
Livestock-associated Staphylococcus aureus (LA-SA)
has emerged among pigs raised in industrial hog 

operations (IHOs) and persons who work on or live 
near IHOs globally, including in the United States 
(1–4). IHO workers who are occupationally exposed 

to pigs are at increased risk for intranasal carriage 
of S. aureus, including methicillin-resistant S. aureus 
(MRSA), multidrug-resistant S. aureus (MDRSA), and 
LA-SA (3,5). Furthermore, persons exposed to LA-SA 
are at risk of developing mild-to-severe infections, in-
cluding skin and soft tissue infections (SSTIs), pneu-
monia, endocarditis, osteomyelitis, and bacteremia 
(5–8). Recent evidence supports emergence of diverse 
clones associated with IHOs. S. aureus clonal complex 
9 (CC9), for example, has been reported as a dominant 
LA-SA lineage in Asia and has been described as an 
emerging clone in some areas with intensive indus-
trial livestock production in the United States (9–11).

The population structure and transmission dy-
namics of emerging LA-SA CC9 strains in the United 
States remains poorly understood. Previous epidemi-
ologic studies in the top 10 pig-producing counties in 
North Carolina, the second leading US pig-producing 
state, showed a high prevalence of LA-SA CC9 na-
sal carriage among IHO pigs and IHO workers (3,12). 
Epidemiologic findings provide support for potential 
transmission of LA-SA CC9 between IHO workers 
and their household contacts, including minor chil-
dren (<18 years of age; IHO minors), based on nasal 
carriage of LA-SA CC9 with concordant spa types at 
the same time point (3). Epidemiologic studies have 
also identified instances of LA-SA CC9 nasal carriage 
among community residents with no known exposure 
to livestock in high-density IHO areas of North Caro-
lina (2). Whole-genome sequencing (WGS) analysis 
provides an opportunity to characterize the popula-
tion structure and transmission dynamics of LA-SA 
CC9 in the United States. The objectives of this study 
were to use WGS and phylogenetic analyses to eluci-
date the population structure of S. aureus CC9 from 
various regions in North America, South America, 
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Transmission of livestock-associated Staphylococcus au-
reus clonal complex 9 (LA-SA CC9) between pigs raised 
on industrial hog operations (IHO) and humans in the 
United States is poorly understood. We analyzed whole-
genome sequences from 32 international S. aureus CC9 
isolates and 49 LA-SA CC9 isolates from IHO pigs and hu-
mans who work on or live near IHOs in 10 pig-producing 
counties in North Carolina, USA. Bioinformatic analysis of 
sequence data from the 81 isolates demonstrated 3 major 
LA-SA CC9 clades. North Carolina isolates all fell within 
a single clade (C3). High-resolution phylogenetic analysis 
of C3 revealed 2 subclades of intermingled IHO pig and 
human isolates differing by 0–34 single-nucleotide poly-
morphisms. Our findings suggest that LA-SA CC9 from 
pigs and humans share a common source and provide 
evidence of transmission of antimicrobial-resistant LA-SA 
CC9 between IHO pigs and humans who work on or live 
near IHOs in North Carolina.
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Europe, and Asia and to investigate potential trans-
mission of antimicrobial-resistant LA-SA CC9 among 
IHO pigs and humans who work on or live near IHOs 
in North Carolina.

Methods

Sources of S. aureus Isolates from Humans and from 
Pigs Raised on IHOs in North Carolina
S. aureus isolates from IHO pigs were collected from 
a convenience sample of a single IHO in North Caro-
lina (IHO-1), as described previously (12). We collect-
ed additional pig samples by hanging a length of un-
dyed, unbleached cotton rope in pig pens of 20 IHOs 
in North Carolina (IHO-2–IHO-21) (Appendix). Pig 
isolates were recovered from IHO-2, IHO-3, IHO-4, 
IHO-5, and IHO-6 for a total of 6 IHOs (IHO-1–IHO-
6). Isolates from IHO-2–IHO-6 have not been pub-
lished previously. The spa type for all IHO pig isolates 
was characterized, as previously described (12), and 
used to assign each isolate to a putative multilocus 
sequence type (MLST). 

S. aureus isolates from humans were collected 
from participants who were previously enrolled into 
1 of 3 separate epidemiologic studies (study 1, study 
2, and study 3) and screened for nasal carriage of S. 
aureus (Appendix, https://wwwnc.cdc.gov/EID/
article/27/3/19-1775-App1.pdf). Sample collection, 
sample processing, and S. aureus isolation methods 
were described previously (1–3). MLST was previ-
ously determined for all study 1 isolates (1). The spa 
type was previously characterized for study 2 and 
study 3 isolates and used to assign a putative MLST 
based on previously published associations between 
spa types and MLSTs (2,3).

Selection of S. aureus CC9 Isolates for WGS Analysis
A total of 236 putative or MLST-confirmed S. aureus 
CC9 isolates were recovered from IHO pigs (n = 91) 
and humans (n = 145) in North Carolina during 2011–
2016 (Appendix). For this study, a convenience sam-
ple of 49 isolates from North Carolina were subject-
ed to WGS analysis, including 10 isolates from pigs 
raised on 4 different IHOs, 34 isolates from 25 IHO 
workers, 1 isolate each from 3 IHO minors, and 1 iso-
late each from 2 community resident adults (Appen-
dix). For comparative purposes, we also included an 
international collection of 32 S. aureus CC9 genomes 
available as of August 1, 2018, from the National Cen-
ter for Biotechnology Information (NCBI) Reference 
Sequence Database (http://www.ncbi.nlm.nih.gov/
RefSeq), which included information on source, geo-
graphic location, and collection year.

WGS and Bioinformatic Analyses
We prepared DNA for multiplexed, paired-end se-
quencing by preparing libraries using either the 
Nextera XT DNA Library Preparation Kit (Illumina, 
Inc.), according to manufacturer instructions, or the 
Kapa Hyper Prep Kit (Kapa Biosystems, Inc., https://
www.sigmaaldrich.com) and uniquely barcoded 
adaptors from NEXTFLEX-96 Unique Dual Index 
barcodes (Bioo Scientific, https://www.biooscien-
tific.com). We prepared equimolar pools of S. aureus 
libraries at a concentration of 2 nmol and sequenced 
on a MiSeq (Illumina, Inc., https://ww.illumina.com) 
at 2 × 300 bp. WGS data are available in the NCBI 
Sequence Read Archive (http://www.ncbi.nlm.nih.
gov; BioProject no. PRJNA574434).

We used SPAdes (13) to generate de novo as-
semblies and compared these against the S. au-
reus MLST database (14) to assign MLSTs. We used 
ABRicate (https://github.com/tseemann/abricate) 
to search the ResFinder database for antimicrobi-
al-resistance (AMR) genes (15). We used BLASTN 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) to detect 
genes in the phage-associated immune evasion clus-
ter (IEC), including scn, chp, sak, sea (GenBank acces-
sion no. NC_009641), and sep (GenBank accession no. 
BA000018) (16).

We used the NASP pipeline (17) to map sequence 
reads against the de novo-assembled genome of North 
Carolina isolate IHOW6.1 (BioProject accession no. 
PRJNA574434) and to perform single-nucleotide poly-
morphism (SNP) calling, as described previously (8). 
We used Gubbins version 2.3.1 (18) to remove recom-
bination from the SNP alignment and used the remain-
ing SNPs in the core genome to construct a midpoint-
rooted maximum-likelihood tree by using PhyML (19) 
with a general time-reversible model of nucleotide 
substitution and 100 bootstrap replicates (20). We used 
the same methods to perform a separate SNP analysis 
of the cluster containing the North Carolina isolates 
(clade 3) to improve the resolution of the transmission 
analysis. We calculated pairwise SNP differences by 
using MEGA5 (21). To define a SNP-based threshold 
for assigning isolates into putative transmission clus-
ters, we used the maximum within-farm pairwise SNP 
distance among S. aureus CC9 isolates from IHO-1, in 
which all isolates were collected from the same IHO at 
the same sampling time.

Antimicrobial Susceptibility Testing
Isolates in the North Carolina collection previously 
were assessed for susceptibility to a panel of antimi-
crobial drugs by using the Phoenix Automated Mi-
crobiology System (Becton Dickinson, https://www.
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bd.com) or the Kirby-Bauer disk diffusion method 
(Appendix Table 2). Testing was completed by the 
Clinical Microbiology Laboratory at the Johns Hop-
kins Hospital based on Clinical Laboratory Standards 
Institute (CLSI; https://clsi.org) guidelines specified 
in the source studies (1–3) (Appendix Table 2). We 
defined MDRSA as S. aureus isolates resistant to >3 
classes of antimicrobial drugs (22). We defined MRSA 
as S. aureus harboring the mecA gene.

Statistical analysis
We used the χ2 test to compare AMR and IEC genes 
between groups. We performed all statistical analyses 
by using Stata version 14.2 (StataCorp LLC, https://
www.stata.com).

Results
All 49 isolates from the North Carolina collection used 
in WGS analysis were classified as sequence type 9 by 
MLST. Among 81 S. aureus CC9 isolates analyzed, 95% 
(77/81) were located in 3 major clades, C1, C2, and 
C3 (Figure 1; Appendix Tables 3, 4). Despite the small 
number of pig isolates, each clade contained both pig 
and human isolates (Figure 1; Appendix Table 3).

Among C1–C3 isolates, 61% (47/77) contained 
tetracycline resistance genes. By contrast, only 1 
(1.3%) of the isolates in C1–C3 contained IEC genes 
(Figure 1; Appendix Table 4). The presence of pig 
isolates coupled with the absence of IEC genes and 
presence of tetracycline resistance genes in C1–C3 
suggest that C1–C3 isolates may be members of a 
larger LA-SA CC9 clade. LA-MRSA CC9, which har-
bored the mecA gene, was present in C1 and C2 but 
absent from C3.

C1 was composed of isolates primarily originat-
ing from Asia (12/13 isolates; 92%), of which 46% 
(6/13) were from China and 46% (6/13) were from 
Taiwan (Figure 1; Appendix Table 3). All of C2 (14/14 
isolates) was composed of isolates originating from 
Europe, of which 71% (10/14) were from Germany, 
21% (3/14) were from the Netherlands, and 7% (1/14) 
were from Denmark (Figure 1; Appendix Table 3). C3 
included 100% (49/49) of the North Carolina isolates, 
which made up 98% (49/50) of all C3 isolates (Figure 
1; Appendix Table 3). Only 2 isolates grouped into a 
clade that did not correspond to the continent of pre-
dominance within the clade. A single isolate from 
Colombia (South America) grouped into C3 with iso-
lates from North Carolina, and a single isolate from 
the Netherlands grouped into C1 with isolates from 
Asia (Figure 1; Appendix Table 3).

High-resolution phylogenetic analysis of C3 re-
vealed multiple distinct subclades, one of which  

contained all 6 IHO-1 pig isolates from North Caro-
lina (Figure 2). The pairwise SNP distance among 
IHO pig isolates from IHO-1 ranged from 0–43 SNPs. 
Thus, we used 43 SNPs as the threshold to identify 
putative transmission clusters and found that 19 iso-
lates fell into 2 distinct putative transmission clusters 
(Figure 2). The minimum pairwise SNP distance be-
tween IHO pig and human isolates within putative 
transmission clusters ranged from 12–34 SNPs.

Almost all (94.7%) transmission cluster isolates 
were classified as MDRSA (Figure 2). Among 19 pu-
tative transmission cluster isolates, 14 were recovered 
from IHO workers, all of which were classified as 
MDRSA. Among IHO worker isolates, 2 differed from 
an IHO pig isolate by only 12 SNPs. An IHO worker 
isolate that was associated with a recent SSTI differed 
from an IHO pig isolate by only 20 SNPs (Figure 2). One 
transmission cluster isolate was from an adult commu-
nity resident with no known exposure to livestock; this 
isolate also was classified as MDRSA (Figure 2). The 
minimum SNP distance between this isolate and the 
closest IHO pig isolate was 25 SNPs and it was 22 SNPs 
from the closest IHO worker isolate. Among 3 isolates 
from minors, 2 were identical (0 SNP differences) to 
an isolate from an IHO worker in the same household 
(Figure 2); 1 of the isolates from a minor was collected 
at the same sampling time as the IHO worker isolate. 
Among C3 isolates, we noted genetic determinants 
conferring resistance to tetracyclines, including tet(K), 
tet(L), tet(T); macrolides, including erm(A), erm(C); lin-
cosamides, including lnu(A); aminoglycosides, includ-
ing aac6’-aph2”, spc, and aadD; and streptogramins, in-
cluding vga(A)LC (Figure 2).

We noted abundant genetic determinants confer-
ring resistance to several antimicrobial classes among 
C3 isolates, including tetracyclines in 50% (25/50), 
macrolides in 56% (28/50), and aminoglycosides in 
62% (31/50) of C3 isolates (Figure 2; Appendix Table 
4). Among LA-SA CC9 clades, 50% (25/50) of C3 iso-
lates were uniquely enriched for erm(A) genes, 16% 
(8/50) for vga(A)LC, 42% (21/50) for lnu(A), and 54% 
(27/50) for spc (Figure 1; Appendix Table 4). The 
mecA gene was absent from C3 but common among 
C1 and C2 isolates.

Discussion
Our WGS analysis suggests that the clonal expan-
sion of LA-SA CC9 in North Carolina is distinct from 
that in Asia and Europe and that LA-SA CC9 from 
IHO pigs and humans in high-density pig-producing 
counties of North Carolina come from a common 
pool. Considering the high degree of phylogenetic re-
latedness among intermingled IHO pig and human 
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Figure 1. Maximum-likelihood tree demonstrating population structure of Staphylococcus aureus clonal complex (CC) 9 isolates from 
humans and livestock in North Carolina, USA, and reference sequences. A total of 81 S. aureus CC9 isolates from human and livestock 
specimens were included in this midpoint-rooted maximum-likelihood phylogeny based on 3,847 core genome single-nucleotide 
polymorphisms. S. aureus isolates belonged to 3 phylogeographically distinct clades (C1–C3). All the North Carolina collection isolates 
were included in C3. IEC genes are shown in columns 1, scn; 2, sak; and 3, chp. MRSA is shown in column 4. AMR genes are shown 
in columns 5, mecA; 6, tet(K); 7, tet(L); 8, tet(T); 9, erm(A); 10, erm(B); 11, erm(C); 12, vga(A)LC; 13, lnu(A); 14, lnu(B); 15, str; 16, spc; 
17, aadD; 18, aac(6); 19, ant(6)-1a; 20, dfrG; and 21, dfrK. Scale bar indicates nucleotide substitutions per site. AMR, antimicrobial 
resistance; Chick, chicken; COO, country of origin; IEC, immune evasion cluster; MRSA, methicillin-resistant S. aureus; MSSA, 
methicillin-susceptible S. aureus; NA, not applicable. 
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isolates in putative transmission clusters, the results 
of this study support potential transmission of anti-
microbial-resistant LA-SA CC9 between IHO pigs 
and humans in the United States.

Our results also provide evidence of household-
level transmission of LA-SA CC9 between IHO work-
ers and minors and suggest that potential LA-SA 
CC9 transmission is not limited to the occupational 
setting. Dissemination of LA-SA CC9 into the general 

human population represents a public health concern 
for 2 reasons. Globally, communities include a higher 
proportion of children, the elderly, and probably im-
munocompromised persons, who are at higher risk 
of developing invasive staphylococcal infections, 
compared with IHO workers who are predominantly 
healthy adults of working age. Our analysis revealed 
an 11-year-old child and an IHO worker residing 
in the same household who were carrying identical 
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Figure 2. High-resolution population structure of clade 3 livestock-associated Staphylococcus aureus clonal complex (CC) 9 isolates 
from humans and livestock in North Carolina, USA, and reference isolates. A subset of 50 livestock-associated S. aureus CC9 isolates 
that were collected from IHO pigs, IHO workers, IHO minors, and CR adults were included in this midpoint-rooted maximum-likelihood 
phylogeny based on 1,198 core genome single-nucleotide polymorphisms. A single subclade, denoted as the IHO pig cluster, included only 
pig isolates from IHO-1 and was used to set a threshold of 43 SNPs for identifying transmission clusters; clusters of IHO pig and human 
isolates separated by <43 SNPs are considered transmission clusters. Two subclades included intermingled human and IHO pig isolates 
with a high degree of phylogenetic relatedness and were considered transmission clusters. IEC isolates are shown in columns 1, scn, 2, 
sak, and 3, chp. AMR genes are shown in columns 4, tet(K); 5, tet(L); 6, tet(T); 7, erm(A); 8, erm(C); 9, vga(A)LC; 10, lnu(A); 11, spc; 12, 
aadD; and 13, aac(6). MDRSA is shown in column 14. Antimicrobial drug resistance is shown in columns 15, fluoroquinolone resistance, 
considered phenotypic resistance to moxifloxacin; 16, lincosamide resistance, considered phenotypic resistance to clindamycin; 17, 
macrolide resistance, considered phenotypic resistance to erythromycin; 18, aminoglycoside resistance, considered phenotypic resistance 
to gentamicin; 19, tetracycline resistance, considered phenotypic resistance to tetracycline; and 20, penicillin resistance. Scale bar indicates 
nucleotide substitutions per site. AMR, antimicrobial resistance; CR, community resident, a person with no known exposure to livestock; 
IHO, industrial hog operation; MDRSA, multidrug resistant S. aureus; SSTI, skin and soft tissue infection. 
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LA-SA CC9 isolates (0 SNP differences) at the same 
sampling time, which provides strong evidence of 
household transmission of LA-SA CC9 between IHO 
workers and their children. Second, clinical implica-
tions might arise regarding treatment regimens for LA-
MDRSA CC9 colonization and infection. Most (63.3%; 
31/49) LA-SA CC9 isolates from North Carolina were 
multidrug-resistant and carried multiple genes confer-
ring resistance to antimicrobial drug classes critical for 
human medicine (23). Of note, the single LA-SA CC9 
isolate from an IHO worker who reported a recent SSTI 
belonged to a putative transmission cluster, displayed 
an MDRSA phenotype, and previously was reported 
to display a high degree of pathogenicity compared 
with a hypervirulent community-associated MRSA 
strain, USA300 (GenBank accession no. CP000255), in 
a mouse model of SSTI (24).

Our results support potential transmission of LA-
SA CC9 between IHO pigs and humans, and between 
humans and other humans, in the top 10 pig-produc-
ing counties in North Carolina. These findings are 
consistent with previous publications on LA-SA CC9 
and other lineages of LA-SA. First, a separate anal-
ysis of LA-MRSA CC9 recovered from IHO pigs in 
China suggested potential transmission of LA-MRSA 
CC9 between pigs, humans, and cows (11). Second, 
an abundance of previous epidemiologic and WGS 
analyses support transmission of diverse lineages of 
LA-SA from pigs to humans, which can result in hu-
man SSTI and bloodstream infections (8,10,25). Last, 
prior WGS analyses and epidemiologic studies have 
provided support for household transmission of LA-
SA CC9 and CC398 between persons based on spatial, 
temporal, and genotypic overlap (2,3,26). In our anal-
ysis, the exact transmission pathway remains unclear 
because we did not ascertain the direction of trans-
mission or whether transmission occurred through 
direct or indirect contact.

Previous studies have suggested a S. aureus mu-
tation rate of 5–10 SNPs per year per genome (27–30), 
but our threshold of 43 SNPs was justified for 2 rea-
sons. First, our empirically derived SNP threshold 
was consistent with SNP-based thresholds used by 
others to identify suspected transmission of MRSA in 
clinical settings (31) and previous measures of within-
person S. aureus diversity (32). The robustness of our 
findings was supported when we used the median 
(32 SNPs), rather than maximum (43 SNPs), pairwise 
SNP distance among IHO pig cluster isolates as the 
SNP threshold for identification of putative transmis-
sion clusters. We excluded only 1 isolate from an IHO 
worker from putative transmission clusters, and the 
excluded isolate was not the SSTI-associated isolate 

(data not shown). Second, the aim of this study was 
to clarify whether any SNP-based evidence of trans-
mission between IHO pig and human populations in 
North Carolina exists, rather than provide evidence 
of recent or incident transmission or to identify spe-
cific pathways of transmission. Using 43 SNPs as the 
threshold enabled us to observe potential direct or 
indirect transmission that might not be observed by 
using epidemiologic data alone. Investigations of S. 
aureus transmission conventionally combine epidemi-
ologic and strain typing data, but these methods can 
fail to identify transmission links in cases in which 
spatial and temporal overlap is lacking (31). Using 
the epidemiologic data that were available to us, such 
as multiple S. aureus CC9 isolates from the same IHO, 
household, or individual, we observed SNP-based 
evidence of S. aureus CC9 clustering that would be 
expected biologically (Appendix Table 5).

Since 2016, tetracyclines have been the most 
heavily used antimicrobial drug class in the US pig 
production system, followed distantly by macrolides, 
lincosamides, aminoglycosides, streptogramins, and 
fluoroquinolones (33,34). If antimicrobial-resistant 
CC9 strains were enriched through selective pres-
sure, antimicrobial use in pig production possibly has 
played a role in the clonal expansion of LA-SA CC9 
in North Carolina and other regions of the world. Of 
note, resistance to several of these antimicrobial drug 
classes was conferred by different AMR genes in C1, 
C2, and C3 (Figure 1; Appendix Table 4), highlight-
ing different evolutionary pathways for adaptation to 
antimicrobial selection pressures in different regions 
of the world. Continued surveillance of IHO pigs and 
humans, including during and after regulatory and 
policy restrictions on antimicrobial use in animal ag-
riculture, could provide critical insight into the poten-
tial contribution of antimicrobial use in the clonal ex-
pansion of LA-SA CC9 and its associated AMR genes 
in the United States.

The strengths of our study included using SNP-
based analyses to examine the population structure 
and transmission dynamics of LA-SA CC9 among 
pigs and humans in a region of North Carolina with 
the highest density of IHOs in the United States (35), 
a region in which residents and IHO workers are ac-
tively expressing concerns about IHO-related expo-
sures (36). Second, our study used SNP distance to 
classify human isolates closely related to IHO pig 
isolates, which is an improvement on previous stud-
ies that used spa-typing, MLST typing, absence of IEC 
genes (specifically scn), phenotypic AMR determi-
nation, or combinations of these techniques, to clas-
sify S. aureus isolates as livestock-associated (2,3,12). 
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Third, the use of a SNP-based definition for cluster 
analysis can capture the potential for transmission 
between animal and human populations that would 
have been missed by using more conventional epide-
miologic methods alone (31).

Limitations of our study included that we were 
not able to provide evidence for directionality of 
transmission. We rooted our high-resolution phylo-
genetic tree at the midpoint; therefore, we are un-
sure if the most ancestral clade of S. aureus CC9 is 
of human or animal origin. In addition, whereas the 
SNP-based evidence for pig-to-human transmission 
could have been strengthened by spatial or temporal 
data linking pigs and workers at the same IHO, these 
data were not available because of efforts to protect 
the privacy of participants enrolled in the epidemio-
logic studies and because of limited access to IHOs 
in the United States (37). In contrast to countries in 
Europe, the lack of access to IHOs prevents us from 
assessing the generalizability of our results in the 
United States. We hypothesize that we would see 
even closer genetic relatedness between IHO worker 
and IHO pig LA-SO CC9 isolates collected from the 
same IHO at the same time. Last, our collection of S. 
aureus CC9 isolates was limited. The North Carolina 
collection was a convenience sample that identified 
S. aureus CC9 isolates from only 6 IHOs, which does 
not represent the full population of IHOs or pigs in 
North Carolina. Also, we excluded many isolates 
selected for WGS from SNP-analysis because they 
did not pass our quality control criteria (Appendix), 
potentially introducing bias into the studied isolate 
sample. Additional S. aureus CC9 isolates likely are 
available now in the NCBI Reference Sequence Da-
tabase, but publicly available LA-SA CC9 sequence 
data were limited when we accessed the database 
for this study. A more representative dataset could 
provide more refined estimates on frequency of 
transmission in North Carolina and other regions of 
the world.

Despite these limitations, our results show a 
high degree of phylogenetic relatedness between 
IHO pig and human LA-SA CC9 isolates in the top 
10 pig-producing counties in North Carolina. The 
presence of a highly pathogenic SSTI-associated 
LA-SA CC9 isolate with an MDRSA phenotype in 
a putative transmission cluster warrants future in-
vestigations into the disease burden associated with 
these strains in the United States. Future research 
could further improve or build on our findings by 
including environmental isolates and considering 
WGS analysis in conjunction with spatial and tem-
poral data analysis to investigate the frequency of 

transmission, environmental exposure routes, and 
geographic extent of LA-SA CC9. Our reference 
dataset might be useful in future investigations of 
worker and community health concerns related to 
LA-SA CC9 dissemination and acquisition, both in 
North Carolina and in other regions of the United 
States with high densities of IHOs.
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Appendix 

Sources of Staphylococcus aureus clonal complex 9 Isolates from Humans and 
from Pigs Raised in Industrial Hog Operations, North Carolina 

We collected Staphylococcus aureus clonal complex 9 (CC9) isolates from industrial hog 

operation (IHO) pigs from a convenience sample of a single IHO in North Carolina (IHO-1), as 

described previously (1), and from hanging a length of undyed, unbleached cotton ropes in pig 

pens at IHO-2–IHO-21 (Appendix Table 1). Isolates collected from IHO2–IHO-21 have not been 

published previously. For IHO-1 pig isolates, we used Copan E-swabs for sample collection. 

Each pig was swabbed in the right nares, right side of mouth, skin behind the right ear, right 

perineal mucosa, and any observed skin lesion. The swabs were subjected to broth enrichment 

culture, as previously described (1).  

For IHO-2–IHO-21, we collected samples of oral fluids from pigs in pens by hanging 

ropes. The ropes were hung in pens away from feed or water and the pigs could chew on the 

rope, which collected oral fluids in the cotton material. We extracted oral fluids from the ropes 

by squeezing the rope contents into a centrifuge tube, centrifuging at 500 RCF for 10 min, and 

transferring the supernatant (eluate) into a clean tube. IHO pig oral secretion eluates were 

processed for S. aureus following the procedures for detection of S. aureus from human nasal 

swabs (2,3). The spa type for all IHO pig isolates was characterized, as previously described (1), 

and used to assign each isolate to a putative multilocus sequence type (MLST). 

For human isolates, we used S. aureus isolates collected from participants who were 

previously enrolled into 1 of 3 separate epidemiologic studies (study 1, study 2, and study 3) and 

screened for nasal carriage of S. aureus (Appendix Table 1) (2–4). Sample collection, sample 

https://doi.org/10.3201/eid2703.191775
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processing, and S. aureus isolation methods were described previously (2–4). Study 1 was cross-

sectional and surveyed 99 industrial livestock operation workers and their household contacts 

and 105 workers from antibiotic-free livestock operations and their household contacts for S. 

aureus nasal carriage at a single time point (4). Study 2 was longitudinal and followed 183 IHO 

workers and their adult and minor (7–17 years of age) household contacts for 4 months and 

assessed S. aureus nasal carriage at baseline and 8 biweekly (once every 2 weeks) time points 

(3). Study 3 was cross-sectional and assessed S. aureus nasal carriage among 800 participants 

living in one of the top 10 pig-producing counties of North Carolina, including 198 households 

with 1 IHO worker and 1 IHO minor <7 years of age and 202 households with 1 community 

resident adult and 1 community resident minor <7 years of age who had no known exposure to 

livestock (2). MLST was previously determined for all study 1 isolates (4). The spa type was 

previously characterized for study 2 and study 3 isolates and used to assign a putative MLST 

based on previously published associations between spa type and MLST (2,3). 

Selection of S. aureus CC9 Isolates for Whole-Genome Sequencing Analysis 

We attempted to select a representative subset of CC9 isolates recovered from 21 IHOs in 

North Carolina. From IHO-1, we selected >1 isolate per pig life stage per barn, resulting in 11 

putative CC9 isolates selected for whole-genome sequencing (WGS). For IHO-2–IHO-21, S. 

aureus was recovered from 5 hanging rope samples from 5 different IHOs (IHO-2, IHO-3, IHO-

4, IHO-5, and IHO-6). S. aureus CC9 isolates representing each identified CC9-related spa type 

(1 isolate per spa type) from a given IHO were selected, resulting in 5 putative S. aureus CC9 

isolates from 4/5 S. aureus positive IHOs being subjected to WGS. 

In study 1, 3 putative S. aureus CC9 isolates were recovered from 3 IHO workers, which 

were all selected for WGS. In study 2, 126 putative S. aureus CC9 isolates were recovered, 

including 123 from 38 IHO-workers and 1 each from 3 IHO minors. To evaluate persistent 

colonization and potential evidence for household transmission of CC9, we focused our selection 

of putative CC9 isolates on IHO workers carrying putative CC9 isolates at a minimum of 2 time 

points; IHO workers and their household contacts carrying putative CC9 isolates at the same 

time point; and household contacts of IHO workers. This resulted in 63 CC9 isolates being 

selected for WGS from study 2. In study 3, 16 putative S. aureus CC9 isolates were recovered 
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from humans. Because we were interested in evaluating evidence for potential transmission of 

CC9 between pigs, IHO workers, and community residents living near IHOs, we focused our 

selection of isolates on putative CC9 isolates from community residents and IHO workers 

residing in those communities. Three putative CC9 isolates were identified in 2 community 

residents and 1 IHO worker, which were all selected for WGS. In total, this isolate selection 

framework resulted in a collection of 16 putative CC9 isolates from IHO pigs and 69 putative 

CC9 isolates from humans. 

After performing WGS, we applied a stringent quality control threshold defined as <5% 

unclassified reads (minimal contamination) and >2.0 ×106 bp at 25× coverage, which removed 6 

IHO pig isolates and 30 human isolates from subsequent analysis. We were not able to 

resequence these isolates because of financial constraints, resulting in 49 isolates in the final 

North Carolina collection. The final North Carolina collection used in SNP analysis consisted of 

10 isolates from pigs raised on 4 different IHOs, 34 isolates from 25 IHO workers, 3 isolates 

from 3 IHO minors, and 2 isolates from 2 adult community residents (Appendix Table 1). 
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Appendix Table 1. Selection of putative and MLST-confirmed Staphylococcus aureus CC9 isolates from North Carolina, United 
States* 

Group 

Source 

Total, no. (%) 
IHO pig isolates, no. (%)  Human isolates, no. (%) 

IHO-1 IHO-2 IHO-3 IHO-4 IHO-5 IHO-6  Study 1 Study 2 Study 3 
IHO pig 6/37 (16) 0/9 (0) 0/13 (0) 1/10 (10) 2/10 (20) 1/12 (8)  – – – 10/91 (11) 
IHO worker – – – – – –  3/3 (100) 30/123 (24) 1/12 (8) 34/138 (25) 
IHO minor – – – – – –  – 3/3 (100) 0/1 (0) 3/4 (75) 
CR adult – – – – – –  – – 2/2 (100) 2/2 (100) 
CR minor – – – – – –  – – 0/1 (0) 0/1 (0) 

* MLST, multilocus sequence type; CC9, clonal complex 9; IHO, industrial hog operation; CR, community resident; –, no isolates. 
 
 
Appendix Table 2. Antimicrobial drug susceptibility testing methods and guidelines used for interpreting phenotypic antimicrobial 
resistance* 
Source Method CLSI guideline, y 
Study 1 Kirby-Bauer disk diffusion 2010 
Study 2 Kirby-Bauer disk diffusion 2013 
Study 3 Phoenix Automated Microbiology System† 2015 
IHO-1 Kirby-Bauer disk diffusion 2012, 2014 
IHO-2 to IHO-21 Kirby-Bauer disk diffusion 2015 

*CLSI, Clinical and Laboratory Standards Institute; IHO, industrial hog operation. 
†Becton Dickinson Diagnostic Systems, https://www.bd.com. 
 
 
Appendix Table 3. Epidemiologic characteristics of Staphylococcus aureus CC9 isolates* 

Characteristic 
Clade, no. (%) 

Other, no. (%) Total, no. (%) C1 C2 C3 C1–C3 
Source 

   
 

  

 Human 10 (77) 4 (29) 39 (78) 53 (69) 2 (50) 55 (68) 
 Pig 2 (15) 3 (21) 11 (22) 16 (21) 0 16 (20) 
 Chicken 0 3 (21) 0 3 (3.9) 0 3 (4) 
 Cow 1 (8) 1 (7) 0 2 (2.6) 0 2 (2) 
 Unknown 0 3 (21) 0 3 (3.9) 2 (50) 5 (6) 
Country 

  
 

  

 United States 0 0 49 (98) 49 (64) 1 (25) 50 (62) 
 Colombia 0 0 1 (2) 1 (1) 0 1 (1) 
 Germany 0 10 (71) 0 10 (13) 0 10 (12) 
 Netherlands 1 (8) 3 (21) 0 4 (5) 0 4 (5) 
 Denmark 0 1 (7) 0 1 (1) 0 1 (1) 
 China 6 (46) 0 0 6 (8) 0 6 (7) 
 Taiwan 6 (46) 0 0 6 (8) 2 (50) 8 (10) 
 United Kingdom 0 0 0 0 1 (25) 1 (1) 
Collection 

  
 

  

 North Carolina 0 0 49 (98) 49 (64) 0 49 (60) 
 Reference 13 (100) 14 (100) 1 (2) 28 (36) 4 (100) 32 (40) 

*CC9, clonal complex 9. 
 
 
  

https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23844044&dopt=Abstract
https://doi.org/10.1371/journal.pone.0067641
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Technical Appendix Table 4. Molecular characteristics of Staphylococcus aureus CC9 isolates* 

Gene 

Clade, no. (%) 
Other, 
n = 4 

Total, no. (%), 
n = 81 

C1–C3 
vs. other, 
p value† 

C3 vs. 
C1–C2, 
p value† 

C1,  
n = 13 

C2,  
n = 14 

C3,  
n = 50 

C1–3,  
n = 77 

C1–2,  
n = 27 

Immune evasion cluster         
 scn 0 0 1 (2) 1 (1) 0 4 (100) 5 (6) 0.0001 – 
 sak 0 0 0 0 0 3 (75) 3 (4) 0.0001 – 
 chp 0 0 0 0 0 4 (100) 4 (5) 0.0001 – 
Methicillin resistance         
 mecA 11 (85) 10 (71) 0 21 (27) 21 (78) 2 (50) 23 (28) – 0.0001 
Tetracycline resistance         
 tet(K) 2 (15) 1 (7.1) 12 (24) 15 (19) 3 (11) 0 15 (19) – – 
 tet(L) 12 (92) 9 (64) 13 (26) 34 (44) 21 (78) 0 34 (42) – 0.0001 
 tet(T) 0 0 2 (4) 2 (3) 0 0 2 (3) – – 
 ≥1 gene 12 (92) 10 (71) 25 (50) 47 (61) 22 (81) 0 47 (58) 0.028 0.008 
Macrolide resistance         
 erm(A) 0 0 25 (50) 25 (32) 0 0 25 (31)  0.0001 
 erm(B) 0 7 (50) 0 7 (9) 7 (26) 0 7 (9) – 0.0001 
 erm(C) 5 (38) 0 5 (10) 10 (13) 5 (19) 3 (75) 13 (16) 0.012 – 
 ≥1 gene 5 (38) 7 (50) 28 (56) 40 (52) 12 (44) 3 (75) 43 (53) – – 
Streptogramin B resistance         
 vga(A)LC‡ 0 0 8 (16) 8 (10) 0 0 8 (10) – 0.045 

Lincosamide resistance         
 lnu(A) 0 0 21 (42) 21 (27) 0 0 21 (26) – 0.0001 
 lnu(B) 12 (92) 0 0 12 (16) 12 (44) 0 12 (15) – 0.0001 
 ≥1 gene 12 (92) 0 21 (42) 33 (43) 12 (44) 0 33 (41) – – 
Aminoglycoside resistance         
 str 3 (23) 1 (7) 0 4 (5) 4 (15) 0 4 (5) – 0.013 
 ant(6)-la 13 (100) 0 0 13 (17) 13 (48) 0 13 (16) – 0.0001 
 aac(6”)-
 aph(2”) 

13 (100) 0 10 (20) 23 (30) 13 (48) 0 23 (28) – 0.018 

 spc 0 0 27 (54) 27 (35) 0 0 27 (33) – 0.0001 
 aadD 12 (92) 0 4 (8) 16 (21) 12 (44) 1 (25) 17 (21) – 0.0001 
 ≥1 gene 13 (100) 1 (7) 31 (62) 45 (58) 43 (56) 1 (25) 46 (57) – – 

Trimethoprim resistance         
 dfrG 13 (100) 0 0 13 (17) 13 (48) 0 13 (16) – 0.0001 
 dfrK 0 9 (64) 0 9 (12) 9 (33) 0 9 (11) – 0.0001 
 ≥1 gene 13 (100) 9 (64) 0 22 (29) 22 (81) 0 22 (27) – 0.0001 

*CC9, clonal complex 9. 
†Only p<0.05 are shown; –, p≥0.05 
‡Also encodes lincosamide and pleuromutilin resistance. 
 
 
Appendix Table 5. Maximum pairwise SNP distances in Staphylococcus aureus between within-farm, within-household, and within-
person isolates* 

Setting No. isolates 
Maximum pairwise 
SNP distance, no. 

Within-farm   
 IHO-1 6 43 
Within-household   
 Household A 2 1 
 Household B 2 4 
 Household C 2 93 
 Household D 3 0 
Within-person   
 Participant A 2 6 
 Participant B 2 0 
 Participant C 2 1 
 Participant D 4 21 
 Participant E 2 0 
 Participant F 3 2 

*SNP, single-nucleotide polymorphism; IHO, industrial hog operation. 


