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ABSTRACT Staphylococcus aureus is part of the nasal microbiome of many humans
and has become a signiﬁcant public health burden due to infections with antibioticresistant strains, including methicillin-resistant S. aureus (MRSA) strains. Several lineages of S. aureus, including MRSA, are found in livestock species and can be acquired by humans through contact with animals. These livestock-associated MRSA
(LA-MRSA) isolates raise public health concerns because of the potential for livestock
to act as reservoirs for MRSA outside the hospital setting. In the United States, swine
harbor a mixed population of LA-MRSA isolates, with the sequence type 398 (ST398),
ST9, and ST5 lineages being detected. LA-MRSA ST5 isolates are particularly concerning to the public health community because, unlike the isolates in the ST398 and
ST9 lineages, isolates in the ST5 lineage are a signiﬁcant cause of human disease in
both the hospital and community settings globally. The ability of swine-associated
LA-MRSA ST5 isolates to adhere to human keratinocytes in vitro was investigated,
and the adherence genes harbored by these isolates were evaluated and compared
to those in clinical MRSA ST5 isolates from humans with no swine contact. The two
subsets of isolates adhered equivalently to human keratinocytes in vitro and contained an indistinguishable complement of adherence genes that possessed a high
degree of sequence identity. Collectively, our data indicate that, unlike LA-MRSA
ST398 isolates, LA-MRSA ST5 isolates do not exhibit a reduced genotypic or phenotypic capacity to adhere to human keratinocytes.
IMPORTANCE Our data indicate that swine-associated livestock-associated methicillin-

resistant Staphylococcus aureus (LA-MRSA) ST5 isolates are as capable of adhering to human skin and have the same genetic potential to adhere as clinical MRSA ST5 isolates
from humans. This suggests that humans in contact with livestock have the potential to
become colonized with LA-MRSA ST5 isolates; however, the genes that contribute to the
persistence of S. aureus on human skin were absent in LA-MRSA ST5 isolates. The data
presented here are important evidence in evaluating the potential risks that LA-MRSA
ST5 isolates pose to humans who come into contact with livestock.
KEYWORDS LA-MRSA, Staphylococcus aureus, swine

H

umans and several other mammals harbor Staphylococcus aureus as a component
of their nasal and skin microbiome. Although this organism is a commensal in 25
to 33% of humans in developed countries (1), it can cause opportunistic infections that
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range in severity from mild skin infections to severe systemic infections (2, 3). Treatment of these infections is challenging due to the rapid acquisition of antimicrobial
resistance genes, including the staphylococcal cassette chromosome mec element
(SCCmec) element, which carries the mecA gene, conferring methicillin resistance (4, 5).
These isolates, deemed methicillin-resistant S. aureus (MRSA), have become a signiﬁcant
public health burden in the United States, annually causing thousands of infections,
which result in signiﬁcant health care costs and losses in productivity (6, 7).
MRSA isolates are classiﬁed by the source from which they are acquired to form the
following categories: hospital-acquired MRSA (HA-MRSA), community-acquired MRSA
(CA-MRSA), and livestock-associated MRSA (LA-MRSA) (8). These subsets of isolates
possess unique characteristics that allow them to thrive in each environment. For
example, HA-MRSA isolates tend to possess a large number of antimicrobial resistance
genes that enable them to survive in a hospital setting, where the use of antimicrobial
agents is more common (9). Alternatively, CA-MRSA isolates more commonly possess
the arginine catabolic mobile element (ACME), which improves their survival on the
skin of healthy humans through the degradation of polyamines and pH modulation at
the skin surface (10). Finally, LA-MRSA isolates are thought to have adapted to the
colonization of livestock species through the loss of human-speciﬁc virulence factors
and, in some cases, the gain of virulence factors speciﬁc to their livestock host species
(11–13).
With the discovery of LA-MRSA sequence type 398 (ST398) isolates in swine (14),
signiﬁcant concerns arose due to the potential that livestock species can be reservoirs
for MRSA and LA-MRSA may contribute to the risk for human infections in the
community. This precipitated research investigating the prevalence of LA-MRSA and
the associated infection risk. Studies found that while ST398 was the predominant
lineage in Europe (15), outside Europe other lineages were more prevalent. In Asian
swine, LA-MRSA ST9 was the most common lineage. Swine in North America were
found to harbor a more diverse population of LA-MRSA isolates, with isolates of the
ST398, ST9, and ST5 lineages being found (16, 17). Evidence indicates that the ST398
and ST9 lineages are animal adapted and less able to colonize and cause disease in
humans (11, 12, 18). This has not been shown for the ST5 lineage, which is a globally
disseminated and highly successful S. aureus clone in humans (19).
Nasal colonization with S. aureus contributes to S. aureus infections in the host,
especially within the hospital setting (20, 21). This becomes important for humans with
livestock contact, as these individuals are signiﬁcantly more likely to carry MRSA than
their counterparts with no contact with livestock (14, 22). Persistent colonization is a
complex interaction between host tissues and the microbiota of the nasal cavity or skin.
While the impact of a few genes has been experimentally veriﬁed (23–25), many genes
are thought to contribute to the adherence and colonization of S. aureus through their
interaction with host proteins, such as ﬁbrinogen and ﬁbronectin (26, 27). Furthermore,
many genes are suspected to function in adherence, on the basis of the identiﬁcation
of motifs consistent with the motifs for other adherence genes (28), although their
speciﬁc ligand has yet to be identiﬁed. Genetic investigation examining known and
suspected adherence genes indicates variability in the presence or absence of these
genes in different lineages, such as the sdr genes, which are not uniformly present in
all lineages (29). Additional genes, such as ACME and speG, are found on mobile genetic
elements (MGEs) and are thought to promote bacterial survival on the skin and
contribute to long-term colonization with S. aureus (9, 10, 30).
Reports indicate that LA-MRSA ST398 isolates have a reduced ability to adhere to
human keratinocytes, seem to colonize humans more transiently than isolates of other
lineages, and seem to be less transmissible between humans than their HA-MRSA
counterparts (18, 31–33). These LA-MRSA ST398 isolates possess genetic differences
from other MRSA strains, such as the truncation of the adherence genes clfA, clfB, and
fnbB and the absence of sdrE (18), which are thought to contribute to the reduced
capacity of LA-MRSA ST398 to colonize and cause disease in humans. The adherence
properties and genetic factors contributing to adherence have not been investigated
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FIG 1 Capacity of swine-associated LA-MRSA ST5 isolates and clinical MRSA ST5 isolates from humans with
no swine contact to adhere to human keratinocytes and swine skin biopsy specimens. (A) Number of CFU
adhered per HEK cell for LA-MRSA ST5 isolates and clinical MRSA ST5 isolates, with each point representing
the average for three technical replicates. (B) Number of MRSA CFU adhered per square millimeter of swine
skin biopsy specimen for LA-MRSA ST5 and clinical MRSA ST5 isolates. *, P ⬍ 0.05.

for LA-MRSA ST5 isolates. In this study, we present a comparison of the in vitro
adherence capability of LA-MRSA ST5 isolates and MRSA ST5 isolates from humans with
no swine contact and compare the identiﬁed and suspected adherence genes in these
populations of S. aureus.
RESULTS
Adherence to human epidermal keratinocytes. Adherence assays were used to
determine the capacity of swine-associated LA-MRSA ST5 and MRSA ST5 isolates from
humans with no swine contact to colonize human skin. LA-MRSA ST5 isolates and MRSA
ST5 isolates from humans with no swine contact adhered to the human epidermal
keratinocyte (HEK) cell line equivalently (Fig. 1). There was no signiﬁcant difference in
the number of CFU that adhered per HEK cell (P ⫽ 0.92) when the isolates were
compared as subsets (Fig. 1A). There was considerable variability in the ability of
individual isolates to adhere to HEK cells (Fig. 2A). For example, the average number of
CFU per HEK cell that adhered for isolate UCI27 was higher than the average number
of CFU per HEK cell that adhered for isolate ISU980 (Fig. 2A). In some cases, there were
also wide ranges in the number of CFU per HEK cell that adhered between biological
replicates of an individual isolate, as was seen for ISU978 (Fig. 2A).
Adherence to swine skin biopsy specimen. To assess the capacity of the selected
isolates to colonize swine epithelial tissue, adherence assays were completed using
swine skin biopsy specimens. Swine-associated LA-MRSA ST5 isolates adhered in
greater numbers of CFU per square millimeter than MRSA ST5 isolates from humans
with no swine contact (P ⬍ 0.0001) (Fig. 1B). Similar to the adherence patterns for the
HEK cells, differences in the adherence capacity of individual isolates as well as
variations between biological replicate were noted (Fig. 2B).
Comparison of adherence genes. To examine genomic differences that may
inﬂuence how MRSA ST5 isolates interact with their host and environment, we compared the nucleotide sequences of 22 genes encoding factors associated with adherence and skin colonization (29). The percent identity of the sequence of each of the
adherence-associated genes in LA-MRSA ST5 and MRSA ST5 isolates from humans with
no swine contact to the sequence of S. aureus Mu3 was determined for each isolate (Fig.
3; see also Fig. S1 and Table S1 in the supplemental material). This analysis indicated
that the adherence genes harbored by both subsets of isolates showed a high degree
of nucleotide sequence identity. Speciﬁcally, a nucleotide sequence identity to the
January 2018 Volume 84 Issue 2 e02073-17
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FIG 2 Patterns of adherence of individual isolates to HEKs and swine skin biopsy specimens. Differential
patterns of adherence to HEKs (A) and swine skin biopsy specimens (B) were noted between individual
isolates. Differences in the adherence pattern between biological replicates of an individual isolate, such
as the number of CFU per HEK cell for isolate ISU978 (A) or the number of CFU per square millimeter for
isolate UMN38 (B), were also noted.

sequence of reference isolate Mu3 of greater than 90% was observed for all genes
evaluated (Table 1 and Table S1). The gene displaying the greatest sequence divergence was clfA (Fig. 3 and S1); however, it was intact in all the isolates, and the variation
was associated with single nucleotide polymorphisms, insertions, and deletions that did
not result in a premature stop codon or removal of large segments of the clfA gene. The
greatest variation in clfA was present in LA-MRSA ST5 isolates and was due to an
insertion of 162 bp at position 2125 and a deletion of 24 bp at position 2799, which
were detected in the clfA genes of 19 of the isolates (Fig. 4). There were isolates that
lacked the sequences associated with speciﬁc adherence genes (Fig. 3 and S1 [in black];
Table S1). This may be associated with gaps in the draft genome sequence rather than
a true absence of the gene of interest.
Several adherence genes were not conducive to sequence identity analysis due to
the presence of variable repeat regions (sasG) or the absence of the gene in the
reference genome (ACME and speG). Therefore, isolate subsets were compared on the
basis of the presence or absence of these adherence genes (Table 2). The adherence
gene sasG was found at an equal prevalence in both subsets of isolates (P ⫽ 0.26).
Signiﬁcantly more MRSA ST5 isolates from humans with no swine contact than swineassociated isolates harbored the ACME arc gene cluster (P ⫽ 0.02) as well as speG (P ⬍
0.0001). The adherence-associated genes cna and sasX were not found in ST5 isolates
obtained from swine-associated sources or from humans with no known swine contact.
The agr genes encode a two-component sensor system that functions as a global
regulator and a pivotal regulator of virulence factors and adherence genes (34, 35).
January 2018 Volume 84 Issue 2 e02073-17
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FIG 3 Percent nucleotide sequence identity of adherence-associated genes for isolates evaluated by the
phenotypic assay. Each gene was compared to the gene in the reference isolate, Mu3. The percent identity
of all screened genes was greater than 90%. The greatest variation was seen in the clfA gene. This was true
for both LA-MRSA ST5 isolates and clinical MRSA ST5 isolates; however, a subset of LA-MRSA ST5 isolates
(isolates ISU876, ISU949, ISU978, and ISU980) showed added variation due to nucleotide insertions and
deletions. Genes not found in the draft genomes are depicted in black.

Swine-associated LA-MRSA ST5 and MRSA ST5 isolates from humans with no swine
contact were evaluated for their agr types. All isolates with detectable agr genes
harbored a type II agr, including 78/82 of the LA-MRSA ST5 isolates (95.1%) and 69/71
of clinical the MRSA ST5 isolates (97.2%) (Table S1). No difference in agr type was

TABLE 1 Percent nucleotide sequence identity for the sequences of the adherence factor
genes in LA-MRSA ST5 isolates and MRSA ST5 isolates from humans with no swine
contact compared to those of MRSA ST5 isolate Mu3
Minimum-maximum (avg) % identity
Adherence factor
clfA
clfB
sdrC
sdrD
sdrE
eap
ebhA
ebhB
ebpS
fnbpA
fnbpB
isbA
isdA
isdB
isdH
sasB
sasC
sasD
sasF
sasH
sasK
sraP
aIncludes
bIncludes

LA-MRSA ST5 isolatesa
90-100 (97)
93-100 (99)
97-100 (99)
99-100 (100)
98-100 (100)
100-100 (100)
100-100 (100)
100-100 (100)
100-100 (100)
98-100 (100)
100-100 (100)
100-100 (100)
99-100 (100)
100-100 (100)
100-100 (100)
98-100 (100)
100-100 (100)
100-100 (100)
99-100 (100)
100-100 (100)
100-100 (100)
99-100 (100)

MRSA ST5 isolates from humans
with no swine contactb
93-100 (96)
91-100 (97)
96-100 (98)
97-100 (99)
99-100 (100)
100-100 (100)
99-100 (100)
100-100 (100)
100-100 (100)
97-100 (100)
95-100 (100)
100-100 (100)
97-100 (99)
100-100 (100)
100-100 (100)
100-100 (100)
100-100 (100)
100-100 (100)
100-100 (100)
100-100 (100)
100-100 (100)
100-100 (100)

82 swine-associated LA-MRSA ST5 isolates.
72 human clinical MRSA ST5 isolates from humans with no swine contact.
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FIG 4 Representative image of the alignment of clfA from 19 LA-MRSA ST5 isolates and clfA from Mu3.
In these 19 LA-MRSA ST5 isolates, the clfA gene showed a reduced percent nucleotide sequence identity
to the clfA gene of Mu3. The clfA genes in the LA-MRSA ST5 isolates with a reduced identity possessed
an insertion of 162 bp at position 2125 and a deletion of 24 bp at position 2799. The insertion and
deletion did not result in a frameshift mutation, and the clfA genes in these isolates remained intact.
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observed between the isolate subsets. The isolates in which an agr system was not
identiﬁed are likely missing the agr gene due to gaps in the draft genome sequences.
DISCUSSION
Reports of the colonization capacity of LA-MRSA ST398 indicate that these isolates
possess a reduced capacity for adherence to human epithelium (18), which results in
transient colonization with ST398 isolates and the reduced transmissibility of these
isolates between humans in both the hospital and the community settings (31, 33,
36–39). The reduction in adherence to human keratinocytes is suspected to be due to
the absence of genes known to be involved in adherence, such as sdrE, and mutations
and truncations in adherence genes, such as those noted in clfA and clfB (18). These
changes are hypothesized to contribute to the adaptation of LA-MRSA ST398 isolates
to livestock species (18). Although adherence capacity and transmissibility have been
reported for LA-MRSA ST398 isolates, there are no reports to date addressing these
concerns in LA-MRSA ST5 isolates.
In this study, we investigated the ability of LA-MRSA ST5 isolates and human clinical
MRSA ST5 isolates to adhere to human keratinocytes and swine skin biopsy specimens
to better understand the potential for these isolates to colonize humans and pigs. We
found no difference between the human keratinocyte adherence capacity of LA-MRSA
ST5 isolates and MRSA ST5 isolates from humans with no swine contact. We further
determined that the keratinocyte adherence patterns exhibited by both subsets of
isolates were consistent with the adherence-related genes that the isolates harbored.
Notably, adherence genes reported to be absent or truncated in LA-MRSA ST398
isolates were present and intact in LA-MRSA ST5 isolates, including clfA, clfB, sdrC, sdrE,
and fnbB (18). In the case of LA-MRSA ST5 isolates, there was a high proportion of
nucleotide sequence identity with the sequence of the speciﬁc gene in the reference
genome (Mu3), which was also seen for the human clinical MRSA ST5 isolates (Table 1;
Fig. 3; see also Fig. S1 in the supplemental material). This indicates a genetic capacity
for adherence that is equivalent between the two subsets of isolates and that was

TABLE 2 Prevalence of adherence genes in LA-MRSA ST5 isolates and MRSA ST5 isolates
from humans with no swine contact
No. of isolates with the gene/total no. of isolates tested (%)
Adherence factor
sasG

LA-MRSA ST5
67/82 (81.7)

MRSA ST5 from humans with
no swine contact
63/71 (88.7)

ACME
arc gene cluster
speG

0/82 (0)
0/82 (0)

5/71 (7.0)a
14/71 (19.7)a

can
sasX

0/82 (0)
0/82 (0)

0/71 (0)
0/71 (0)

aSigniﬁcant

difference (P ⬍ 0.05) compared to LA-MRSA ST5.
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conﬁrmed with in vitro testing. Although adherence to human keratinocytes was
equivalent between the two subsets of isolates, the LA-MRSA ST5 isolates did show
signiﬁcantly greater adherence to swine epithelium in vitro than human clinical MRSA
ST5 isolates (Fig. 1B). This difference may reﬂect the adaptation of swine-associated
LA-MRSA ST5 isolates to colonization of the swine epithelium through unidentiﬁed
mechanisms.
Evaluation of multiple isolates of LA-MRSA ST5 and MRSA ST5 from humans with no
swine contact indicated that there is a large amount of individual isolate variation as
well as variation between test replicates for an individual isolate (Fig. 2). Variability
between different isolates was anticipated; however, the large variability between test
replicates for the same isolate was not expected. The variation in replicates may be
associated with differences in adherence gene expression during an individual test and
is controlled for by screening each isolate for in vivo adherence multiple times.
Overall, we conclude that, unlike LA-MRSA ST398 isolates, LA-MRSA ST5 isolates do
not have a reduced capacity to adhere to human keratinocytes. This was seen both in
vitro and through in silico analysis of adherence genes, which showed greater than 90%
identity in all isolates. While the adherence capacity of the LA-MRSA ST5 isolates was
not different from that of the MRSA ST5 isolates from humans with no swine contact,
this does not directly indicate their ability to colonize and cause disease. Colonization
is a complex interaction between the host, the bacterium, and the microbiota, and this
interaction is difﬁcult to replicate in an in vitro setting. It is also important to note that
adhesion alone is not sufﬁcient to cause disease and many virulence factors in S. aureus
that contribute to colonization and mediate disease were not found in the LA-MRSA
ST5 isolates (40). This includes ACME, which was found only in clinical MRSA ST5 isolates
in this study and contributes to the persistence of S. aureus on the skin of hosts. We
have also previously shown that immune evasion genes, such as those found in the
␤-hemolysin-converting bacteriophage, are absent in the LA-MRSA ST5 isolates evaluated in this study (40). Collectively, this study indicates that LA-MRSA ST5 isolates are
able to adhere to human keratinocytes equivalently to clinical MRSA ST5 isolates. This
may result in humans that come into contact with livestock harboring LA-MRSA ST5
isolates becoming colonized with those isolates; however, LA-MRSA ST5 isolates are
suspected to be less virulent than clinical MRSA ST5 isolates and less capable of causing
disease in humans.
MATERIALS AND METHODS
Isolate acquisition and selection. MRSA isolates were acquired from Iowa State University (n ⫽ 73),
the University of Minnesota (n ⫽ 9), the University of California, Irvine (n ⫽ 64), and the University of
California, San Francisco (n ⫽ 7) (17, 41). These isolates included 82 LA-MRSA ST5 isolates from
swine-associated sources, including pigs (n ⫽ 38); the environment within swine buildings (n ⫽ 26);
veterinary students with short-term swine contact sampled after a one-time visit to a swine farm (n ⫽
9); and swine veterinarians with long-term, occupational swine exposure (n ⫽ 9). Clinical MRSA ST5
isolates from humans residing in urban areas with no known swine contact were included (n ⫽ 72). All
isolates were conﬁrmed to be ST5 by multilocus sequence typing and spa typed prior to acquisition (see
Table S1 in the supplemental material). Staphylococcus aureus Mu3 (ATCC 700698; ATCC, Manassas, VA)
was used for comparison during analysis of the results of the adherence assays and as a reference
genome for adherence factor gene analysis.
Isolates were purposefully selected from swine-associated sources to represent the potential diversity
among the isolates during adherence assays. Ten swine-associated LA-MRSA isolates were selected from
the 82 total isolates. They were selected such that each farm was represented in the adherence assay by
an environmental isolate (n ⫽ 3) or a swine isolate (n ⫽ 4) or was represented by an isolate from a human
after that person had visited the farm (n ⫽ 1). Two isolates from humans with long-term swine contact
were also selected for phenotypic screening. Nine isolates from humans with no known swine contact
were randomly selected for inclusion in the adherence assay. The name and source information for
isolates included in adherence assays can be found in Table 3.
Genome sequencing. Draft genome sequences were generated using a previously described
protocol (42–47). In short, isolates were grown in Trypticase soy broth (TSB; BD Biosciences, Sparks, MD),
and genomic DNA was extracted using a High Pure PCR template preparation kit (Roche Applied Science,
Indianapolis, IN). A Nextera XT DNA sample preparation and index kit (Illumina, San Diego, CA) was used
to generate libraries of DNA that were sequenced using a MiSeq (v2) 500-cycle reagent kit (Illumina, San
Diego, CA) on an Illumina MiSeq instrument. Sequence reads were assembled using the MIRA (v4.0.2)
program (http://mira-assembler.sourceforge.net/docs/DeﬁnitiveGuideToMIRA.html). The whole-genome
January 2018 Volume 84 Issue 2 e02073-17
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TABLE 3 Isolates selected for adherence assays
Isolate source
Environment (farm 10)
Pig (farm 24)
Pig (farm 39)
Pig (farm 42)
Environment (farm 38)
Pig (farm 39)
Environment (farm 41)
Human, short-term contact
Human, long-term contact
Human, long-term contact
Human clinical isolate
Human clinical isolate
Human clinical isolate
Human clinical isolate
Human clinical isolate
Human clinical isolate
Human clinical isolate
Human clinical isolate
Human clinical isolate

Downloaded from http://aem.asm.org/ on February 27, 2021 by guest

Isolate name
ISU837
ISU876
ISU936
ISU949
ISU960
ISU978
ISU980
ISU1007
UMN4
UMN38
UCI08
UCI15
UCI22
UCI27
UCI30
UCI45
UCI52
UCI64
UCSF13938

sequence for Mu3 was obtained from NCBI (GenBank accession number AP009324.1) for use for
adherence gene comparisons.
Gene comparisons. The adherence genes analyzed can be found in Tables 1 and 2. The percent
identity of the nucleotide sequence of each gene with the sequence of the gene in the Mu3 reference
genome was determined using multiple-sequence alignments in the Geneious (v.9.0.5) program (Biomatters Ltd., Auckland, New Zealand). Percent identities relative to the sequence of Mu3 were then used
to generate heatmaps with the R program (48). For sasG, the gene was designated present or absent due
to the gene structure, including B repeats consisting of 384-nucleotide repeats, which prevented
adequate alignment of the entire gene. The genes composing ACME, cna, and sasX were also designated
present or absent, as these genes are not found in Mu3, as determined by screening of the draft genome
sequences in silico using the Geneious (v.9.0.5) program.
Accessory gene regulator (agr) typing. The agr type of the isolates was determined by screening
the draft genome sequences in silico with the Geneious (v.9.0.5) program for type-speciﬁc regions using
the following primer sets: for agrI, 5=-GTC ACA AGT ACT ATA AGC TGC GAT-3=; for agrII, 5=-TAT TAC TAA
TTG AAA AGT GGC CAT AGC-3=; for agrIII, 5=-GTA ATG TAA TAG CTT GTA TAA TAA TAC CCA G-3=; and for
agrIV, 5=-CGA TAA TGC CGT AAT ACC CG-3= (as described previously [49]).
Human epidermal keratinocyte adherence assay. Human epidermal keratinocytes (HEKs; ATCC
PCS-200-010; ATCC, Manassas, VA) were obtained to screen isolates for in vitro adherence to human
keratinocytes. These cells were grown in dermal cell basal medium (DCBM) (ATCC, Manassas, VA)
supplemented with the reagents from the keratinocyte growth kit (ATCC, Manassas, VA). For the assay,
HEKs of passage 5 or lower were plated into 24-well plates (Becton, Dickinson and Company, Franklin
Lakes, NJ) at 5,000 cells/cm2 and allowed to grow to conﬂuence.
An overnight culture of MRSA grown in TSB was used to inoculate 5 ml of TSB and was incubated
at 37°C until logarithmic growth phase. The bacterial culture was diluted to an optical density at 600 nm
(OD600) ranging from 0.50 to 0.59, and 60 l was inoculated into 10 ml of supplemented DCBM to reach
an average inoculum concentration of 3.96 ⫻ 106 CFU/ml. Wells of HEKs were inoculated with 750 l of
diluted culture from each isolate (n ⫽ 3), resulting in an average multiplicity of infection (MOI) of 45, and
an uninoculated DCBM control was included on each plate (n ⫽ 3). The plate was centrifuged at 400 ⫻
g for 5 min, followed by a 1-h incubation at 37°C with 5% CO2. After incubation, each well was washed
gently eight times with phosphate-buffered saline (PBS). Each well was then treated with 200 l of 0.1%
trypsin to dislodge the cells and adherent bacteria. The trypsin was collected and combined with 800 l
of PBS.
Serial dilutions of the inoculum and the recovered contents from each well were generated, plated
onto Trypticase soy agar (BD Biosciences, Sparks, MD) plates, and incubated for 24 h at 37°C. The
contents of three nontreated control wells were collected from each plate in the same manner used for
the test wells, and a Scepter (v.2.0) cell counter (Millipore, Billerica, MA) was used to calculate the average
number of keratinocytes per well in the plate. Each isolate was screened with three biological replicates
generated from the average of three technical replicates. For each biological replicate, the number of
CFU per HEK cell was calculated for comparison.
Swine skin biopsy specimen adherence assay. The external epidermis of the pinna and the base
of the ear was cleaned of visible surface debris, scrubbed with gauze soaked in 7.5% povidone-iodine
surgical scrub (Purdue Pharma L.P., Stamford, CT), and rinsed three times with gauze soaked in 95%
ethanol. A section of scrubbed skin was excised and washed in Gibco EpiLife cell culture medium
(Thermo Fisher Scientiﬁc Inc., Oakwood Village, OH) supplemented with Gibco human keratinocyte
growth supplement (Thermo Fisher Scientiﬁc Inc., Oakwood Village, OH) containing 100 IU/ml penicillin
G, 100 g/ml streptomycin, 50 g/ml gentamicin sulfate, and 1.0 g/ml amphotericin B. The skin
January 2018 Volume 84 Issue 2 e02073-17
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segment was moved to supplemented EpiLife medium containing 100 IU/ml penicillin G and incubated
for 2 h at 37°C. The skin was then transferred to supplemented EpiLife medium without antibiotic and
incubated for 30 min at 37°C. The hypodermis was removed, and punch biopsy specimens were
generated using a Miltex sterile disposable 8-mm punch biopsy tool (Thermo Fisher Scientiﬁc Inc.,
Oakwood Village, OH). The biopsy specimens were placed into 48-well plates (Corning Inc., Corning, NY)
with the epidermis exposed. One biopsy specimen from each skin section was used for each isolate
screened, and one biopsy specimen treated with uninoculated EpiLife medium was used as a control to
detect contamination. Pigs were housed in biosafety level 2 (BSL2) containment facilities and cared for
in compliance with the Institutional Animal Care and Use Committee of the National Animal Disease
Center.
A culture of each isolate grown overnight in TSB was used to inoculate 5 ml of TSB and grown to
logarithmic growth phase. The cultures were diluted to an OD600 ranging from 0.50 to 0.59, and 500 l
was inoculated into 4.5 ml of supplemented EpiLife medium, generating an average MRSA inoculum
concentration of 4.18 ⫻ 106 CFU/ml. The cultures were mixed well, and 25 l was inoculated onto each
skin biopsy specimen, resulting in an average inoculum distribution of 8.32 ⫻ 104 MRSA/mm2. After each
skin biopsy specimen in the plate was inoculated, the plate was incubated for 1 h at 37°C with 5% CO2.
The skin biopsy specimens were then washed four times with PBS to remove nonadherent bacteria, 50
l of 0.1% trypsin was added to each skin biopsy specimen, and the skin biopsy specimens were
incubated for 15 min at 37°C to dislodge the adhered bacteria. After trypsinization, the skin biopsy
specimens were moved to centrifuge tubes with 950 l of supplemented EpiLife medium and vortexed
to suspend the bacteria.
Serial dilutions of the inoculum and the bacteria retrieved from the skin biopsy specimens were made
after trypsinization. Dilutions were plated onto Trypticase soy agar plates containing 1 g/ml oxacillin.
The plates were incubated for 48 h at 37°C, and the colonies were counted and used to determine the
number of CFU per milliliter for the inoculum and skin biopsy specimens. Each isolate was tested with
at least three biological replicates consisting of the average of three technical replicates. For each
biological replicate, the number of CFU per square millimeter of surface area of the skin biopsy specimen
was calculated.
Statistical analysis. All statistics were completed using GraphPad Prism (v.7.01) software (GraphPad
Software, Inc., La Jolla, CA). Mann-Whitney tests were used to compare the number of CFU per HEK cell
and the number of CFU per square millimeter between LA-MRSA ST5 isolates and clinical MRSA ST5
isolates from humans with no swine contact. Fisher’s exact tests were used to compare the prevalence
of individual genes between the subsets of isolates.
Accession number(s). The draft genome sequences for all isolates were deposited in DDBJ/ENA/
GenBank with the following accession numbers: LKVI00000000 to LKWJ00000000, LKWY00000000 to
LKYQ00000000, LKYS00000000 to LLBD00000000, LLBG00000000 to LLBI00000000, and LLBK00000000 to
LLBW00000000 (the letters in each range are sequential, though the numbers for each entry are
00000000). Individual isolate accession numbers are listed in Table S1 in the supplemental material
(42–47).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.02073-17.
SUPPLEMENTAL FILE 1, PDF ﬁle, 0.1 MB.
SUPPLEMENTAL FILE 2, XLSX ﬁle, 0.1 MB.
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