Base- calling and demultiplexing was carried out using Guppy v0.5.1 with FAST mode. Adapter 
sequences were trimmed with Porechop v0.2.2, long- reads were filtered with Filtlong v0.2.0 and read quality was investigated with 
nanostat v1.0 [29]. Hybrid assembly of short- and long- read WGS data was performed using Unicycler v0.4.8 with default options 
[30]. Pangenome analysis was performed using Roary v.3.12 [31]. A maximum- likelihood core- genome phylogeny was inferred 
with iq- tree v1.6.8 using the ASC_GTRGAMMA substitution model with 100 bootstrap replicates and population structure was 
assessed using fastBAPS [32]. Based on the population structure and MLST analyses, dominant lineages were identified. For these 
lineages, we repeated the pangenome analysis and inferred a core- genome phylogeny as described above. ABRicate v.1.0.1 was 
used to detect the antibiotic resistance and virulence determinants (https://github.com/tseemann/abricate) [33] using arg- annot 
[34] and VFDB [35] databases. Finally, for MRSA isolates, SCCmec type was determined by assessing ccr and mec gene complexes 
from assemblies using the SCCmec finder tool (www.genomicepidemiology.org/). MLST, SCCmec and antibiotic- resistance results 
were mapped on the core- genome phylogeny using ggTree implemented in Rstudio running R v 3.6.0 [36].

Carriage prevalence and risk-factor analysis
An initial analysis was conducted to evaluate the performance of different body sites in detecting S. aureus colonization. As OP 
swabs were only collected from adults, the analysis was stratified by age group (<5 years and ≥18 years). The sensitivity of each 
site (AN, OP or NP) was assessed compared to the ‘gold standard’ of positive at any body site.

To evaluate and compare age- specific prevalence, only body sites sampled for all participants (AN and NP samples) were included, 
and carriage was defined as isolation of S. aureus from swabs collected from either site. Age- specific proportions and binomial 
95 % confidence intervals (CIs) were calculated. To evaluate all other individual and household risk factors, carriage was defined 
as isolation of S. aureus (MSSA or MRSA) from any body site (AN, OP or NP). As potential risk factors for evaluation differed 
by age, the analysis was stratified by age group. Log- binomial regression was used to estimate univariable and multivariable 
prevalence ratios (PRs) and 95 % CIs. As the sample size within age groups was small, a limited multivariable analysis was 
conducted focusing on statistically significant (P<0.05) covariates from the univariable analysis. Among adults, age remained 
a driver of carriage prevalence and, therefore, age- adjusted PRs are presented. sas software, version 9.4 of the SAS System for 
Windows (SAS Institute), was used.

RESuLTS
Study population
Two hundred and eighty- eight individuals (121 children and 167 adults) were enrolled, and 288 AN, 287 NP and 167 OP swabs 
were collected. Most participants were enrolled from the Navajo Nation (89.9 %), were female (66.3 %) and lived in a private 
residence (99.9 %) with a median household size of 4 (interquartile range: 2, 6), and had indoor piped water (78.1 %). Few 
participants reported owning pets (29.8 %) or livestock (20.9 %) (Tables 1, S1 and S2).

Prevalence and risk factors for S. aureus carriage
Overall, 31.6 % (n=91) and 3.5 % (n=10) of participants were culture positive at any body site for S. aureus and MRSA, respectively. 
In one adult participant, we identified co- carriage of a MRSA and a MSSA strain. Among children, the proportion culture positive 
was similar for AN (14.1 %) and NP (15.7 %) samples (Table 2). Seven per cent (n=9/121) of children were positive at both sites. 

https://github.com/tseemann/abricate
www.genomicepidemiology.org/
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Table 2. S. aureus carriage among Native American participants, by body site and age group

Specimen type(s) sampled No. of samples Any S. aureus/MRSA isolated from sampled site(s)
[N (%)]

S. aureus/MRSA isolated only from this site [N (%)]

Children (0–4 years)

AN 121 17 (14.1)/1 (0.8) 6 (5.0)/0

NP 121 19 (15.7)/2 (1.7) 8 (5.6)/1 (0.8)

AN and NP 121 25 (20.7)/2 (1.7) –

Adults (≥18 years)

AN 167 38 (22.8)/5 (3.0) 13 (7.8)/3 (1.8)

NP 166 27 (16.3)/2 (1.2) 5 (3.0)/0

OP 167 34 (20.4)/4 (2.4) 23 (13.8)/2 (1.2)

AN and NP 166 42 (25.3)/5 (3.0) –

AN and OP 167 61 (36.5)/8 (4.8) –

NP and OP 166 53 (31.9)/5 (3.0) –

AN, NP and OP 166 65 (39.2)/8 (4.8) –

Adults (18–64 years)

AN 107 30 (28.0)/3 (2.8) 11 (10.3)/2 (1.9)

NP 106 19 (17.9)/1 (0.9) 3 (2.8)/0

OP 107 26 (24.3)/2 (1.9) 18 (16.8)/2 (1.9)

AN and NP 106 32 (30.2)/3 (2.8) –

AN and OP 107 48 (44.9)/5 (4.7) –

NP and OP 106 40 (37.7)/3 (2.8) –

AN, NP and OP 106 50 (47.2)/5 (4.7) –

Adults (≥65 years)

AN 60 8 (13.3)/2 (3.3) 2 (3.3)/1 (1.7)

NP 60 8 (13.3)/1 (1.7) 2 (3.3)/0

OP 60 8 (13.3)/2 (3.3) 5 (8.3)/1 (1.7)

AN and NP 60 10 (16.7)/2 (3.3) –

AN and OP 60 13 (21.7)/3 (5.0) –

NP and OP 60 13 (21.7)/2 (3.3) –

AN, NP and OP 60 15 (25.0)/3 (5.0) –

Among adults, the proportion culture positive was similar for AN (22.8 %) and OP (20.4 %), and lower for NP (16.3 %) samples 
(Table 2). One quarter (24.6 %; n=41/167) of all adults were positive at only one body site [the majority of which were at the OP 
site (n=23)], 10.2 % (n=17) were positive at two body sites, and 4.8 % (n=8) were positive at all three body sites. Consequently, 
the proportion culture positive was higher when samples from all sites were considered (39.2 %) compared to AN (22.8 %) or NP 
(16.3%) samples alone, or AN in combination with NP samples (25.3 %). Table S1 shows the sensitivity of sampling each body 
site alone and in combination.

The age- specific prevalence of S. aureus carriage (based on AN and NP swabs only) was 20.7 % (95 % CI: 13.8, 29.0) among 
children, 30.2 % (95 % CI: 21.7, 39.9) among adults 18–64 years of age, and 16.7 % (95 % CI: 8.3, 28.5) among adults ≥65 years of 
age (P=0.09). The age- specific prevalence of MRSA carriage was 1.7 % (95 % CI: 0.2, 5.8) among children, 2.8 % (95 % CI: 0.6, 8.0) 
among adults 18–64 years of age, and 3.3 % (95 % CI: 0.4, 11.5) among adults ≥65 years of age (P=0.75) (Table 2). There was no 
significant difference in S. aureus carriage prevalence between Navajo Nation and White Mountain Apache participants.

No significant individual nor household risk factors for S. aureus carriage were identified among children (Tables 1 and S2). 
Among adults, S. aureus carriage was significantly associated with current use of tobacco products, and history of surgery and 
sharing towels within the past 6 months in the univariable analysis (Table 1). After adjusting for age, only surgery in the past 
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Fig. 1. Maximum- likelihood phylogeny of the S.aureus isolates (n=90) inferred from an alignment of 80 116 SNPs present in the core genome. The 
tip colours indicate strains with meticillin susceptibility (MSSA; grey) or resistance (MRSA; black). Bootstrap values indicating statistical support of 
dominant clades in the phylogeny are shown on the branches. Lineages identified through statistical analysis of population structure are highlighted. 
Clades are annotated with multilocus ST. The heatmap around the tree shows the CC, where identifiable, and age group associated with the isolate. 
The scale bar indicates genetic distance.

6 months remained significantly associated with S. aureus carriage (PR 1.91; 95 % CI 1.23, 2.97) (Table S3). Household factors 
significantly associated with carriage in the univariable analysis included history of S. aureus infection among household members, 
and household members sharing a bed, using a gym and using a locker room in the past 6 months (Table S4). After adjusting 
for age, history of S. aureus infection among household members (PR 1.87; 95 % CI 1.08, 3.22) and household members using a 
gym (PR 1.80; 95 % CI 1.23, 2.64) or locker room (PR 1.98; 95 % CI 1.29, 3.04) remained significantly associated with S. aureus 
carriage (Table S4).

Genomic analyses
Performing hybrid sequencing and assembly of 92 isolates (82 MSSA and 10 MRSA) collected from 91 participants, 73 genomes 
were circularized and 17 were assembled into linear unitigs (File S1). Two samples were excluded from phylogenetic analysis 
due to poor genome assembly statistics. The phylogeny, inferred from a core- genome alignment of 1808 Clusters of Orthologous 
Groups of proteins (COGs) and 80 116 SNP sites, showed several well- supported clades representing the dominant S. aureus clonal 
complexes (CCs) (Fig. 1). The S. aureus population structure was dominated by three major lineages belonging to CC1 (21.1 %: 
3.3 % ST1, 1.1 % ST9, 16.7 % ST188), CC5 (22.2 %: 20.0 % ST5, 1.1 % ST6, 1.1 % ST6177) and CC8 (22.2%: 10.0 % ST8, 12.2 % ST72) 
(Table 3). Two novel STs were found and assigned: ST6176 and ST6177. The ST6176 strain clustered outside the CC30 clade, while 
the ST6177 strain clustered within the CC5 clade and is a single locus variant of ST5 (Fig. 1). Analysis of the co- carriage episode 
identified the MRSA strain as ST6177 and the MSSA strain as ST9. These two strains were separated by 9013 SNPs, indicating 
separate acquisition events. Isolates sampled from children and adults were intermixed throughout the phylogeny, suggesting 
overlapping transmission networks.
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Table 3. CC distribution of the S. aureus isolates

Clonal complex Children
(<5 years old)

[N (%)]

Adults
(≥18 years old)

[N (%)]

Total
[N (%)]

CC1 5 (20.8) 14 (21.2) 19 (21.1)

CC5 3 (12.5) 17 (25.8) 20 (22.2)

CC8 7 (29.2) 13 (19.7) 20 (22.2)

CC15 1 (4.1) 1 (1.5) 2 (2.2)

CC30 4 (16.7) 9 (13.6) 13 (14.4)

CC45 – 2 (3) 2 (2.2)

CC97 – 3 (4.5) 3 (3.3)

Unknown 4 (16.7) 7 (10.6) 11 (12.2)

Total 24 66 90

Of the nine MRSA isolates, three (33.3 %) were ST1 (representing 100 % of the ST1 isolates), four (44.4 %) were ST8 (representing 
40 % of ST8 isolates), one was ST72 (representing 9.1 % of ST72 isolates) and one was ST6177. Genotypic SCCmec typing identified 
that six (77.8 %; four ST8 and two ST1) MRSA isolates carried SCCmec IVa (2B), one (11.1 %; 1 ST1) carried SCCmec Vb (5C 
and 5), and one (11.1 %; one ST6177) carried SCCmec II (2A) (Fig. 2). Interestingly, the ST6177 isolate, which was obtained from 
the MRSA–MSSA co- carriage episode, was the only MRSA strain from our sample found in CC5. Further, it was only 188 SNPs 
diverged from the next closest MSSA strain in the CC5 phylogeny, suggesting a recent acquisition of SCCmec (Fig. 3c).

We assessed phenotypic and genotypic antibiotic resistance as well as genotypic virulence determinants in the context of popula-
tion structure (Fig. 2). MRSA strains, as expected, demonstrated phenotypic resistance to oxacillin and β-lactam antibiotics. 
Phenotypic macrolide, clindamycin and tetracycline resistance were sporadic throughout the population, suggesting a limited 
spread of mobile genetic elements harbouring their respective resistance determinants. Most notably, eight of nine CC8 strains and 
two of twenty CC5 strains demonstrated phenotypic resistance to ciprofloxacin, and we confirmed the Ser84→Leu substitution in 
gyrA, which confers fluoroquinolone resistance. Aminoglycoside- resistance determinants were largely confined to MRSA strains 
belonging to CC8. No resistance to gentamicin, rifampicin and trimethoprim/sulfamethoxazole was found. Among virulence 
determinants, toxic shock syndrome toxin (TSST- 1) was harboured by ST30 strains. ST8 and ST1 were found to sporadically 
possess lukSF- PV, the gene encoding the bacterial toxin Panton- Valentine leukocidin. Exfoliative toxin b (Etb), which is associated 
with staphylococcal scalded skin syndrome, was present is all four ST51 strains. Last, staphylococcal enterotoxins were present 
among 54.8 % of strains interspersed throughout the population.

To further resolve the population structure of carriage isolates, we inferred phylogenies for five dominant lineages: CC5, CC8, 
CC30, ST72, ST188 (Fig. 3a–f). We found that CC30 and ST188 populations demonstrated the greatest nucleotide diversity, with a 
mean core- genome pairwise SNP distance of 639 and 681, respectively, as compared to <335 SNPs for all other prevalent lineages 
(Fig. 3b, f). In general, there was no significant phylogenetic structure in relation to geographical location or age group apart from 
a subclade on the ST188 lineage that included isolates collected only from White Mountain Apache participants. In addition, the 
CC30 lineage was comprised of a subclade with little genetic diversity (mean CC30 core- genome SNP distance of 0) as represented 
by the polytomy of seven isolates collected from adult and paediatric participants. Further examination of the participants’ risk 
factors, date of sample collection, age group and geographical location did not identify any overt epidemiological links.

DISCuSSIon
This study provides contemporary estimates for the carriage prevalence and genomic epidemiology of S. aureus in two tribal 
communities in the Southwestern USA where S. aureus has been shown to be an important cause of skin and soft tissue infections, 
as well as severe invasive disease [10]. While direct comparisons between studies are challenging due to differing anatomical 
sites for sample collection, laboratory techniques and time period, our estimates of carriage prevalence and the major S. aureus 
lineages are not dissimilar to what has been reported nationally in the USA.

Two decades ago, a study of S. aureus disease among Native Americans in the Midwest found that 74 % of cases were acquired 
within the community, providing early evidence of the CA- MRSA epidemic in the USA [14, 37, 38]. Since then, few studies have 
investigated S. aureus epidemiology among indigenous people and the reasons for the high rates of S. aureus disease are not fully 
understood. A single carriage study among Native American individuals in Washington State found a 27.3 and 1.9% carriage 
prevalence of MSSA and MRSA, respectively, in 2001 [15]. Unfortunately, USA national data are equally dated with the most 
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Fig. 2. Maximum- likelihood phylogeny illustrating population structure, phenotypic antibiotic susceptibility, and genotypic virulence and antibiotic- 
resistance determinants. Dominant clades identified through analysis of population structure are highlighted with MLST type annotated. Strains 
identified as MRSA or MSSA are indicated by circular and square tip shapes, respectively, with SCCmec type shown by the tip colour of MRSA strains. 
The heatmap to the right shows the phenotypic antibiotic (Abx) susceptibility results, genotypic antibiotic determinants and virulence determinants. 
Phenotypic antibiotic testing is reported for erythromycin (erm), clindamycin (clinda), trimethoprim/sulfamethoxazole (TMP_SMX), ciprofloxacin (cipro), 
gentamicin (gent), tetracycline (tet) and oxacillin. The presence of genotypic antibiotic- resistance determinants is indicated by light pink. Antibiotic- 
resistance determinants include: aminoglycoside resistance (AadD, Aph3.III, Sat4A, Spc), β-lactam resistance (BlaZ, Dha1), fosfomycin resistance 
(FosfB), macrolide resistance (ErmA, ErmC, MphC, MsrA), fluoroquinolone resistance (NorA) and tetracycline resistance (TetM). Virulence factor presence 
is indicated in purple, and includes: (i) adherence – collagen binding protein (Cna); (ii) toxin – PVL Panton- Valentine leucocidin (LukF- PV), staphylococcal 
enterotoxin (enterotoxin), exfoliative toxin b (Etb), toxic shock syndrome toxin- 1 (TSST- 1); (iii) exoenzyme – von Willebrand factor- binding protein 
(vWbp), staphylocoagulase (Coa); (iv) immune evasion – CHIPS chemotaxis inhibitory protein of staphylococcus (Chp), SCIN staphylococcal complement 
inhibitor (Scn); - plasminogen activator – staphylokinase (Sak). The scale bar indicates genetic distance.

recent estimates obtained from the National Health and Nutrition Examination Survey (NHANES) conducted from 2001 to 2004 
[1]. NHANES, which used sampling from only the AN, estimated S. aureus and MRSA carriage prevalence among individuals 
1–19 years as 34.6 and 1.3 %, respectively, and 27.4 and 1.1 % for individuals 20–59 years. Here, in this study of 2017 data, we found 
that the carriage prevalence of S. aureus among Native American children and adults in the Southwestern USA was generally 
consistent with these estimates. However, MRSA carriage among adults 18–64 years of age (4.8 %) approached the upper limits 
of reported statistics [1], even if data were limited to the AN (3.5 %) to control for sampling variation. Of note, pneumococcal 
carriage rates in these same communities were ~20 % higher than the general USA population prior to the introduction of the 
pneumococcal conjugate vaccines [39, 40].

The AN is the primary site of S. aureus carriage, as well as the most common site for screening; however, the skin, throat, 
gastrointestinal tract and urogenital tract of women have all been identified as carriage sites [41–45]. The inclusion of multiple 
anatomical sites in S. aureus screening may increase the detection rate [46], especially since up to 25 % of colonized individuals may 
have exclusive OP carriage [47–50]. Indeed, we found that sampling of the oropharynx and nasopharynx increased the detection 
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Fig. 3. Population structure of the S. aureus isolates carried (a) and five dominant lineages (b–f). (a) The maximum- likelihood phylogeny from Fig. 1, 
with the dominant lineages indicated. (b–f) Lineage (ST or CC), number of core genes, nucleotide length of the core genome and the mean pairwise SNP 
diversity are shown. The tips of the phylogeny are coloured according to meticillin susceptibility (MSSA; black) or resistance (MRSA; grey). Bootstrap 
statistical support values are annotated on the branches of the phylogeny and the branch length scales are shown at the bottom of each panel. The 
heatmap to the right shows the age group and deidentified study site associated with the isolate. The clades annotated with a star have a mean SNP 
difference of 0 SNPs (CC30) and 306 SNPs (ST188). The scale bar indicates genetic distance.

sensitivity as we would have missed up to 40 % of carriers using AN sampling alone. Further, to our knowledge, we are the first to 
compare NP carriage of S. aureus to other anatomical sites, finding 13 individuals (14.3 %) positive only at that anatomical site. 
More investigation is needed to determine whether these strains are adapted for colonization at that anatomical site or whether 
their detection was the result of passing the swab through the AN on the way to the nasopharynx.

The significant risk factors for carriage in our study included both individual and household factors among adults [51]. A recent 
history of surgery was associated with carriage, which may point to a healthcare association for these strains. Previous studies 
have identified the household setting as a primary reservoir for S. aureus transmission [8]; household size has been associated 
with higher rates of S. aureus [15] and pneumococcal [39, 40] carriage among Native American populations. While household 
size was not a risk factor for carriage here, other risk factors, including history of S. aureus infection among household members, 
and use of gyms and locker rooms by household members, suggest household transmission. Interestingly, while strains from 
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both children and adults were intermixed in the phylogeny, indicating overlapping transmission networks, no significant risk 
factors were identified among children, possibly due to the small sample size or our focus on adult- specific risk factors. Further, 
population genomic analysis in the context of participant demographics and risk factors did not reveal any overt epidemiological 
association with lineage. Together, these findings suggest that individual behaviours, healthcare exposures and the household 
all play a role in transmission. In consideration of healthcare and household risk factors, one dynamic worth investigating is the 
migration of strains from the healthcare setting into the household via individuals with recurrent S. aureus infections or recent 
healthcare exposure. Overall, the findings of similar carriage prevalence and carriage risk factors in these communities to that of 
the general USA population suggest that carriage prevalence alone does not account for the comparatively high rates of S. aureus 
invasive disease and underscores the role of social determinants of health as drivers of disparities.

While the population structure of S. aureus is diverse, much of our knowledge is focused on MRSA due to its clinical relevance as 
an antibiotic- resistant pathogen. Further, at present, there are no comparable population genomic studies of S. aureus carriage in 
the USA, precluding detailed comparison to the general population. In the USA, the most well recognized clones are the epidemic 
CA- MRSA strain ST8 (PFGE type USA300) belonging to CC8 and healthcare- associated MRSA strain ST5 (PFGE type USA100) 
belonging to CC5 [52]. Here, we considered all S. aureus, recognizing the importance of MSSA as a cause of invasive disease as 
well as its role in species- level ecology and evolution. We found that CC1, CC5 and CC8 were the major lineages found in carriage, 
with MRSA strains largely belonging to CC1 (ST1) and CC8 (ST8). Interestingly, ST1 strains belonging to CC1 were previously 
identified as a prevalent MRSA lineage in rural south- western Alaska before being replaced by MRSA strains belonging to ST8 
[53]. MSSA strain ST188, also belonging to CC1 and making up 17 % of isolates in this study, has been recognized as a bovine 
livestock- associated strain in China and a significant cause of community- onset MSSA infections in South- East Asia [54, 55]. In 
the USA, its distribution and role in community- associated disease is unknown and requires further investigation. Strain ST72, 
belonging to CC8, was found in 12 % of all isolates and 11 % of MRSA isolates in this study. There is limited data on this strain 
in the USA, but it has been associated with community- associated infections and contact with livestock [56]. Other prevalent 
lineages included ST30, a well- known community lineage of MSSA in Europe and South America that is notable for possessing 
toxic shock syndrome toxin (TSST), which is also harboured by the strains we identified. Last, we identified another virulent 
lineage carried by four participants – ST51 possessing Etb, which has recently been associated with cases of staphylococcal 
scalded skin syndrome in the USA [57]. Our previous studies of S. aureus invasive disease in the same communities found that 
33–75 % of infections were caused by MRSA and that more than 85 % of individuals had at least one medical condition [10, 11]. 
The low prevalence of MRSA carriage found in this study, and lack of association between carriage and comorbidities, suggest 
that other factors are driving disease. Further genomic investigation of isolates from S. aureus infection in the context of risk 
factors would reveal the relative contribution of each of these lineages to the high burden of S. aureus disease observed among 
Native American communities.

Our study is not without limitations. First, our participant population was limited to individuals <5 and ≥18 years of age, which 
likely omits an important component of the S. aureus transmission network. Second, our enrolment was largely healthcare- facility 
based, which may introduce selection bias, and the use of questionnaires may suffer from recall bias. However, we minimized 
recall bias by conducting a review of medical records. Lastly, we did not obtain OP swabs from child participants and, therefore, 
may have underestimated carriage prevalence in this age group considering the increased detection observed with OP swabs 
from adult participants in this study and from children in other studies [58].

Overall, our study elucidates the carriage prevalence and population structure of S. aureus among Native American communities 
in the Southwestern USA and provides essential data for developing and assessing interventions targeting the high burden of 
S. aureus disease. In addition, we assessed sampling multiple anatomical sites for the first time, to our knowledge, showing that 
inclusion of NP swabs improves detection of S. aureus carriage. We resolve a missing component of the evolutionary history of 
S. aureus in the USA and establish the foundation for future genomic comparisons of S. aureus strains from carriage and disease.
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