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ABSTRACT
Objectives This study aimed to evaluate the
persistence of nasal carriage of Staphylococcus aureus,
methicillin-resistant S. aureus and multidrug-resistant
S. aureus over 14 days of follow-up among industrial
hog operation workers in North Carolina.
Methods Workers anticipating at least 24 h away from
work were enrolled June–August 2012. Participants self-
collected a nasal swab and completed a study journal on
the evening of day 1, and each morning and evening on
days 2–7 and 14 of the study. S. aureus isolated from
nasal swabs were assessed for antibiotic susceptibility,
spa type and absence of the scn gene. Livestock
association was defined by absence of scn.
Results Twenty-two workers provided 327 samples.
S. aureus carriage end points did not change with time
away from work (mean 49 h; range >0–96 h). Ten
workers were persistent and six were intermittent carriers
of livestock-associated S. aureus. Six workers were
persistent and three intermittent carriers of livestock-
associated multidrug-resistant S. aureus. One worker
persistently carried livestock-associated methicillin-
resistant S. aureus. Six workers were non-carriers of
livestock-associated S. aureus. Eighty-two per cent of
livestock-associated S. aureus demonstrated resistance to
tetracycline. A majority of livestock-associated S. aureus
isolates (n=169) were CC398 (68%) while 31% were
CC9. No CC398 and one CC9 isolate was detected
among scn-positive isolates.
Conclusions Nasal carriage of livestock-associated
S. aureus, multidrug-resistant S. aureus and methicillin-
resistant S. aureus can persist among industrial hog
operation workers over a 14-day period, which included
up to 96 h away from work.

INTRODUCTION
The trend towards raising large numbers of animals in
concentrated production settings has increased glo-
bally. In the USA in particular, the production of pork
has intensified, with a shift towards fewer, larger
operations.1 2 In addition, the US swine industry
remains geographically concentrated. The highest
density of swine production in the nation is in eastern
North Carolina.3 4 The number of individuals
working on hog production operations in North

Carolina is difficult to determine, but census data
from 2007 suggest that at least 6400 workers are
employed at the 938 hog operations that report hired
labour.4

Changes in swine production practices may affect
the health of persons living near or working in pro-
duction sites. Among these practices, the use of
antibiotics to prevent disease and promote animal
growth rather than to treat infections is extremely
common,5 with the majority of antibiotics sold in
the USA used non-therapeutically via supplementa-
tion of water and feed consumed by food animals.6

There is evidence that routine, non-therapeutic
uses of these drugs increase the risk of development
and propagation of antibiotic-resistant bacteria,7

and studies have shown that antibiotic-resistant bac-
teria can be transmitted to humans working in pro-
duction sites8 and mobilised from these sites via
multiple environmental pathways.9–11
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What this paper adds

▸ While cross-sectional studies have examined
prevalence of nasal carriage of
antibiotic-resistant Staphylococcus aureus of
livestock origin among industrial hog operation
workers, no studies to date have assessed
persistence of carriage of these bacteria among
workers in the USA.

▸ We found that nearly half (45.5%) of the
22 industrial hog operation workers who
participated were persistent carriers of
livestock-associated S. aureus over a 14-day
period, which included up to 96 h away from
work.

▸ Persistent carriers of livestock-associated
S. aureus included six persistent carriers of
livestock-associated multidrug-resistant
S. aureus and one persistent carrier of
livestock-associated methicillin-resistant
S. aureus.

▸ Our findings in this occupational setting are of
interest because persistent nasal carriage of
S. aureus has previously been associated with
increased risk of infection in clinical settings.
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Much of the literature regarding human exposure to
antibiotic-resistant bacteria from food animal production sites
has focused on Staphylococcus aureus, an opportunistic patho-
gen of humans and animals and an important cause of global
morbidity and mortality.12 Strains of S. aureus adapted to colon-
ise or infect livestock and poultry are referred to as livestock-
associated. Livestock-associated S. aureus, including methicillin-
resistant S. aureus (MRSA) and multidrug-resistant S. aureus
(MDRSA), can be exchanged between humans and animals,5 13

and nasal carriage has been observed among individuals in
contact with livestock and poultry throughout Europe, the USA
and Canada.8 Human-to-human transmission of livestock-
associated S. aureus may also occur,14 although livestock-
associated strains appear to be transmitted less effectively than
human-adapted strains.15 Persistent nasal colonisation with S.
aureus is associated with an increased risk of infection in the
clinical setting compared with intermittent or non-
colonisation.16 Whether livestock-associated S. aureus can per-
sistently colonise the noses of those occupationally exposed to
livestock and poultry remains unclear.

Previous studies of persistence have not investigated
methicillin-susceptible S. aureus (MSSA) or MDRSA, though
carriage of these bacteria may have important implications for
clinical care and public health.16 In addition, previous work has
largely focused on the presence of non-specific indicators of
livestock association (ie, strain type CC398, which circulates
among both human and animal reservoirs),5 although genetic
markers with improved sensitivity and specificity are now avail-
able.5 17–19 To date, no published work has examined the per-
sistence of carriage of livestock-associated S. aureus, including
MRSA and MDRSA, among livestock workers in the USA.

We conducted a 14-day study examining the temporal dynam-
ics of nasal carriage of livestock-associated S. aureus, MRSA and
MDRSA among 22 workers employed at industrial hog opera-
tions in North Carolina. We present information regarding (1)
genetic and phenotypic characteristics of S. aureus detected; and
(2) persistence of S. aureus nasal carriage before, during and after
time away from work at an industrial hog operation.

METHODS
Data were collected between June and August 2012 in North
Carolina by researchers from the University of North Carolina
at Chapel Hill (UNC) with community organisers from
the Rural Empowerment Association for Community Help
(REACH).

Data collection
Community organisers from REACH recruited volunteers who
fit the following inclusion criteria: worked at an industrial hog
operation; resided in North Carolina; were at least 18 years old;
could speak and read English or Spanish; had access to a
refrigerator and anticipated at least 24 h away from work during
the first 7 days of the study. Participants were enrolled in four
cycles. On enrolment, participants responded to a baseline ques-
tionnaire administered by a community organiser. The baseline
questionnaire assessed demographic information, household
member characteristics, pet ownership, work activities, medical
history and risk factors for exposure to S. aureus, including
MRSA. Because of concerns about privacy and confidentiality
with respect to employment, no identifying information about
livestock operations was collected.

On day 1 of the 14-day study, each cycle of participants
attended a training session where study protocols were reviewed
and participants received instruction about how to complete

study activities. After receiving instruction from researchers, par-
ticipants self-collected a baseline nasal swab during the training
session. For the next 6 days of the study, participants self-
collected a nasal swab in the morning (prior to going to work at
an industrial hog operation) and in the evening, regardless of
whether or not they worked at their job that day (see online
supplementary figure S1). Swabs from days 1–7 were used to
examine short-term changes in persistence of S. aureus nasal car-
riage, including after one or more days off work. Participants
also self-collected a nasal swab in the morning and in the
evening on day 14 of the study so that longer term persistence
of S. aureus nasal carriage could be investigated. In total, up to
15 swabs were collected per participant. At the same time each
swab was collected, participants recorded information about
exposures, symptoms and work activities, including time away
from work, in a study journal. Community organisers regularly
checked in with participants during the 14-day period to answer
questions and assist with data collection.

Identification and characterisation of S. aureus,
MRSA and MDRSA
Baseline nasal swabs were transported to UNC at 4°C within
24 h of collection. Swabs collected between the 2nd and 14th
day of the study were stored in participants’ refrigerators and
picked up on day 8 and 14 of the study by a REACH commu-
nity organiser. These swabs were transported to UNC at 4°C
within 8 days of participant self-collection. An experiment was
conducted prior to beginning this study to confirm survival of
S. aureus on the swabs during an 8-day holding period (see
online supplementary file). Survival of MRSA and MDRSA were
not specifically investigated, although previous work has found
survival of S. aureus and MRSA to be comparable.20 We
presume the survival properties of MDRSA are similar to
S. aureus and MRSA; however, this has not been investigated to
the best of our knowledge.

Swabs were analysed for the presence of S. aureus using previ-
ously described methods21; details are available in the online
supplementary file. S. aureus isolates that were positive for
mecA were classified as MRSA. One isolate from each S. aureus-
positive nasal swab was assessed for susceptibility to 12 classes
of antibiotics. A listing of antibiotics and methods used are
available in the online supplementary file. S. aureus that demon-
strated complete resistance to three or more classes of antibio-
tics were classified as MDRSA.22 MRSA isolates meeting the
definition of MDRSA were classified as multidrug-resistant
MRSA.

One isolate from each S. aureus-positive nasal swab was typed
based on the sequence of its staphylococcal protein A (spa)
gene, a S. aureus-specific gene. spa types were then assigned to
putative clonal complexes (CCs) based on the existing literature.
CCs are groups of closely related strains that apparently evolved
from a single founder; CC can provide insight into the epidemi-
ology and geographic origin of a specific strain. PCR was also
used to determine whether the scn gene was absent from
S. aureus isolates, and whether the tet(M) gene was present
among S. aureus isolates,19 as tet(M) is a proposed marker of
livestock association among CC398 isolates specifically.5

Molecular analyses are described in detail in the online supple-
mentary file.

Assessment of livestock-associated S. aureus
There are currently no established markers for livestock-
associated S. aureus. Although CC398 is commonly used, this
marker may not be specific or sensitive in identifying livestock-
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associated isolates.5 However, studies that have examined
S. aureus CCs with phylogenetically distinct human and live-
stock clades (eg, CC398, CC5, CC97 or CC8) have detected
near universal loss of scn (99–100%) among livestock-associated
isolates.5 23–25 Thus, we considered absence of scn to be a
proxy for livestock association among all S. aureus isolates.

Once stratified by livestock association (absence of scn), we
examined the distribution of tetracycline resistance and CC
among all S. aureus isolates. Tetracycline is used heavily in food
animal production in the USA.26 The tet(M) gene mediating
tetracycline resistance has been identified as a marker of live-
stock association among isolates belonging to CC398.5

Tetracycline resistance is also commonly found among S. aureus
belonging to other CCs (eg, CC9) obtained from livestock.27–29

Statistical analysis
Based on nasal carriage definitions used by van Belkum et al,30

we defined persistent carriage with S. aureus, MRSA, MDRSA
and scn-negative S. aureus as positivity for the outcome of inter-
est for all, or all but one, collected nasal swab (ie, 15/15 or
14/15); intermittent carriage as positivity for 1/15 to 13/15 col-
lected nasal swabs and non-carriage as negativity for the
outcome for all collected nasal swabs. Our definition of persist-
ent carriage allowed for one negative swab in order to minimise
misclassifications resulting from laboratory or sampling error.30

Baseline swabs for three participants could not be analysed due
to contamination during collection, resulting in 14 collected
swabs (instead of 15). The aforementioned definitions were
adjusted accordingly for these individuals.

We described the distribution of personal characteristics (age,
gender, education, use of antibiotics, recent hospitalisation, par-
ticipation in contact sports), household characteristics (number
and age of household members, pets, location of home on a
hog operation) and work exposures (time at job, average hours
worked/week, number and age of hogs in contact with at work
and time since last work shift) within the study population,
focusing on potential risk factors related to carriage of
antibiotic-resistant S. aureus. Ever-carriage of each type of
S. aureus was calculated as the number of workers who carried
the type at any time during the study period. We also calculated
the mean daily prevalence of carriage of each S. aureus outcome
by averaging the number of carriers each day. Using the afore-
mentioned definitions, we calculated the proportions of persist-
ent, intermittent and non-carriers of each outcome over the
study period. We also examined the distribution of antibiotic
resistance patterns and genetic markers of S. aureus observed
among participants.

To examine associations between demographic, behavioural
and work-related risk factors and carriage states (persistent,
intermittent and non-carriers) we generated crude ORs using
tabular methods. Crude ORs were also examined using polyto-
mous logistic regression. We used mixed models and conditional
fixed effects logistic regression models to estimate the within-
person effects of time-off-work including the effects of morning
versus afternoon sampling. However, the sample size was too
small to produce stable results for the polytomous regression
models and the mixed and fixed effects models, and therefore
results are not presented.

RESULTS
Participant characteristics
Twenty-two industrial hog operation workers participated in the
study, all of whom identified as Hispanic. Most participants
were between 25 and 44 years of age (73%), had completed

high school (68%) and lived in households with three or more
other people (86%; table 1). Twenty-three per cent (5/22)
reported living on the same property as the industrial hog oper-
ation for which they worked. One worker reported using anti-
biotics and another reported visiting a hospital within a month
of enrolment (results not shown). Most participants reported
working more than 5 days a week and more than 8 h a day,
resulting in a majority (59%) of participants reporting working
>50 h during an average week. A majority of participants
reported contact with sows, nursing or weaned pigs at work
(91%), although exposure to older pigs was reported by 7/22
workers (32%).

Table 1 Distribution of characteristics among 22 industrial hog
operation workers, North Carolina

N=22* Per cent

Personal characteristics
Age
<24 2 9.1
25–34 5 22.7
35–44 11 50.0
≥45 4 18.2

Male 12 54.6
Education
<High school 6 27.3
≥High school 15 68.2

Number of household members
<3 2 9.1
3–5 13 59.1
≥6 6 27.3

Children <6 years old living in household 10 45.5
Pets inside home 6 27.3
Lives on same property as hog operation 5 22.7
Contact sports
≥1 month ago 10 45.5
<1 month ago 6 27.3

Work characteristics†
Years employed at current hog operation
<1 5 22.7
1–5 7 31.8
6–9 3 13.6
≥10 4 18.2

Average h/week
≤40 3 13.6
41–50 6 27.3
51–60 11 50.0
>60 2 9.1

Life stage of hogs in contact with at work‡
Sows/farrow piglets/wean 20 90.9
Feeder/finish 7 31.8

Average number of hogs worked with per day§
≤1000 3 13.6
1001–5000 8 36.4
>5000 5 22.7

*Totals for each characteristic may not sum to the total number of participants due to
missing information.
†Reported at baseline.
‡Totals do not sum to 22 because some participants had contact with pigs in
multiple life stages.
§Calculated by multiplying the average number of animals per barn at operation of
employment by the number of barns worked in on an average day.
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Occurrence of S. aureus, MRSA and MDRSA
We analysed 327 nasal swabs from 22 participants; 15 nasal
swabs each from 19 participants and 14 nasal swabs each from
three participants. Eighty-six per cent (19/22) of workers
carried S. aureus, 5% (1/22) carried MRSA and 46% (10/22)
carried MDRSA during at least one sampling point of the
14-day follow-up (table 2). MRSA and MDRSA are subsets of S.
aureus for this finding and all reported findings henceforth.
Mean daily prevalence of S. aureus, MRSA and MDRSA was
65%, 4% and 33%, respectively. Fifty-five per cent (12/22), 5%
(1/22) and 27% (6/22) of workers were persistent carriers of S.
aureus, MRSA and MDRSA, respectively. The participant
observed to persistently carry MRSA carried multidrug-resistant
MRSA for 36% (5/14) of the sampling points. Occurrence of
nasal carriage of S. aureus, MRSA and MDRSA overlaid with
time away from work is presented in figure 1. Loss of carriage
of S. aureus, MRSA or MDRSA did not occur in a pattern con-
sistent with time away from work (mean 49 h; range >0–96 h).

Distribution of CCs and antibiotic resistance phenotypes
We observed a diversity of CCs among the 19 industrial hog
workers who carried S. aureus at least once during the 14-day
period (figure 2). CC398 was most frequently detected—carried
by seven workers persistently and one intermittently, followed
by CC9—carried by two workers persistently and seven inter-
mittently. CC30, CC8, CC15, CC20 and CC779 were also
observed, though less frequently. Sixty-eight per cent (15/22) of
workers carried an identical CC at all S. aureus-positive sam-
pling points. We observed a change in CC for 18% (4/22) of
workers over the study period. See online supplementary file:
table S3 for a listing of spa types and inferred CCs for all
S. aureus isolates detected in this study.

We observed 12 distinct antibiotic susceptibility patterns
among S. aureus-positive participants. The distribution of these
patterns is depicted in online supplementary file: table S4. We
observed few changes in within-participant patterns of resist-
ance; changes in resistance patterns were typically concordant
with changes in genotype.

Livestock-associated S. aureus, MRSA and MDRSA
We used absence of scn as a marker of livestock association. We
detected scn-negative S. aureus at least transiently among 73%

(16/22) of participants (table 2). Mean daily prevalence of
scn-negative S. aureus, scn-negative MRSA and scn-negative
MDRSA was 51%, 4% and 33%, respectively. During the study
period, 10/22 (46%) workers were persistent and 6/22 (27%)
were intermittent carriers of scn-negative S. aureus. Of the 16
workers carrying scn-negative S. aureus at least once, 6 were
persistent and 3 were intermittent carriers of scn-negative
MDRSA. One persistent carrier and no intermittent carriers of
scn-negative MRSA were observed. Six of 22 (27%) workers
were non-carriers of scn-negative S. aureus. Carriage of
scn-negative S. aureus end points did not appear to change with
time of sampling (morning vs evening) or time away from work
(data not shown).

Detailed depictions of the distribution of observed CCs and
tetracycline resistance by the absence of the scn gene are pro-
vided in figures 2 and 3. Only scn-negative S. aureus belonging
to CC398 (n=115), CC9 (n=53) and CC20 (n=1) were
observed. Among the 16 participants ever carrying scn-negative
S. aureus, 15 carried either CC398 or CC9 at every S. aureus-
positive sampling point. Among the six participants ever carry-
ing scn-positive S. aureus, there was greater heterogeneity of
strains, with six different CCs observed (figure 2). All MRSA
(15/15) and most MDRSA isolates (106/110) were scn-negative.
In addition, 82% (138/169) of scn-negative S. aureus isolates
were phenotypically tetracycline-resistant, including 97% (111/
115) of scn-negative CC398 isolates and 51% (27/53) of
scn-negative CC9 isolates. By contrast, no scn-positive S. aureus
isolates demonstrated tetracycline resistance.

DISCUSSION
In this 14-day repeated measures study of industrial hog
operation workers in North Carolina, we observed that
10/22 (45.5%) participants were persistent carriers of livestock-
associated S. aureus, including six persistent carriers of livestock-
associated MDRSA, and one persistent carrier of
livestock-associated MRSA, which was multidrug-resistant for
5/14 of the participant’s sampling points. We did not observe
evidence to suggest within-person associations between time
away from work and the S. aureus end points examined (includ-
ing livestock-associated strains). To the best of our knowledge,
this is the first study in the USA to demonstrate persistence of
nasal carriage with livestock-associated S. aureus among workers

Table 2 Occurrence of nasal carriage, mean daily prevalence and carriage states for Staphylococcus aureus outcomes among 22 industrial hog
operation workers based on 327 nasal swabs, North Carolina

Carriage states, N (%)

Outcome
Ever carriage
N* (%) Mean daily prevalence (% (range)) Persistent Intermittent Non-carrier

S. aureus 19 (86.4) 65.3 (47.4–72.7) 12 (54.5) 7 (31.8) 3 (13.6)
scn-negative S. aureus† 16 (72.7) 50.6 (36.8–56.8) 10 (45.5) 6 (27.3) 6 (27.3)
scn-positive S. aureus 6 (27.3) 14.7 (10.5–18.2) 2 (9.1) 4 (18.2) 16 (72.7)

MRSA‡§ 1 (4.5) 4.0 (0.0–4.5) 1 (4.5) 0 21 (95.5)
MDRSA§ 10 (45.5) 32.7 (21.1–36.4) 6 (27.3) 4 (18.2) 12 (54.5)
scn-negative MDRSA† 9 (40.9) 31.6 (21.1–36.4) 6 (27.3) 3 (13.6) 13 (59.1)
scn-positive MDRSA 1 (4.5) 1.1 (0–2.3) 0 1 (4.5) 21 (95.5)

*It was possible for participants to carry both scn-positive and scn-negative S. aureus and MDRSA during the study period; therefore, the sum of these subclassifications may not equal
the total number of participants ever colonised by S. aureus and MDRSA.
†scn-negative isolates were considered to be livestock associated.
‡All MRSA isolates were scn-negative.
§MRSA and MDRSA are subsets of S. aureus.
MDRSA, multidrug-resistant S. aureus; MRSA, methicillin-resistant S. aureus.
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Figure 1 Occurrence of (A) Staphylococcus aureus, (B) methicillin-resistant S. aureus (MRSA) and (C) multidrug-resistant S. aureus (MDRSA) among
22 industrial hog operation workers in North Carolina over a 14-day study period. Work status in the 24 h period prior to collection of day 14
morning swabs is unknown.
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employed at industrial livestock operations. The distribution of
CCs and antibiotic resistance patterns observed among
S. aureus, MRSA and MDRSA carried by workers may represent
the population of S. aureus circulating among hogs at the indus-
trial hog operations where participating workers are employed,
as has been observed elsewhere.31 32 We did not sample animals
from these operations, however, precluding confirmation of this
hypothesis.

Livestock-associated MRSA was not a frequent nasal coloniser
of participants in this study compared with individuals with
intensive livestock exposure in other livestock-associated
S. aureus persistence studies.33–35 Overall, the mean daily preva-
lence of S. aureus nasal carriage among participants in this study
(65%) was higher than population prevalence estimates of 20–

40%,16 suggesting that individuals employed at industrial hog
operations are exposed to a unique reservoir of S. aureus com-
pared with the general population, and that carriage of
livestock-associated S. aureus occurs in addition to carriage of
human-adapted S. aureus strains, as has been suggested else-
where.33 Interestingly, livestock-associated S. aureus comprised
the majority of S. aureus observed (mean daily prevalence:
51%). The relatively low mean daily prevalence of scn-positive
S. aureus (14%) among participants in this study compared with
the general population may indicate that livestock-associated
S. aureus is competing with human-adapted strains to colonise
the nasal passages of livestock workers in North Carolina33 or
that this working population is less frequently colonised with
human-adapted strains than the general population.

Figure 2 Distribution of clonal complex and tetracycline resistance among Staphylococcus aureus (S. aureus) isolated from 22 industrial hog
operation workers in North Carolina over a 14-day study period, stratified by presence or absence of the scn gene (livestock-association).
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As this is the first study to report persistent S. aureus nasal
carriage, including MRSA and MDRSA, among US livestock
workers over a period of 14 days, domestic comparison is
limited. One US study examined persistence of MRSA carriage
among 29 veterinary students following short-term (3–4 h)
exposure to pig barns; of the 22% of students who carried
MRSA directly following exposure, all lost carriage within 24 h
of removal from exposure.31 Similarly, recent European studies
of MRSA carriage among individuals with livestock exposure
found some reduction in carriage following periods of low or
no exposure as short as 24 h.34 35 Graveland et al observed that
7% of 155 veal calf farmers and family members were persistent
carriers and 58% intermittent carriers of MRSA over 8 weeks.
The prevalence of MRSA carriage dropped by 58% during
holiday periods and 24% during periods with no animals on the
farm.35 A Dutch study of field workers with short-term expos-
ure to pigs and veal calves found carriage of MRSA cleared

within 24 h after contact with livestock ceased.32 These findings
have led researchers to conclude that nasal carriage is an artefact
of ‘contamination’ from hand-to-nose contact or bioaerosols,
and that carriage is transient after short periods away from the
livestock production environment.31 32 35

The results of our study do not support the ‘contamination’
hypothesis. Similar to our findings, two previous studies have
observed persistence of MRSA carriage among pig farmers and
veterinarians. Köck et al34 reported 59% of 35 pig farmers per-
sistently carried MRSA spanning an average 10–12-day holiday.
Verkade et al33 observed persistent MRSA CC398 carriage
among 23% (32/137) and persistent MSSA carriage among 13%
(18/137) of Dutch pig and veal calf veterinarians over a 2-year
period. Since other studies have not reported MDRSA carriage
persistence, comparisons for this outcome are not possible.

Our findings differ from previous work examining persistence
of livestock-associated S. aureus among individuals exposed to

Figure 3 Distribution of clonal complex and tetracycline resistance among multidrug-resistant Staphylococcus aureus (MDRSA) isolated from 22
industrial hog operation workers in North Carolina over a 14-day study period, stratified by presence or absence of the scn gene (livestock
association). ^Isolates from participant 6 were methicillin-resistant S. aureus.
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industrial livestock production in multiple ways. First, we
observed a relatively low prevalence of carriage of MRSA
CC398 compared with previous studies of swine operation
workers.31–35 Second, we observed a relatively high prevalence
of CC9, a clone that has been described in livestock and live-
stock workers in Asia,27–29 36 but infrequently among livestock
workers in the USA.21 Ninety-eight per cent of CC9 isolates
were scn-negative (53/54). Our findings suggest that CC9 may
circulate within a livestock reservoir in the USA; however,
further research including animal sampling is needed to confirm
this hypothesis. Third, while most persistent carriers were colo-
nised with either CC398 or CC9, we observed greater hetero-
geneity in strain type among intermittent S. aureus carriers in
this study compared with intermittent carriers observed in other
studies.33–35

We used tetracycline resistance as a marker of livestock associ-
ation in a previous study of carriage of S. aureus among livestock
workers in North Carolina.21 We did not include tetracycline
resistance as a formal marker in the present study because its cap-
acity to distinguish human-adapted from livestock-associated S.
aureus has only been described in the literature within the
context of CC398.5 However, the tetracycline class of antibiotics
is the most widely used in food animal production in the USA;
5.6 million kg of tetracycline were sold for domestic use in food
animals in 2011.26 Consistent with knowledge about the use of
tetracycline in the USA, we observed a high degree of overlap
between tetracycline resistance and absence of scn (marker of
livestock association used). All tetracycline-resistant isolates
observed in this study (n=138) were scn-negative and most
(80%) belonged to CC398, with the remaining (20%) belonging
to CC9. There is emerging evidence of >95% tetracycline
resistance among CC9 isolates from livestock and livestock
workers in several Asian countries.27–29 36 We observed only
51% (27/53) of livestock-associated CC9 S. aureus isolates were
tetracycline-resistant. Further surveillance (of feed, animals, live-
stock workers and humans without livestock contact) from differ-
ent geographic locations may be required to determine the utility
of tetracycline resistance as an indicator of livestock association
beyond the scope of CC398. Continued efforts to identify and
validate potential markers of livestock association will aid in
improving the sensitivity and specificity of the definition of live-
stock association.

In the present study, as in others,33 34 we observed no change
in nasal carriage status for the various S. aureus end points,
including livestock-associated strains, following up to 96 h away
from work. This lack of an association may indicate that time
away from work is not related to loss of carriage in this popula-
tion; or, is due to study limitations. Specifically, the present
study was small; including 22 individuals with 14–15 sampling
points each (327 observations). Small numbers of individuals
experienced changes in S. aureus carriage states during the study
period, resulting in a sample size insufficient for repeated mea-
sures analysis. However, even within the small sample size we
were able to observe patterns of persistent, intermittent and
non-carriers of S. aureus, and livestock-associated S. aureus,
similar to reports from larger studies of individuals exposed to
livestock,33 35 hospital inpatients and the general population.16

We also only assessed one S. aureus isolate per nasal swab for
genotype, antibiotic resistance phenotype and absence of scn.
Assessment of only one isolate does not reflect the contempor-
aneous diversity of S. aureus that may occur within participants’
noses37 and may be responsible for some of our anomalous S.
aureus outcomes (eg, only one observation each of scn-negative
CC20 and scn-positive CC9). In addition, the design of the

study resulted in an up to 8-day holding time between self-
swabbing and laboratory analysis of nasal swabs. A S. aureus sur-
vival study revealed that this holding time may have resulted in
false-negative outcomes if swabs were inoculated with 102

colony forming units or fewer (see online supplementary file).
We allowed for one ‘false’ negative in our definition of persist-
ent carriers to reduce potential misclassification of carriage
states based on holding time. Allowing for one false negative
also accounted for potential error in self collection of nasal
swabs, a method that has been previously used and validated.38

Participants independently completed journal entries report-
ing daily work activities which were used as proxy measures of
exposure to S. aureus in the industrial hog production environ-
ment. Ideally, we would have complemented this exposure
information with samples from pigs and the barn environment
in order to increase the certainty that S. aureus detected among
participants was present in the livestock production environ-
ment. As the presence of S. aureus, and MRSA specifically, has
been known to vary between herds and operations,39 it is pos-
sible that our assumption that these proxy measures were repre-
sentative of exposure to S. aureus at work was incorrect.
Overall, misclassification of outcomes or exposures could have
introduced bias to our results. However, no evidence exists to
indicate that misclassification was differential with respect to
outcome or exposure.

Differences between our findings and other studies could be
related to several aspects of industrial swine production in
North Carolina. Prior studies of persistence of livestock-
associated S. aureus carriage included individuals with short-
term exposure31 32 or extended time away from livestock or
work.34 35 More than 2 days away from work was uncommon
in our study population and when it occurred, it was
unplanned. Workers reported that having 24 h away from work
more than 1–2 times/month was rare, precluding evaluation of
the effects of longer times away from work in this population.
Most pigs in North Carolina are owned by vertically-integrated
companies that determine the animals’ breed, feed and anti-
biotic administration, and they are often transported between
confinements dedicated to life stages of animal growth (eg, far-
rowing, wean-to-feeder, feeder-to-finish), all factors that could
affect animal carriage of S. aureus. Previous studies at industrial
hog operations in North Carolina have been conducted at spe-
cific operations with permission from corporate producers. Our
study was not conducted with corporate producers and there-
fore the generalisability of our findings is not restricted to the
types of operations that agree to participate in research.

Further work is needed to improve the state of knowledge
about the temporal dynamics of nasal carriage of livestock-
associated S. aureus, including MRSA and MDRSA, among live-
stock workers in the USA. Our findings suggest that a study
with a follow-up period longer than 2 weeks among a popula-
tion of workers with greater variability in time away from work
may be necessary to observe changes in nasal carriage of these
end points. Examining the temporal dynamics of nasal carriage
among a larger cohort is also necessary to evaluate measures of
association between carriage states and personal and work-
related characteristics or activities. In addition, to properly
evaluate the magnitude and severity of the public health risk
posed by livestock-associated S. aureus, livestock-associated
MRSA and livestock-associated MDRSA, research is needed to
determine whether there is an association between persistence
of nasal carriage of these bacteria and the occurrence of infec-
tions among industrial hog operation workers and their
contacts.
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Although further work is required, our findings lay an
important foundation for future efforts to examine the public
health implications of livestock-associated S. aureus nasal car-
riage. Our findings indicate that nasal carriage of livestock-
associated S. aureus, including MRSA and MDRSA, can persist
among industrial hog operation workers in the USA even during
periods away from industrial hog operation work. These find-
ings support the need for future surveillance studies of carriage
persistence and infection dynamics among livestock workers in
the USA.
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Figure S1. Graphical representation of the 14-day study design and data collection 
activities. 

1



2 

Detailed Methods and Results for S. aureus survival experiment 

Introduction 

Due to logistical constraints imposed by the design of this 14-day persistence study, participants’ 

self-collected nasal swabs were stored for up to eight days prior to laboratory analysis. In order 

to determine whether false negative swabs could result from an eight-day holding time, we 

conducted a Staphylococccus aureus survival experiment prior to beginning the study. In this 

experiment, we examined the effect of (a) holding times between one to ten days, (b) storage 

temperature, and (c) initial inoculation concentration on S. aureus survival.  

Methods 

Nasal Swab Seeding 

An outline of the study design is provided in Figure S2. On Day 0 of the study, we prepared two 

inoculation solutions with concentrations of 10
5
 colony forming units (CFUs)/ml and 10

3

CFU/ml, respectively, using freshly grown S. aureus (ATCC 25923) diluted in sterile phosphate 

buffered saline (PBS). Both solutions were quantified by overnight culture at 37°C on tryptic soy 

agar (TSA) prior to use.  Using sterile conditions, 63 BD BBL™ CultureSwabs™ were 

inoculated with 100 µl of the 10
5 

CFU/ml solution and 63 nasal swabs were inoculated with 100

µl of the 10
3
 CFU/ml solution. This resulted in a final concentration of 10

4
 CFU/swab among 63

nasal swabs, to mimic concentrations that may be detected among persistent nasal colonizers (1), 

and a final concentration of 10
2 

CFU/swab among the other 63 nasal swabs, to mimic

concentrations that may be detected among individuals whose nasal passages are contaminated 

with S. aureus.  

Three swabs seeded with 10
4
 CFU and three seeded with 10

2
 CFU were immediately quantified

using procedures described below, in order to obtain baseline counts. For the remaining 120 

swabs, half of the swabs seeded with 10
4
 CFU (n=30) and half of the swabs seeded with 10

2

CFU (n=30) were stored at room temperature (25°C), in ambient light. The remaining 60 swabs 

were stored at 4-8°C.  
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Quantification of S. aureus on seeded nasal swabs 

We assayed three swabs from each of the four experimental groups (Figure S2) on days 1 

through 10.  Swabs were clipped into 500 µl of PBS and vortexed for 30-60 seconds at high 

speed. 100 µl of the neat sample and serial 10-fold dilutions there-of were spread on TSA plates 

using a sterilized spreader and incubated for 24 hours at 37°C. Colonies with S. aureus 

morphology were counted manually or by a destructive counter. The detection limit using this 

method was 5 S. aureus CFU/swab. 

Statistical Analyses 

We examined the effect of storage time on S. aureus survival by constructing time series curves 

for each initial inoculation concentration. To assess the effect of storage temperature on S. 

aureus survival, we used unpaired, two-sided student t-tests and the Satterthwaite approximation 

to evaluate the hypothesis that the average S. aureus CFU/swab recovered from refrigerated 

swabs was equivalent to the average S. aureus CFU/swab recovered from swabs stored at room 

temperature (Ho: µ1=µ2) for each day elapsed. We evaluated this hypothesis separately for each 

initial inoculation concentration. All analyses were conducted using SAS version 9.3 (SAS 

Institute, Cary, NC). 

Results 

Ten-day survival curves for S. aureus seeded onto nasal swabs at concentrations of 10
4
 CFU and

10
2
 CFU are presented in Figure S3. S. aureus was recovered throughout the ten-day period

from swabs seeded with 10
4
 CFU, regardless of storage temperature. However, S. aureus was

only consistently recovered (S. aureus CFU/swab ≥ detection limit for all three replicates) from 

swabs seeded with 10
2
 CFU through days 1-4.

The effect of storage temperature on survival of S. aureus was unclear among swabs inoculated 

with 10
2
 CFU. However, among swabs inoculated with 10

4
 CFU, we observed that storage at 4-

8°C resulted in greater survival of S. aureus compared to storage at room temperature. This 

effect was statistically significant at p=0.05 on day 5 and after day 7 (Table S1).    
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Conclusions 

We conclude that swabs inoculated with 10
4 

CFU or higher will reliably be detected by culture

following a holding time of up to eight days whether stored at 4-8°C or 25°C. However, swabs 

inoculated with 10
2 

CFU or lower may not be reliably detected by culture after five or more days

of storage whether stored at 4-8°C or 25°C. To minimize S. aureus die-off before laboratory 

analysis, we determined that nasal swabs should be stored at 4-8°C following participant self-

collection.  



Figure S2. Outline of S. aureus survival study design. 
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Figure S3. Survival of S. aureus seeded onto nasal swabs over a ten-day period. 
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Table S1. Differences in survival of S. aureus seeded onto nasal swabs when stored at room 

temperature (25°C) versus refrigeration (4-8°C) over a 10-day period.  

 

a
p-value comparing mean S. aureus CFU/swab recovered from swabs stored at room temperature 

versus refrigeration using unpaired, two-sided student t-test and the Satterthwaite approximation. 
b
p-value cannot be computed because observations are too few or because there is not enough 

variation among observations within a group.   

*Statistically significant difference in survival at the 0.05 level. 

  

 S. aureus CFU/swab 

 10
4
 10

2
 

Day p-value
a
 p-value

a
 

1 0.1697 0.1790 

2 0.8112 1.000 

3 0.0549 0.4226 

4 0.1442 1.000 

5 0.0458* 0.6244 

6 0.5254 -
b
 

7 0.0119* - 

8 0.0162* - 

9 0.0401* - 

10 0.0054* - 
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Detailed methods for S. aureus detection and susceptibility testing 

 

Detection of S. aureus and MRSA 

Upon arrival in the laboratory, swabs were inoculated into 10 ml of Mueller-Hinton broth 

containing 6.5% NaCl, then incubated overnight at 37°C. To isolate presumptive S. aureus, a 

loopful of Mueller-Hinton broth was streaked onto Baird Parker and CHROMagar™ Staph 

aureus media (BD, Franklin Lakes, NJ) and incubated at 37°C for 24 hours. Both media were 

used in parallel to increase detection of S. aureus from our study population.(2) Colonies with 

morphological characteristics of S. aureus were confirmed through catalase testing, tube 

coagulase testing with rabbit plasma (BD BBL
TM

, Franklin Lakes, NJ), and multiplex PCR 

detection of a Staphylococcus-specific region of the 16S rRNA gene and the S. aureus-specific 

nuc gene.(3)  S. aureus isolates that were positive for mecA were classified as MRSA.  

 

Approximately one-third of swabs collected were not immediately processed upon arrival at 

UNC due to time and labor constraints. Immediately upon receipt, these swabs were shipped 

overnight at 4°C to Johns Hopkins University (JHU) and archived in tryptic soy broth with 20% 

glycerol (w/v) at -80°C. After approximately four months of storage at -80°C, swabs were 

thawed and assessed for S. aureus and MRSA using the same procedures as above. Laboratory 

protocols and training of personnel were identical in both labs. We observed no systematic 

differences in the data produced.  

 

Antibiotic susceptibility testing 

One isolate from each S. aureus-positive nasal swab was assessed for susceptibility to 12 classes 

of antibiotics: aminoglycosides, β-lactams, cephalosporins, floroquinolones, glycopeptides, 

lincosamides, macrolides, oxazolidones, rifamycin, streptogramins, sulfonamide/methoprim, and 

tetracyclines (see Table S2 for a listing of antibiotics used).  Among S. aureus isolates identified 

at UNC-Chapel Hill (n=151), the Kirby-Bauer disk diffusion method was used to assess 

susceptibility to all given antibiotic classes except glycopeptides (assessed using brain heart 

infusion agar supplemented with 5 mg/L teicoplanin. (4)) Diameter interpretations were based on 

Clinical and Laboratory Standards Institute (CLSI) guidelines. (5)  Inducible clindamycin 

resistance was evaluated in erythromycin-resistant isolates using the D-zone test (6). Among S. 
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aureus isolates identified at Johns Hopkins University (n=67), the Phoenix Automated 

Microbiology System (BD Diagnostic Systems, Sparks, MD) was used to assess susceptibility to 

all 12 antibiotic classes.(7) Testing was completed by the Clinical Microbiology Laboratory at 

the Johns Hopkins Hospital. 

 

Molecular analyses 

The staphylococcal protein A (spa) gene was amplified and sequenced for one isolate from each 

S. aureus-positive nasal swab using methods described previously.(8) All isolates were 

characterized by spa typing using the Ridom Staph Type standard protocol 

(http://www.ridom.com) and the Ridom SpaServer (http://spa.ridom.de/index.shtml). The 

putative clonal complex (CC) to which each spa type belonged was inferred based on the 

existing literature. Isolates that could not be assigned to a putative CC with a high degree of 

certainty based on spa type and the existing literature alone were additionally analyzed by 

multilocus-sequence typing (MLST) (9). For these isolates, CCs were determined using eBURST 

(version 3; http://eburst.mlst.net) and the stringent group definition (6/7 shared alleles).(10)  

 

We used PCR to determine whether the scn gene was absent from S. aureus isolates.(11) We also 

used PCR to determine whether the tet(M) gene was present among S. aureus isolates, as tet(M) 

is a proposed marker of livestock association among CC398 isolates, specifically.(12) Both 

targets were assessed simultaneously in one isolate from each S. aureus-positive nasal swab 

using a novel duplex PCR assay (the same isolate for which we tested antibiotic 

susceptibility).(13) 

 

 

 

 

 

 

 

 

http://eburst.mlst.net/
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Table S2. Antibiotics used for susceptibility testing of S. aureus isolates 

Antibiotic class Antibiotic tested 

aminoglycosides gentamicin 

β-lactams ampicillin 

 
oxacillin 

 
penicillin 

cephalosporins ceftriaxone 

floroquinolones ciprofloxacin
a
 

 
gatifloxacin

a
 

 
levofloxacin

a
 

 moxifloxacin
b
 

glycopeptides teicoplanin
a
 

 vancomycin
b
 

lincosamides clindamycin 

macrolides erythromycin 

oxazolidones linezolid 

rifamycin rifampin 

streptogramins quinupristin/dalfopristin 

sulfonamide/methoprim sulfamethoxazole/ trimethoprim 

tetracycline tetracycline 

 minocycline
b
 

a
Tested at UNC-Chapel Hill only  

b
Tested at Johns Hopkins only 
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Additional Results 

Table S3. Distribution of spa types, MLST results, and putative CCs among S. aureus isolated 

from 22 industrial hog operation workers in North Carolina over a 14-day study period, stratified 

by absence of the scn gene. 

a) scn-negative S. aureus 

spa type MLST CC
a
 N

b
 References 

t034 --- 398 61 (14) 

t337 --- 9 47 (15) 

t12116
c
 398 398 28 --- 

t5883 398 398 14 --- 

t571 --- 398 8 (14) 

t2582 --- 398 3 (16) 

t1430 --- 9 5 (17) 

t4652 398 398 1 --- 

t3446 9 9 1 --- 

t2963 20 20 1 --- 

 

b) scn-positive S. aureus 

spa type MLST CC
a
 N

b
 References 

t008 --- 8 15 (18) 

t021 --- 30 15 (18) 

t363 30 30 7 --- 

t2963 20 20 6 --- 

t346 --- 15 3 (19) 

t5026 72 8 1 --- 

t878 779
c
 779 1 --- 

t8890 9 9 1 --- 
a
CC was inferred from spa type based on the existing literature unless a putative CC could not be 

assigned with a high degree of certainty based on spa type and the existing literature alone. If 

this was the case, MLST was performed and CC assignment was based on MLST results. 
b
N refers to the number of S. aureus isolates detected with the given spa type. 

c
Novel genotype.  
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Livestock-associated S. aureus, MRSA, MDRSA 

We used absence of scn as a marker of livestock-association. All CC398 isolates (115/115), 98% 

of CC9 isolates (53/54), and 14% of CC20 isolates (1/7) were scn-negative. We observed greater 

within-person heterogeneity in strain type among participants carrying scn-positive S. aureus at 

every S. aureus-positive time point than among participants carrying scn-negative S. aureus at 

every S. aureus-positive time point. Tetracycline resistance was associated with presence of 

tet(M) for 85% of tetracycline-resistant isolates (117/138); specifically, for 100% of CC398 

isolates (111/111) and 22% of CC9 isolates (6/27) demonstrating phenotypic resistance to 

tetracycline (data not shown).  
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Table S4. Distribution of antibiotic resistance profiles of S. aureus isolated from 22 industrial hog operation workers in North 

Carolina over a 14-day study period 

 

  Participants Isolates 

Category Resistance phenotype N=22
a,b

 % N=218 % 

Susceptible  -- 1 4.5 3 1.4 

Single-drug resistant β-lactams 9 40.9 63 28.9 

Double-drug resistant tetracyclines, β-lactams 4 18.2 38 17.4 

 macrolides, β-lactams 1 4.5 3 1.4 

 lincosamides, β-lactams 1 4.5 1 0.5 

Multidrug resistant lincosamides, macrolides, β-lactams 3 13.6 10 4.6 

 cephalosporins, tetracyclines, β-lactams 1 4.5 5 2.3 

 floroquinolones, tetracyclines, β-lactams 1 4.5 1 0.5 

 lincosamides, macrolides, tetracyclines, β-lactams 6 27.3 76 34.9 

 floroquinolones, macrolides, tetracyclines, β-lactams 1 4.5 1 0.5 

 floroquinolones, lincosamides, macrolides, tetracyclines, β-lactams 2 9.1 12 5.5 

 
aminoglycosides, lincosamides, macrolides, tetracyclines, β-

lactams 

1 4.5 5 2.3 

a 
N refers to the number of participants who carried S. aureus demonstrating the specified resistance pattern at least once over the 14-

day sampling period. 
b 

Numbers do not sum to 22 because some individuals were colonized with S. aureus demonstrating more than one antibiotic 

resistance pattern over the sampling period. 
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