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Abstract

Occupational exposure to swine has been associated with increased Staphylococcus aureus 
carriage, including antimicrobial-resistant strains, and increased risk of infections. To characterize 

animal and environmental routes of worker exposure, we optimized methods to identify S. aureus 
on operations that raise swine in confinement with antibiotics (industrial hog operation: IHO) 

versus on pasture without antibiotics (antibiotic-free hog operation: AFHO). We associated 

findings from tested swine and environmental samples with those from personal inhalable air 

samplers on worker surrogates at one IHO and three AFHOs in North Carolina using a new One 

Health approach. We determined swine S. aureus carriage status by collecting swab samples from 

multiple anatomical sites, and we determined environmental positivity for airborne bioaerosols 
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with inhalable and impinger samplers and a single-stage impactor (ambient air) cross-sectionally. 

All samples were analyzed for S. aureus, and isolates were tested for antimicrobial susceptibility, 

absence of scn (livestock marker), and spa type. Seventeen of twenty (85%) swine sampled at the 

one IHO carried S. aureus at >1 anatomical sites compared to none of 30 (0%) swine sampled at 

the three AFHOs. All S. aureus isolates recovered from IHO swine and air samples were scn 
negative and spa type t337; almost all isolates (62/63) were multidrug resistant. S. aureus was 

recovered from eight of 14 (67%) ambient air and two (100%) worker surrogate personal air 

samples at the one IHO, whereas no S. aureus isolates were recovered from 19 ambient and six 

personal air samples at the three AFHOs. Personal worker surrogate inhalable sample findings 

were consistent with both swine and ambient air data, indicating the potential for workplace 

exposure. IHO swine and the one IHO environment could be a source of potential pathogen 

exposure to workers, as supported by the detection of multidrug-resistant S. aureus (MDRSA) with 

livestock-associated spa type t337 among swine, worker surrogate personal air samplers and 

environmental air samples at the one IHO but none of the three AFHOs sampled in this study. 

Concurrent sampling of swine, personal swine worker surrogate air, and ambient airborne dust 

demonstrated that IHO workers may be exposed through both direct (animal contact) and indirect 

(airborne) routes of transmission. Investigation of the effectiveness of contact and respiratory 

protections is warranted to prevent IHO worker exposure to multidrug-resistant livestock-

associated S. aureus and other pathogens.
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1. Introduction

There is growing evidence that working with swine is associated with higher Staphylococcus 
aureus exposures, including carriage of methicillin-resistant S. aureus (MRSA) and 

multidrug-resistant S. aureus (MDRSA), and increased risk of clinical disease (Hatcher, et 

al. 2016; Nadimpalli, et al. 2015; Nadimpalli, et al. 2016; Rinsky, et al. 2013; Smith and 

Wardyn 2015; Wardyn, et al. 2015; Ye, et al. 2016a). The majority of studies focused on S. 
aureus in swine worker populations have investigated the concordance of S. aureus strains 

from swine and workers (Cui, et al. 2009; Denis, et al. 2009; Dorado-Garcia, et al. 2015; 

Hau, et al. 2015; Khanna, et al. 2008; Lewis, et al. 2008; Oppliger, et al. 2012; Sinlapasorn, 

et al. 2015; Smith, et al. 2009; van Cleef, et al. 2014) and others have investigated 

environmental routes of contamination or dispersal of S. aureus within hog operations 

(Agerso, et al. 2014; Bos, et al. 2016; Ferguson, et al. 2016; Friese, et al. 2012; Gibbs, et al. 

2006; Hau, et al. 2015; van Cleef, et al. 2014). A number of prior studies have employed an 

ad hoc One Health approach, defined as an evaluation of animals, humans, and their shared 

environments at the same time (Grontvedt, et al. 2016; Pletinckx, et al. 2013; Schmithausen, 

et al. 2015; van Cleef, et al. 2011; van den Broek, et al. 2009). While such an approach 

provides critical evidence for both direct and indirect routes of exposure to workers, to our 

knowledge, no prior U.S. study has concurrently evaluated S. aureus in swine and from farm 

environments in the context of a personal worker exposure assessment. In making this 
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assessment, we applied a formal One Health approach using recently-developed standards 

for study design and reporting of evidence (Davis, et al. 2017).

Occupational exposures to swine in the U.S. may occur in industrial settings that involve 

raising swine in high densities inside confinement buildings with non-therapeutic and 

therapeutic antibiotic inputs (hereafter, industrial hog operation [IHO]) or on open pasture in 

low densities without the use of antibiotics (hereafter, antibiotic-free hog operation 

[AFHO]), which serves an emerging consumer market for antibiotic-free pork. The AFHO 

workplace setting has not been well evaluated to date. Given the limited One Health data 

regarding occupational exposures to S. aureus and other microbial exposures among swine 

and personnel working at IHOs or AFHOs in the U.S., we aimed to characterize direct 

(animal) and indirect (environmental) routes of worker exposure to S. aureus of livestock 

origin (hereafter, livestock-associated S. aureus) on hog operations with differing antibiotic 

use practices (IHO vs. AFHO), and to optimize methods for sample collection on these 

operations.

2. Materials & Methods

2.1 Study design

This was a pilot study conducted in July 2015 with convenience sampling of hog production 

operations in North Carolina, which is the second-largest hog producing state in the U.S. 

(NASS 2015). One IHO and three AFHOs were selected on the basis of availability and 

operator interest in participation in this study. IHO and AFHO were defined in accordance 

with prior evaluation (Rinsky, et al. 2013). Low-density, pasture-based hog operations that 

reported use of antibiotics in animals whose products were intended for consumer sale were 

excluded. AFHOs were included if antibiotics were never used or if antibiotics were only 

used in animals whose products were not intended for consumer sale. As confirmed by 

interviews with AFHO farmers, in cases where antibiotic treatment was used to maintain 

animal welfare, sick pigs would be quarantined for treatment purposes and meat from these 

pigs would not be sold to consumers. Therefore, all herds that were sampled in this study 

were neither administered antibiotics nor were they in close contact with treated pigs. The 

design and reporting of this study were performed in accordance with COHERE standards 

for One Health epidemiologic studies (Davis, et al. 2017); the inference of the study was to 

the human health domain via surrogate worker data (personal airborne samples from 

investigators performing animal handling activities).

2.2 Characterization of facilities

Workers or hog operation managers were surveyed regarding whether and how antimicrobial 

drugs were used in their herds in order to confirm IHO (conventional) and AFHO 

(antibiotic-free) status. Specific information on the type, frequency, and dosage of antibiotics 

used on the IHO and AFHOs in this study was not available to the research team. 

Additionally, in the U.S., publicly-available antibiotic use data are only reported in aggregate 

at the federal level.
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2.3 Animal sampling

To assess direct worker exposures from animal contact, swine were sampled on each facility 

(a priori, n=20 swine from the larger IHO, and 10 swine from each of the smaller AFHOs, 

for a total n=30 AFHO swine). At least three animals from each available swine age cohort 

(e.g. farrow sow, piglet, weaner, etc.) per facility were selected for sampling. Early 

discussions with potential producers suggested that use of animal handling equipment (such 

as chutes, boards or snares) could be a barrier to participation, as use of these items can 

cause stress to swine. Hence, swine restraint for sampling was limited on each farm to that 

suggested by each producer. A veterinarian conducted or directly supervised all sampling. 

Copan E-swabs were used for collection. Swine were swabbed in the right nare, right side of 

the mouth (lingual/palatal mucosa), skin behind the right ear, right perineal mucosa, and any 

observed skin lesion site (e.g. dermatitis, wound) to be consistent with strategies used in 

prior studies for animal sampling (Iverson, et al. 2015). (The contralateral (left) side was 

sampled using other techniques for microbiome assessment; microbiome results are not 

reported here.) If other livestock were present and accessible in the vicinity of a swine 

cohort, these animals were sampled with farmer permission and according to IACUC 

protocol (JH SP13H232) in order to better characterize all potential animal (direct) sources 

of S. aureus to workers. Personnel wore disposable Tyvek™ Micro-Clean coveralls (DuPont, 

USA), Kleenguard boot covers (Kimberly-Clark, Roswell, GA, USA), and sterile gloves for 

sampling.

2.4 Settled dust sampling

To assess indirect surface exposures to workers, dry electrostatic cloths (Swiffer™ Proctor & 

Gamble) were used to collect settled dust from 30x30cm horizontal or vertical surfaces 

inside barns or around pastures, as previously described (Davis, et al. 2012; Peterson, et al. 

2012). Additional field blanks (cloths handled without sampling) were collected on each 

operation as a quality control step to ensure that handling alone did not contaminate the 

cloths.

2.5 Ambient air sampling

To assess indirect airborne worker exposures, ambient air was sampled at worker height (90–

150cm off the ground). Air samples were collected using three methods: inhalable sample 

cassettes (Button sampler®, SKC Inc.) loaded with 25mm gelatin filters (Sartorius, 

Germany), sterile all-glass impingers (BioSampler®, SKC Inc and AGI-30, ACE glass Inc) 

with 20 ml sterile 1× PBS as collection media, and a single stage Andersen impactor (N6, 

Thermo Scientific, Inc) with CHROMagar™ Staph aureus plates. Inhalable samplers were 

run using personal sampling pumps (AirCheck 5000, SKC Inc) calibrated at 4 L/min. Air 

flow through the impingers (12.5 L/min) and impactor (28.3 L/min) was drawn through oil-

less vacuum pumps (VP0435A, MEDO USA). All flow rates were calibrated before 

sampling, and confirmed at the end of the sampling period using an electronic flow 

calibrator (Bios Defender 530, SKC Inc). Inhalable button samplers are designed to collect 

aerosols smaller than 100 μm; impingers and impactors are designed to collect bioaerosols 

between ~0.5 μm and ~20 μm in aerodynamic diameter. All area samplers (inhalable 

samplers, impingers and impactors) were placed side-by-side in a location between 3 and 6 
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meters downwind of the ventilation exhaust fans (IHO) or swine pasture (AFHO). Two 

inhalable area button samplers were clipped to a lab stand or tree branch at a slightly 

downward angle (to avoid direct impaction) and were activated for between 80 and 100 

minutes. Impingers were activated for between 40 and 60 minutes, while carefully 

monitoring that an adequate volume of 1x PBS (~10 mL) remained in the reservoir. Since 

we had no information of potential S. aureus concentrations in the air a priori, Andersen 

impactor samples were designated for sequential collection at 5, 10 and 20 minutes.

2.6 Personal samples from worker surrogates

To assess personal worker exposures during performance of work-like activities, 

investigators conducting animal sampling served as worker surrogates and wore breathing-

zone personal monitors during sampling. Inhalable button samplers loaded with 25 mm 

gelatin filters were clipped to the front strap of a personal backpack (CamelBak Products, 

LLC, Petaluma, CA) containing the personal sampling pump (AirCheck 5000, SKC Inc). 

The pump was calibrated at 4 L/m, wrapped in noise-dampening material (Acoustic 

Polyurethane foam, McMaster-Carr), and put inside the backpack before being worn by 

investigators. Personal samplers were activated for 120 to 150 minutes (2–2.5 hours) 

according to the duration of activity by investigators conducting animal sampling.

2.7 Air sample field processing

At the termination of each run (within 10 min), all inhalable button sampler filters were 

aseptically placed in tubes containing 6ml sterile 1x PBS, the volume of remaining impinger 

fluid was recorded and pipetted into sterile tubes, and agar plates from the single stage 

impactor were capped and sealed with parafilm. All samples were stored in an ice-pack-

chilled cooler and transported to the laboratory at the University of North Carolina (UNC), 

and analyzed within five hours.

2.8 Microbial culture of isolates from swine swabs and electrostatic cloths

Swine swabs and electrostatic cloths of settled dust were subjected to double-enrichment 

broth culture using a method previously described and validated for harmonized assessment 

of human, animal and environmental samples (Davis, et al. 2012; Davis, et al. 2016). This 

method provides selective enrichment for both methicillin-susceptible (MSS) and 

methicillin-resistant staphylococci (MRS), with identification of coagulase-positive 

staphylococci (CPS) according to tellurite reduction and lecithinase activity on Baird-Parker 

agar.

2.9 Characterization of isolates from swine swabs and electrostatic cloths

S. aureus species was confirmed using a multiplex PCR assay that amplifies species-specific 

segments of the nuclease gene (nuc) (Sasaki, et al. 2010). Isolates were screened for 

presence of a universal mecA/C sequence, with ATCC43300 used as mecA positive and 

LGA251 used as mecC positive controls (Garcia Alvarez, et al. 2011) and for presence of 

the scn gene (van Wamel, et al. 2006). Absence of the scn gene is considered a marker of 

livestock-association (Price, et al. 2011). Confirmed S. aureus isolates were spa-typed as 

previously described (DTU 2009; Shopsin, et al. 1999). Antimicrobial susceptibility testing, 
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including to gentamicin, ampicillin, oxacillin, penicillin, cefoxitin, moxifloxacin, 

vancomycin, clindamycin, daptomycin, erythromycin, nitrofurantoin, linezolid, rifampin, 

quinupristin/dalfopristin, sulfamethoxazole/trimethoprim, tetracycline and minocycline, was 

performed using the BD Phoenix system (BD Diagnostics, Sparks, MD).

2.10 Microbial culture of isolates from air samples

Upon arrival at the laboratory, inhalable button sampler and impinger samples were 

processed by membrane filtration and direct spread-plating. CHROMagar™ Staph aureus 

plates from Andersen impactors were immediately incubated at 37°C for 24 hours. Prior to 

filtration, gelatin filters from inhalable button samplers were dissolved in 6 mL of 1x PBS 

by placing the storage tubes in a water bath (35°C) for 5 minutes and vortexing to mix, 

based on the manufacturer’s instructions (SKC). Approximately 5 ml of 1x PBS from each 

inhalable button sampler and impinger sample was then filtered through 47 mm diameter, 

0.45 μm pore size polycarbonate filters (HTTP, Millipore Corporation, Bedford, MA) using 

sterile filter funnels, a six-place filter manifold, and sterile 1x PBS as a laboratory blank. All 

filters were transferred onto CHROMagar™ Staph aureus plates and incubated for 24 hours 

at 37°C. After incubation, if inhalable button sampler or impinger plates were overgrown or 

uncountable, the sample was diluted by either filtering 1mL of the remaining sample (stored 

overnight at 4°C) or by directly plating up to 100 μL of remaining sample onto 

CHROMagar™ Staph aureus using a steel cell spreader sterilized with 70% ethanol and 

flame. Presumptive S. aureus colonies (pink to mauve in color) that grew from inhalable 

button sampler, impinger and impactor plates were counted and streaked to isolation until 

pure. Pure colonies were then streaked onto Tryptic Soy Agar (TSA) with 5% sheep blood 

(Remel Laboratories, Lenexa, KS) and incubated at 37°C for 24 hours. Finally, all pure 

colonies were stored in 1 mL Brain Heart Infusion Broth (BHIB) supplemented with 15% 

glycerol at −80°C for future molecular analyses and antibiotic resistance testing.

2.11 Characterization of isolates from air samples

DNA was extracted from archived presumptive S. aureus isolates using a crude DNA 

extraction (Reischl, et al. 2000). Multiplex polymerase chain reaction (PCR) was performed 

to amplify five genes of interest, including: spa, mecA, mecC, pvl (lukF-PV) and scn. 

Positive controls included LGA251 (positive for mecC) and a clinical MRSA isolate 

(positive for spa, mecA, pvl and scn) (Stegger, et al. 2012). The spa gene was sequenced and 

spa typing was performed using the Ridom StaphType software and the Ridom SpaServer 

(http://spa.ridom.de/index.shtml), and spa-negative isolates were re-tested by PCR using a 

primer set that detects the species-specific femA gene (Paule, et al. 2010), similar to Hatcher 

et al. (Hatcher, et al. 2016). If an isolate was positive for spa or femA, it was considered S. 
aureus.

Antimicrobial susceptibility testing was conducted at UNC by Kirby Bauer disc diffusion for 

the following antibiotics: amoxicillin, ciprofloxacin, cefoxitin, clindamycin, erythromycin, 

gentamycin, levofloxacin, lincomycin, linezolid, penicillin, quinuprisin/dalfopristin, 

rifampin, spectinomycin, sulfamethoxazole/trimethoprim, and tetracycline. The panel, which 

differed slightly from that used for testing of swine isolates, included antibiotics that are sold 

exclusively for use in humans (e.g., levofloxacin, rifampin), food-producing animals (e.g., 
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spectinomycin, lincomycin), or both (e.g., tetracycline) (FDA 2016). Isolates were classified 

as non-susceptible (resistant or intermediately resistant) or as susceptible per the CLSI 

guidelines (CLSI 2012; CLSI 2014). For spectinomycin and lincomycin, CLSI guidelines do 

not currently exist, and therefore isolates were classified as non-susceptible to these 

antibiotics if they exhibited complete resistance (S. aureus growth up to the edge of the disc) 

and as susceptible otherwise. To detect erythromycin-resistant isolates with induced 

clindamycin resistance, the D-zone test was used (Steward, et al. 2005). For ease in 

interpretation, non-susceptible (resistant or intermediately-resistant) isolates are reported in 

the results and tables as resistant.

2.12 Definition of MDRSA and MRSA

S. aureus isolates were classified as multidrug resistant S. aureus (MDRSA) if they were 

completely resistant to three or more classes of antibiotics (Magiorakos, et al. 2014) and as 

methicillin-resistant S. aureus (MRSA) if they were positive for either mecA or mecC or 

phenotypically non-susceptible to cefoxitin according to the Clinical and Laboratory 

Standards Institute (CLSI) Approved Standard M100-S23.

2.13 Statistical analysis

Descriptive and comparative analyses were performed in Stata 13.1 (Stata Corp, College 

Station, TX). Calculation of single and combination anatomical site test sensitivity was 

conducted as previously described (Iverson, et al. 2015). Briefly, swine were defined as 

positive if a confirmed S. aureus was recovered from any anatomical site; any site positive 

was used as the gold standard for calculation of test sensitivity for each individual site and 

lesion sites were excluded from this analysis.

2.14 Study team

The study team—who contributed to the design, conduct, analysis and interpretation of the 

work—included experts in occupational and environmental health, environmental 

microbiology, industrial hygiene, veterinary medicine, and molecular epidemiology. The 

team consulted extensively with participants and related stakeholders from both 

conventional and antibiotic-free swine facilities before, during, and after sampling.

2.15 Regulatory oversight

Johns Hopkins University and North Carolina State University IACUC boards approved this 

study. Johns Hopkins Bloomberg School of Public Health Institutional Review Board 

approved the human sampling in this study (IRB00005253).

3. Results

3.1 Facility characteristics

Table 1 provides an overview of the one IHO and three AFHOs, including total numbers of 

animals in each production stage. Antibiotic use was not reported among sampled swine on 

the AFHOs. All animal and environmental sampling was performed on the same day for 
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each operation, and all operations (the one IHO and three AFHOs) were sampled during the 

same week under nearly-identical weather conditions.

3.2 IHO Environment

In the morning, IHO air monitoring was conducted in and around a mechanically-ventilated 

farrowing barn; each farrowing room consisted of 12 individual, bow-bar farrowing crates 

that measured 1.5 m wide by 2.5 m long. The operation of one 14” variable speed fan; two 

18” single speed fans; a propane heater; and the cool cell were coordinated through a single 

control panel with the goal of keeping the ambient temperature at 72°F within the room. 

Waste was removed via an underslat flush system that was flushed every 4 hours with fresh 

water. In the afternoon, IHO air monitoring was conducted outside between the farrow barn 

and an adjacent, mechanically-ventilated nursery barn; nursery rooms consisted of six 

elevated pens measuring 1.82 m × 1.82 m on each side of a central walkway. The operation 

of one 14” variable speed fan; one 18” single speed fan; and the propane heater was 

coordinated through a single control panel that modified the indoor temperature according to 

the age of the swine. All sampling was performed during daytime hours with sunny weather 

conditions and no strong prevailing winds.

3.3 AFHO Environments

AFHO air monitoring was conducted immediately adjacent (<3m) to the fence of an outdoor 

pasture designated by the producer to be a typical or primary cohort for the operation. On 

two of three AFHOs, the sampling occurred in a semi-forested environment. No fans or 

other forms of mechanical ventilation were in use. All sampling was performed during 

daytime hours with sunny weather conditions and no strong prevailing winds.

3.4 Animal S. aureus results

According to animal disposition and availability of restraint options, samples were obtained 

from one or more sites from 20 swine at the one IHO and 30 swine, one ovine (sheep), one 

bovine (steer), three gallines (chickens), and four canines (dogs) from the three AFHO 

farms. Typically, no restraint was used for AFHO swine sampling. Considering the core 

anatomical sites sampled (nares, mouth, ear skin, perineum), 176 of an expected 200 swabs 

(88%) were collected from 50 swine. An additional five swabs from lesion sites also were 

collected. From all swabs, 37 confirmed S. aureus isolates were recovered representing 28 

unique anatomical sites and 17 unique swine. All S. aureus-positive swine were from the one 

IHO and all swine S. aureus isolates belonged to spa type t337. All but one S. aureus isolate 

were scn-negative (three scn-negative and one scn-positive S. aureus isolates were recovered 

from one swine). One AFHO ovine (sheep) was positive for S. aureus spa type t034 at the 

mouth site. No swine, other livestock or canines were S. aureus-positive on the AFHOs; 

however the bovine (steer) and gallines (poultry) were sampled at only one site each, i.e. the 

nares and cloaca, respectively.

Table 2 illustrates the anatomical site-specific prevalence and anatomical site sensitivity for 

S. aureus carriage among swine and indicates that the mouth was the most sensitive single 

site for sampling to determine if a swine was positive. However, sampling the mouth alone 

classified only 53% of positive swine correctly. Sampling the nares and mouth was the most 
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sensitive combination of two sites (87% sensitivity); the second-most sensitive combination 

of two sites was the mouth and perineum (80% sensitivity).

Nearly all swine isolates (97% of 37) were multi-drug resistant S. aureus (MDRSA), defined 

as resistance to three or more classes of antimicrobials, and all positive swine carried 

MDRSA. Rates of resistance (non-susceptibility) were: clindamycin, 100%; erythromycin, 

100%; ampicillin, 97%; penicillin, 97%; tetracycline, 43%; gentamicin, 3%; cefoxitin, 0%; 

daptomycin, 0%, linezolid, 0%, minocycline, 0%; moxifloxacin, 0%; nitrofurantoin, 0%; 

oxacillin, 0%; quinupristin-dalfopristin, 0%; rifampin, 0%; trimethoprim-sulfamethoxazole, 

0%; and vancomycin, 0%. No MRSA were identified, as indicated by 0% resistance to 

cefoxitin and PCR confirmation.

3.5 Settled dust S. aureus results

Nine environmental surface samples were collected from the conventional farm, and 13 were 

collected among the three pasture farms (three, six, and four, respectively) based on 

availability of surfaces to sample. None of these surfaces was positive for S. aureus.

3.6 Ambient air S. aureus results

Air samples collected at the one IHO facility were positive for S. aureus, while no air 

samples from the AFHO facilities were positive for S. aureus (see Table 3a). All S. aureus 
isolates (n=24 isolates) recovered from ambient air at the one IHO were multidrug resistant 

(MDRSA), lacked the scn gene and belonged to spa type t337 (see Table 3b). Ambient air 

isolates exhibited resistance (non-suceptibility) to the following antibiotics: erythromycin 

(100%, 24/24), penicillin (100%, 24/24), spectinomycin (100%, 24/24), clindamycin (67%, 

16/24) and tetracycline (21%, 5/24). Air isolates were fully susceptible to all other 

antibiotics in the panel, including cefoxitin, which indicates that no MRSA were present. 

Table 4 provides sampling times, air volumes, and S. aureus concentration ranges for each 

type of air sample. The highest outdoor S. aureus concentrations (61 CFU/m3) were 

measured with the Andersen single stage impactor during the afternoon sampling outside 

between the farrowing and nursery barns. Running the Andersen impactor for five minutes 

was determined to be adequate under existing conditions to yield samples above the limit of 

detection of the method. However, because the CHROMagar™ Staph aureus plates were 

unable to fully inhibit growth of non-S. aureus bacteria, samples run for 10-20 minutes often 

yielded plates with an ideal countable range of S. aureus colonies (20-200 CFU), but plates 

that were simultaneously overgrown (>300 CFUs) with non-S. aureus colonies, which may 

have inhibited S. aureus growth and led to an underestimation of S. aureus concentrations 

(CFU/m3).

3.7 Personal air sample

S. aureus results from worker surrogates—Filters from the personal inhalable 

samplers were run during the period of sample collection from swine, which was 

approximately equivalent to two hours on each operation. Both personal air samples 

collected at the one IHO were positive for S. aureus (7 and 9 CFU/m3 respectively); none of 

the personal air samples (two each on three operations) from the AFHOs were positive for S. 
aureus. Similar to the ambient air samples, S. aureus isolates recovered from personal 
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inhalable samplers at the one IHO were also multidrug-resistant, lacked the scn gene, 

belonged to spa type t337, and exhibited resistance (non-susceptibility) to erythromycin, 

penicillin, and spectinomycin (100%, 2/2). However, both of the isolates were susceptible to 

tetracycline (see Table 3).

4. Discussion

Findings from this cross-sectional pilot study, which employed a One Health approach, 

suggest that routes of exposure to S. aureus for U.S. hog workers can include direct swine 

contact and indirect exposure via air inside (personal worker surrogate air samples) and 

directly outside (ambient air samples) confinement barns. S. aureus with spa type t337 was 

identified among 85% (17 of 20) swine on the one IHO but not among any of the swine on 

the three pasture-based AFHOs. Ambient and personal air samples from the one IHO also 

were positive for S. aureus with spa type t337, which matched the spa type of S. aureus 
found among the swine. S. aureus with spa type 337 has previously been associated with 

multi locus-sequence type clonal complex (CC) 9 (Larsen, et al. 2012) and with CC398 (Sun 

2016). Both CC9 and CC398 are well-characterized livestock-associated S. aureus lineages 

(Hasman, et al. 2010; Price, et al. 2011; van Loo, et al. 2007; Ye, et al. 2016b). None of the 

swine or air samples collected at the AFHO facilities were positive for S. aureus, which 

improves the evidence for test specificity (individual samples negative on an operation 

where all samples were negative). MDRSA spa type t337 strains were identified in both 

swine and air samples on the one IHO.

Given that MDRSA spa type t337 strains also were recovered from personal inhalable air 

samplers, which represent the breathing zone of worker surrogates conducting sampling 

activities with the swine, the work environment is a likely source of livestock-associated S. 
aureus and MDRSA for workers at this facility. This conclusion is further supported by prior 

studies which identified that 10-30% of IHO workers carried t337 at one or more time 

points, whereas only 0–1% of household members or community referents carried this strain 

(Hatcher, et al. 2016; Nadimpalli, et al. 2016; Rinsky, et al. 2013). Further, all isolates were 

scn-negative, indicating likely animal (rather than human) adaptation and implicating swine 

as the source of S. aureus exposure to workers. Prior studies have linked environmental 

contamination of swine production facilities to higher risk for nasal carriage of livestock-

associated, antimicrobial-resistant S. aureus among swine production workers (Bos, et al. 

2016; Schmithausen, et al. 2015). Given that this pilot study was cross-sectional, which 

limits causal inference, future studies will need to employ longitudinal evaluation to assess 

whether exposure results in transmission of S. aureus to worker populations.

A key aim of this work was to optimize methods for animal and environmental sampling for 

future studies in this population. For animal sampling, the mouth was the most sensitive 

single site for detection of S. aureus but classified only 53% of positive pigs correctly. A 

combination of two sites (nares and mouth) provided enhanced sensitivity, classifying 87% 

of positive swine correctly. Site-specific sensitivity calculated from the reported data of 

Linhares et al., who evaluated swine on two IHOs in Minnesota, suggested that nares alone 

classified 75% of swine correctly, and skin and tonsil sites each classified 68% of swine 

correctly; combination-site sensitivity could not be calculated from the reported data 
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(Linhares, et al. 2014). Single anatomical site-specific carriage prevalence rates in our pilot 

study were slightly lower than those of Linhares et al. (Linhares, et al. 2014). We sampled 

multiple anatomical sites per animal for swine and found that swine carried the same strain 

regardless of anatomical site sampled. We only detected one spa-type from one farm in our 

study, and it is possible that anatomical carriage of S. aureus on swine may vary according to 

both strain and host (swine) characteristics. It is also possible that pig herds that share the 

same confinement and environment also share one dominant S. aureus strain and that—if we 

had sampled additional IHOs—we would have found different dominant strains on different 

IHOs. Further, swine, like humans, may carry S. aureus intermittently (Espinosa-Gongora, et 

al. 2015). Therefore, it is important for future studies that may be carried out among 

different swine breeds or may identify different S. aureus strains both cross-sectionally and 

over time to confirm whether the finding of the mouth as the most sensitive site for S. aureus 
recovery from positive swine remains consistent.

None of the environmental surface samples was positive for S. aureus. This was unexpected 

given the literature on potential for settled dust and/or surfaces in the vicinity of positive 

animals to be contaminated (Agerso, et al. 2014; Bos, et al. 2016; Broens, et al. 2011; Friese, 

et al. 2012; Peterson, et al. 2012; Pletinckx, et al. 2013) and given that the protocol used in 

this study employs a non-selective enrichment arm as well as an antimicrobial-selective 

enrichment arm and was adapted from EFSA guidelines for identification of MRSA from 

swine confinement facilities (Davis, et al. 2012; Davis, et al. 2016; EFSA 2010). False-

negatives have been noted previously with the antimicrobial-selective enrichment arm in the 

context of MRSA detection (Larsen, et al. 2017). In addition, it is possible that the protocol 

performance is weaker for S. aureus including MDRSA than for MRSA strain detection 

under settings where other staphylococcal species are prevalent and possibly dominant. 

Numerous non-aureus staphylococci, including S. sciuri, S. epidermidis, S. simulans, and S. 
lentus were identified from IHO swine (data not shown), which may be shed into the 

environment. If these more resistant non-S. aureus staphylococci are differentially selected 

during broth-enrichment culture of surface dust samples, rarer S. aureus may be missed. 

Future studies may consider elution of the cloth samples into a buffered non-enrichment 

solution to allow for direct plating of aliquots via dilution or may consider microfluidic 

technologies or metagenomic techniques to address this potential challenge. Alternately, 

another inhibitor, such as a bactericidal chemical, could have contributed to this finding. 

Finally, it is possible, although unlikely given the positive air samples, that settled dust in the 

one IHO environment did not harbor viable S. aureus.

For ambient air sampling under IHO conditions, five minutes was determined to be sufficient 

to recover airborne S. aureus and to have total colonies of all bacteria countable without 

dilution when using an Andersen impactor, in which air is mechanically directed onto the 

surface of an agar plate. No S. aureus isolates were recovered from any samples at the 

AFHOs, however a sample time of longer than 20 minutes for the Andersen Impactor is not 

recommended due to drying of the agar. Two prior U.S. studies have evaluated airborne S. 
aureus or MRSA using similar equipment (Ferguson, et al. 2016; Gibbs, et al. 2006). Our 

finding of concentrations of S. aureus as high as 61.3 CFU/m3 in ambient air downwind of 

barn ventilation exhaust is similar to the mean MRSA concentrations of 63 CFU/m3 

observed in similar downwind samples collected as part of a recent study outside a 
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Midwestern U.S. nursery-grower swine production facility (Ferguson, et al. 2016). The 

Midwestern U.S. study also used short sampling times, from 5 s to 5 min, and identified that 

antimicrobial-resistant S. aureus followed a declining gradient from 25m to 150m downwind 

of a 1,000-sow confinement operation (Gibbs, et al. 2006). A prior Danish study reported 

use of a filter-based technique and a 15-minute sampling window; however this study 

produced only binary detection versus non-detection outcomes, not CFU concentrations 

(Agerso, et al. 2014). A prior German study did not report sampling times but did add 

glycerol to the impinger solution to “extend the sampling time” and detected a median of 

151 CFU/m3 MRSA at 50-150m downwind (Schulz, et al. 2012).

The major limitation of this work is that animal and environmental specimens were collected 

from a convenience group of operations and not from the facilities where IHO workers were 

employed in our prior epidemiologic studies of IHO and AFHO workers (Hatcher, et al. 

2016; Nadimpalli, et al. 2015; Nadimpalli, et al. 2016; Rinsky, et al. 2013). In these studies, 

given the potential for employer retribution against workers participating in research studies, 

de-coupling of worker-workplace sampling was necessary to ensure worker anonymity. 

Further, animal and environmental specimens were collected here to perform pilot 

assessment of One Health methods to characterize the potential for hog worker S. aureus 
exposures; therefore, results are based on limited sampling at a small number of operations 

and may not be generalizable to other facilities. The lack of S. aureus among swine and 

environmental samples collected at AFHO facilities could represent low prevalence of S. 
aureus among AFHO swine or could be due to selection bias. For example, it is possible that 

AFHOs less likely to be impacted by S. aureus were more likely to volunteer for this study. 

It is also possible that differences in our microbial culture techniques for air samples (no 

enrichment) compared to our swine and settled dust samples (double-enrichment) could 

have biased results, particularly for recovery of resistant organisms. Such bias could explain 

differences in prevalence of tetracycline resistance (non-susceptibility) between air and 

swine samples. Therefore, a key finding of this pilot study was the need for better 

harmonization of culture techniques among the different types of samples (e.g., subjecting 

an aliquot of medium from air samples to double-enrichment culture in parallel to the CFU 

technique described here, or direct plating of swine and surface sample aliquots prior to 

enrichment). Finally, lack of overlap in the distribution of swine age cohorts across the 

operations, as shown in Table 1, prevented an analysis of potential confounding by age 

cohort, which could represent another potential source of bias. Regardless, this work 

demonstrates the feasibility for collection of animal, air, environmental surface, and personal 

worker monitoring samples on IHO and pasture-based AFHOs.

IHO workers may be exposed to S. aureus via airborne routes on positive operations, and 

multidrug-resistant strains can be detected in the worker breathing zone. Given that a prior 

study in the NC IHO worker population found that consistent mask use was associated with 

lower nasal carriage of scn-negative S. aureus (Nadimpalli, et al. 2016), further investigation 

of risk factors for transmission and the effectiveness of both contact and respiratory 

protections to prevent livestock-associated S. aureus and other pathogen exposure among 

IHO hog workers is warranted. Although our findings are consistent with other studies that 

suggest the importance of air and direct animal contact as pathways of IHO worker S. aureus 
exposure, our study was small. Confirmation of this finding and determination of a potential 
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lower risk of workplace exposures to livestock-associated S. aureus on AFHOs require 

future studies that systematically investigate a larger number of IHOs and AFHOs. Given 

that we detected airborne MDRSA with spa type t337 near the outflow of existing barn 

vents, future studies also are needed to investigate the potential for community exposure via 

airborne environmental pathways.

5. One Health Contribution

The One Health approach to characterize hog worker exposures allowed concurrent 

assessment of both direct and indirect routes of livestock-associated S. aureus transmission. 

Because S. aureus carriage and environmental contamination can be time-varying, 

concurrent assessment reduced bias. Compared to the alternative, which would have been 

conduct of two separate studies (worker-animal and worker-environment), concurrent 

assessment resulted in time savings of four days for at least three study personnel (including 

the PI), resulted in time savings of one day each for farmers, and resulted in cost savings for 

travel. The One Health approach, bringing together multiple disciplines, also required joint 

leadership and coordination among several institutions and organizations. The study team 

concluded that while this required more extensive communication and planning, the 

scientific benefits outweighed the cost.

6. Conclusion

Our recovery of a specific strain of S. aureus (MDRSA with spa type t337) from animals, 

ambient air, and worker breathing zone samples collected at one U.S. IHO provides insights 

into potential occupational exposure routes and may guide future studies to identify worker 

protections to reduce the potential for S. aureus exposure.

Acknowledgments

We are grateful to the farm owners and managers for their invaluable and participatory contributions to this work. In 
addition, we thank Dr. Karen Carroll for her assistance with microbiological testing and evaluation.

Funding Information

Funding for this study was provided by E.W. “Al” Thrasher Award 10287 from the Thrasher Research Fund and 
National Science Foundation grant 1316318 as part of the joint NSF-National Institutes of Health (NIH)-US 
Department of Agriculture (USDA) Ecology and Evolution of Infectious Diseases program. The Johns Hopkins 
NIOSH ERC also provided support for portions of this work. CDH was supported by Thrasher Award 10287 and 
NIOSH Grant 1K01OH010193-01A1. MFD was supported by NIH ORIP grant 1K01OD019918. NP was 
supported by the National Institute of Environmental Health Sciences (NIEHS) award 5T32ES007141-32. SMR 
was supported by NSF award 1316318. DCL was supported by the Johns Hopkins Center for a Livable Future with 
a gift from the GRACE Communication Foundation. The funders had no role in study design, data collection and 
interpretation, or the decision to submit the work for publication.

References

Agerso Y, Vigre H, Cavaco LM, Josefsen MH. 2014; Comparison of air samples, nasal swabs, ear-skin 
swabs and environmental dust samples for detection of methicillin-resistant Staphylococcus aureus 
(MRSA) in pig herds. Epidemiol Infect. 142:1727–1736. [PubMed: 24229727] 

Bos MEH, Verstappen KM, van Cleef BAGL, Dohmen W, Dorado-Garcia A, Graveland H, Duim B, 
Wagenaar JA, Kluytmans JAJW, Heederik DJJ. 2016; Transmission through air as a possible route 

Davis et al. Page 13

Environ Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of exposure for MRSA. Journal of Exposure Science and Environmental Epidemiology. 26:263–
269. [PubMed: 25515375] 

Broens EM, Graat EAM, Engel B, van Oosterom RAA, van de Giessen AW, van der Wolf PJ. 2011; 
Comparison of sampling methods used for MRSA-classification of herds with breeding pigs. Vet 
Microbiol. 147:440–444. [PubMed: 20727686] 

CLSI. 2014Performance standards for antimicrobial susceptibility testing: twenty-fourth international 
supplement. :M100–S25.

CLSI. Performance Standards for Antimicrobial Susceptibility Testing (M100-S21). Clinical and 
Laboratory Standards Institute; 2012. 

Cui S, Li J, Hu C, Jin S, Li F, Guo Y, Ran L, Ma Y. 2009; Isolation and characterization of methicillin-
resistant Staphylococcus aureus from swine and workers in China. J Antimicrob Chemother. 
64:680–683. [PubMed: 19684078] 

Davis MF, Baron P, Price LB, Williams DL, Jeyaseelan S, Hambleton IR, Diette GB, Breysse PN, 
McCormack MC. 2012; Dry collection and culture methods for recovery of methicillin-susceptible 
and methicillin-resistant Staphylococcus aureus strains from indoor home environments. Appl 
Environ Microbiol. 78:2474–2476. [PubMed: 22286979] 

Davis MF, Hu B, Carroll KC, Bilker WB, Tolomeo P, Cluzet VC, Baron P, Ferguson JM, Morris DO, 
Rankin SC, Lautenbach E, Nachamkin I. 2016; Comparison of culture-based methods for 
identification of colonization with methicillin-resistant and methicillin-susceptible Staphylococcus 
aureus in the context of cocolonization. J Clin Microbiol. 54:1907–1911. [PubMed: 27122377] 

Davis MF, Rankin SC, Schurer JM, Cole S, Conti L, Rabinowitz P, COHERE Expert Review Group. 
2017; Checklist for One Health Epidemiological Reporting of Evidence (COHERE). One Health. 
4:14–21. [PubMed: 28825424] 

Denis O, Suetens C, Hallin M, Catry B, Ramboer I, Dispas M, Willems G, Gordts B, Butaye P, 
Struelens MJ. 2009; Methicillin-resistant Staphylococcus aureus ST398 in swine farm personnel, 
Belgium. Emerging Infectious Diseases. 15:1098–1101. [PubMed: 19624929] 

Dorado-Garcia A, Dohmen W, Bos MEH, Verstappen KM, Houben M, Wagenaar JA, Heederik DJJ. 
2015; Dose-response relationship between antimicrobial drugs and livestock-associated MRSA in 
pig farming. Emerging Infectious Diseases. 21:950–959. [PubMed: 25989456] 

DTU. 2009Protocol for spa typing: Community Reference Laboratory - Antimicrobial Resistance. 

EFSA. 2010; Analysis of the baseline survey on the prevalence of methicillin-resistant Staphylococcus 
aureus (MRSA) in holdings with breeding pigs, in the EU, 2008. Part B: factors associated with 
MRSA contamination of holdings EFSA Journal. 8:1597.

Espinosa-Gongora C, Dahl J, Elvstrom A, van Wamel WJ, Guardabassi L. 2015; Individual 
predisposition to Staphylococcus aureus colonization in pigs on the basis of quantification, 
carriage dynamics, and serological profiles. Appl Environ Microbiol. 81:1251–1256. [PubMed: 
25501475] 

FDA. 20162015 Summary Report on Antimicrobials Sold or Distributed for Use in Food-Producing 
Animals. 

Ferguson DD, Smith TC, Hanson BM, Wardyn SE, Donham KJ. 2016Detection of airborne 
methicillin-resistant Staphylococcus aureus inside and downwind of a swine building, and in 
animal feed: Potential occupational, animal health, and environmental implications. J Agromed. 

Friese A, Schulz J, Hoehle L, Fetsch A, Tenhagen B, Hartung J, Roesler U. 2012; Occurrence of 
MRSA in air and housing environment of pig barns. Vet Microbiol. 158:129–135. [PubMed: 
22386671] 

Garcia Alvarez L, Holden M, Lindsay H, Webb CR. 2011; Meticillin-resistant Staphylococcus aureus 
with a novel mecA homologue in human and bovine populations in the UK and Denmark: a 
descriptive study. The Lancet infectious diseases. 11:595–603. [PubMed: 21641281] 

Gibbs SG, Green CF, Tarwater PM, Mota LC, Mena KD, Scarpino PV. 2006; Isolation of antibiotic-
resistant bacteria from the air plume downwind of a swine confined or concentrated animal 
feeding operation. Environ Health Perspect. 114:1032–1037. [PubMed: 16835055] 

Grontvedt CA, Elstrom P, Stegger M, Skov RL, Skytt Andersen P, Larssen KW, Urdahl AM, Angen O, 
Larsen J, Amdal S, Lotvedt SM, Sunde M, Bjornholt JV. 2016; Methicillin-resistant 
Staphylococcus aureus CC398 in humans and pigs in Norway: A “One Health” perspective on 

Davis et al. Page 14

Environ Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



introduction and transmission. Clinical infectious diseases : an official publication of the Infectious 
Diseases Society of America. 63:1431–1438. [PubMed: 27516381] 

Hasman H, Moodley A, Guardabassi L, Stegger M, Skov RL, Aarestrup FM. 2010; Spa type 
distribution in Staphylococcus aureus originating from pigs, cattle and poultry. Vet Microbiol. 
141:326–331. DOI: 10.1016/j.vetmic.2009.09.025. [PubMed: 19833458] 

Hatcher SM, Rhodes SM, Stewart JR, Silbergeld E, Pisanic N, Larsen J, Jiang S, Krosche A, Hall D, 
Carroll KC, Heaney CD. 2017; The prevalence of antibiotic-resistant Staphylococcus aureus nasal 
carriage among industrial hog operation workers, community residents, and children living in their 
households: North Carolina, USA. Environ Health Perspect. 125:560–569. [PubMed: 28362266] 

Hau SJ, Sun J, Davies PR, Frana TS, Nicholson TL. 2015; Comparative prevalence of immune evasion 
complex genes associated with beta-hemolysin converting bacteriophages in MRSA ST5 isolates 
from swine, swine facilities, humans with swine contact, and humans with no swine contact. PLoS 
ONE. 10:e0142832–13. [PubMed: 26554919] 

Iverson SA, Brazil AM, Ferguson JM, Nelson K, Lautenbach E, Rankin SC, Morris DO, Davis MF. 
2015; Anatomical patterns of colonization of pets with staphylococcal species in homes of people 
with methicillin-resistant Staphylococcus aureus (MRSA) skin or soft tissue infection (SSTI). Vet 
Microbiol. 176:202–208. [PubMed: 25623014] 

Khanna T, Friendship R, Dewey C, Weese JS. 2008; Methicillin resistant Staphylococcus aureus 
colonization in pigs and pig farmers. Vet Microbiol. 128:298–303. [PubMed: 18023542] 

Larsen J, Imanishi M, Hinjoy S, Tharavichitkul P, Duangsong K, Davis MF, Nelson KE, Larsen AR, 
Skov RL. 2012; Methicillin-resistant Staphylococcus aureus ST9 in pigs in Thailand. PLoS One. 
7:e31245. [PubMed: 22363594] 

Larsen J, Sunde M, Islam MZ, Urdahl AM, Barstad AS, Larsen AR, Grontvedt CA, Angen O. 2017; 
Evaluation of a widely used culture-based method for detection of livestock-associated meticillin-
resistant Staphylococcus aureus (MRSA), Denmark and Norway, 2014 to 2016. Euro Surveill. 
22:10.

Lewis HC, Molbak K, Reese C, Aarestrup FM, Selchau M, Sorum M, Skov RL. 2008; Pigs as source 
of methicillin-resistant Staphylococcus aureus CC398 infections in humans, Denmark. Emerging 
Infectious Diseases. 14:1383–1389. [PubMed: 18760004] 

Linhares LL, Yang M, Sreevatsan S, Munoz-Zanzi C, Torremorell M, Davies PR. 2014; The effect of 
anatomic site and age on detection of Staphylococcus aureus in pigs. J Vet Diagn Invest. 27:55–60.

Magiorakos AP, Srinivasan A, Carey RB, Carmeli Y, Falagas ME, Giske CG, Harbarth S, Hindler JF, 
Kahlmeter G, Olsson-Liljequist B, Paterson DL, Rice LB, Stelling J, Struelens MJ, Vatopoulos A, 
Weber JT, Monnet DL. 2014; Multidrug-resistant, extensively drug-resistant and pandrug-resistant 
bacteria: an international expert proposal for interim standard definitions for acquired resistance. 
Clinical microbiology and infection : the official publication of the European Society of Clinical 
Microbiology and Infectious Diseases. 18:268–281.

Nadimpalli M, Rinsky JL, Wing S, Hall D, Stewart J, Larsen J, Nachman KE, Love DC, Pierce E, 
Pisanic N, Strelitz J, Harduar-Morano L, Heaney CD. 2015; Persistence of livestock-associated 
antibiotic-resistant Staphylococcus aureus among industrial hog operation workers in North 
Carolina over 14 days. Occup Environ Med. 72:90–99. [PubMed: 25200855] 

Nadimpalli M, Stewart JR, Pierce E, Pisanic N, Love DC, Hall D, Larsen J, Carroll KC, Tekle T, Perl 
TM, Heaney CD. 2016; Livestock-associated, antibiotic-resistant Staphylococcus aureus nasal 
carriage and recent skin and soft tissue infection among industrial hog operation workers. PloS 
one. 11:e0165713–16. [PubMed: 27851746] 

NAS. 2015Overview of the United States hog industry. 

Oppliger A, Moreillon P, Charriere N, Giddey M, Morisset D, Sakwinska O. 2012; Antimicrobial 
Resistance of Staphylococcus aureus Strains Acquired by Pig Farmers from Pigs. Appl Environ 
Microbiol. 78:8010–8014. [PubMed: 22961904] 

Paule SM, Pasquariello AC, Hacek DM, Fisher AG, Thomson RB Jr, Kaul KL, Peterson LR. 2010; 
Direct Detection of Staphylococcus aureus from Adult and Neonate Nasal Swab Specimens Using 
Real-Time Polymerase Chain Reaction. The Journal of Molecular Diagnostics. 6:191–196.

Peterson AE, Davis MF, Awantang G, Limbago B, Fosheim GE, Silbergeld EK. 2012; Correlation 
between animal nasal carriage and environmental methicillin-resistant Staphylococcus aureus 

Davis et al. Page 15

Environ Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



isolates at U.S. horse and cattle farms. Vet Microbiol. 160:539–543. DOI: 10.1016/j.vetmic.
2012.06.032 [PubMed: 22795260] 

Pletinckx LJ, Verhegghe M, Crombe F, Dewulf J, De Bleecker Y, Rasschaert G, Butaye P, Goddeeris 
BM, De Man I. 2013; Evidence of possible methicillin-resistant Staphylococcus aureus ST398 
spread between pigs and other animals and people residing on the same farm. Prev Vet Med. 
109:293–303. [PubMed: 23200313] 

Price LB, Stegger M, Hasman H, Aziz M, Larsen J, Andersen PS, Pearson T, Waters AE, Foster JT, 
Schupp J, Gillece J, Driebe E, Liu CM, Springer B, Zdovc I, Battisti A, Franco A, Zmudzki J, 
Schwarz S, Butaye P, Jouy E, Pomba C, Porrero MC, Ruimy R, Smith TC, Robinson DA, Weese 
JS, Arriola CS, Yu F, Laurent F, Keim P, Skov R, Aarestrup FM. 2011; Staphylococcus aureus 
CC398: Host Adaptation and Emergence of Methicillin Resistance in Livestock. mBio. 3:e00305–
11. e00305–11.

Reischl U, Linde HJ, Metz M, Leppmeier B, Lehn N. 2000; Rapid identification of methicillin-
resistant Staphylococcus aureus and simultaneous species confirmation using real-time 
fluorescence PCR. J Clin Microbiol. 38:2429–2433. [PubMed: 10835024] 

Rinsky JL, Nadimpalli M, Wing S, Hall D, Baron D, Price LB, Larsen J, Stegger M, Stewart J, Heaney 
CD. 2013; Livestock-associated methicillin and multidrug resistant Staphylococcus aureus Is 
present among industrial, not antibiotic-free livestock operation workers in North Carolina. PLoS 
ONE. 8:e67641. [PubMed: 23844044] 

Sasaki T, Tsubakishita S, Tanaka Y, Sakusabe A, Ohtsuka M, Hirotaki S, Kawakami T, Fukata T, 
Hiramatsu K. 2010; Multiplex-PCR method for species identification of coagulase-positive 
staphylococci. J Clin Microbiol. 48:765–769. DOI: 10.1128/JCM.01232-09. [PubMed: 20053855] 

Schmithausen RM, Schulze-Geisthoevel S, Stemmer F, El-Jade M, Reif M, Hack S, Meilaender A, 
Montabauer G, Fimmers R, Parcina M, Hoerauf A, Exner M, Petersen B, Bierbaum G, 
Bekeredjian-Ding I. 2015; Analysis of Transmission of MRSA and ESBL-E among Pigs and Farm 
Personnel. PloS one. 10:e0138173–23. [PubMed: 26422606] 

Schulz J, Friese A, Klees S, Tenhagen BA, Fetsch A, Rosler U, Hartung J. 2012; Longitudinal study of 
the contamination of air and of soil surfaces in the vicinity of pig barns by livestock-associated 
methicillin-resistant Staphylococcus aureus. Appl Environ Microbiol. 78:5666–5671. [PubMed: 
22685139] 

Shopsin B, Gomez M, Montgomery SO, Smith DH, Waddington M, Dodge DE, Bost DA, Riehman M, 
Naidich S, Kreiswirth BN. 1999; Evaluation of protein A gene polymorphic region DNA 
sequencing for typing of Staphylococcus aureus strains. J Clin Microbiol. 37:3556–3563. 
[PubMed: 10523551] 

Sinlapasorn S, Lulitanond A, Angkititrakul S, Chanawong A, Wilailuckana C, Tavichakorntrakool R, 
Chindawong K, Seelaget C, Krasaesom M, Chartchai S, Wonglakorn L, Sribenjalux P. 2015; 
SCCmec IX in meticillin-resistant Staphylococcus aureus and meticillin-resistant coagulase-
negative staphylococci from pigs and workers at pig farms in Khon Kaen, Thailand. J Med 
Microbiol. 64:1087–1093. [PubMed: 26296763] 

SKC, Gelatin Filters: Operating Instructions. Cat Nos. :225–9551. 225–9552.

Smith TC, Male MJ, Harper AL, Kroeger JS, Tinkler GP, Moritz ED, Capuano AW, Herwaldt LA, 
Diekema DJ. 2009; Methicillin-resistant Staphylococcus aureus (MRSA) strain ST398 is present 
in midwestern U.S. swine and swine workers. PloS one. 4:e4258. [PubMed: 19145257] 

Smith TC, Wardyn SE. 2015; Human Infections with Staphylococcus aureus CC398. Current 
Environmental Health Reports. 2:41–51. [PubMed: 26231241] 

Stegger M, Andersen PS, Kearns A, Pichon B, Holmes MA, Edwards G, Laurent F, Teale C, Skov R, 
Larsen AR. 2012; Rapid detection, differentiation and typing of methicillin-resistant 
Staphylococcus aureus harbouring either mecA or the new mecA homologue mecALGA251. 
Clinical microbiology and infection : the official publication of the European Society of Clinical 
Microbiology and Infectious Diseases. 18:395–400.

Steward CD, Raney PM, Morrell AK, Williams PP, McDougal LK, Jevitt L, Mcgowan JE, Tenover FC. 
2005; Testing for Induction of Clindamycin Resistance in Erythromycin-Resistant Isolates of 
Staphylococcus aureus. J Clin Microbiol. 43:1716–1721. [PubMed: 15814990] 

Sun J. 2016Characterization of Staphylococcus aureus at the Human-Swine Interface. 

Davis et al. Page 16

Environ Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



van Cleef BAGL, Graveland H, Haenen APJ, van de Giessen AW, Heederik D, Wagenaar JA, 
Kluytmans JAJW. 2011; Persistence of Livestock-Associated Methicillin-Resistant Staphylococcus 
aureus in Field Workers after Short-Term Occupational Exposure to Pigs and Veal Calves. J Clin 
Microbiol. 49:1030–1033. [PubMed: 21227986] 

van Cleef BA, van Benthem BH, Verkade EJ, van Rijen M, Kluytmans-van den Bergh MF, Schouls 
LM, Duim B, Wagenaar JA, Graveland H, Bos ME, Heederik D, Kluytmans JA. 2014; Dynamics 
of methicillin-resistant Staphylococcus aureus and methicillin-susceptible Staphylococcus aureus 
carriage in pig farmers: a prospective cohort study. Clin Microbiol Infect. 20:O764–71. [PubMed: 
24494859] 

van den Broek IVF, van Cleef BAGL, Haenen A, Broens EM, van der Wolf PJ, van den Broek MJM, 
Huijsdens XW, Kluytmans JAJW, van de Giessen AW, Tiemersma EW. 2009; Methicillin-resistant 
Staphylococcus aureus in people living and working in pig farms. Epidemiol Infect. 137:700–708. 
[PubMed: 18947444] 

van Loo I, Huijsdens X, Tiemersma E, de Neeling A, van de Sande-Bruinsma N, Beaujean D, Voss A, 
Kluytmans J. 2007; Emergence of methicillin-resistant Staphylococcus aureus of animal origin in 
humans. Emerg Infect Dis. 13:1834–1839. [PubMed: 18258032] 

van Wamel WJB, Rooijakkers SHM, Ruyken M, van Kessel KPM, van Strijp JAG. 2006; The Innate 
Immune Modulators Staphylococcal Complement Inhibitor and Chemotaxis Inhibitory Protein of 
Staphylococcus aureus Are Located on ¬†-Hemolysin-Converting Bacteriophages. J Bacteriol. 
188:1310–1315. [PubMed: 16452413] 

Wardyn SE, Forshey BM, Farina SA, Kates AE, Nair R, Quick MK, Wu JY, Hanson BM, O’Malley 
SM, Shows HW, Heywood EM, Beane-Freeman L, Lynch CF, Carrel M, Smith TC. 2015; Swine 
farming Is a risk factor for infection with and high prevalence of carriage of multidrug-resistant 
Staphylococcus aureus. Clin Infect Dis. 61:59–66. [PubMed: 25931444] 

Ye X, Fan Y, Wang X, Liu W, Yu H, Zhou J, Chen S, Yao Z. 2016a; Livestock-associated methicillin 
and multidrug resistant S. aureus in humans is associated with occupational pig contact, not pet 
contact. Sci Rep. 6:19184. [PubMed: 26755419] 

Ye X, Wang X, Fan Y, Peng Y, Li L, Li S, Huang J, Yao Z, Chen S. 2016b; Genotypic and phenotypic 
markers of livestock-associated methicillin-resistant Staphylococcus aureus CC9 in humans. Appl 
Environ Microbiol. 82:3892–3899. [PubMed: 27107114] 

Davis et al. Page 17

Environ Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• We characterized worker exposure on 1 industrial and 3 antibiotic-free hog 

operations

• Drug-resistant S. aureus was detected in hogs and air on the industrial hog 

operation

• Drug-resistant S. aureus was not detected on the antibiotic-free hog operations

• Future One Health studies should target worker safety strategies to reduce 

exposure
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Table 1

Characteristics of hog facilities, swine, and target worker populations.

Characteristic Industrial Hog Operation (IHO) Antibiotic-Free Hog Operation (AFHO)

Number of facilities 1 3

Type of facility Confinement Pasture-based

Total number of swine, average [range] 789 54 [21–75]

 Sows, average [range] 259 10 [3–18]

 Nursery/Weaner, average [range] 280 0

 Feeder/Finish, average [range] 0 42 [18–55]

Number of barns 4 0

Number of workers, average [range] 3 2 [2–3]
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Table 2
Staphylococcus aureus

carriage and anatomical site-level sensitivity among swine.

S. aureus carriage, N (%) Test sensitivityq

Combined n=50 AFHO swineo n=20 IHO swineo n=30 IHO swineo n=15

Overall (swine-level) 17 (34%) 17 (85%)p 0 (0%) 100% (ref)

 Nares 5 (12%)a 5 (28%)f 0 (0%)j 33%

 Mouth 8 (20%)b 8 (42%)g 0 (0%)k 53%

 Ear skin 8 (13%)c 8 (40%)h 0 (0%)l 40%

 Perineum 6 (13%)d 6 (30%)h 0 (0%)m 40%

 Skin lesion 1 (20%)e 1 (25%)i 0 (0%)n n/a

Samples were collected from one or more anatomical sites given swine disposition and availability of restraint options:

a
n=42 swabs;

b
n=41 swabs;

c
n=45 swabs;

d
n=48 swabs;

e
n=5 swabs;

f
n=18 swabs;

g
n=19 swabs;

h
n=20 swabs;

i
n=4 swabs;

j
n=24 swabs;

k
n=22 swabs;

l
n=25 swabs;

m
n=28 swabs;

n
n=1 swab;

o
Acronyms: IHO, Industrial Hog Operation (confinement) and AFHO, Antibiotic-Free Hog Operation (pasture);

p
37 S. aureus isolates were identified from 28 anatomical sites and all S. aureus were scn-negative t337 strains;

q
Limited to positive swine (n=15) with all sites tested (excluding the lesion site); the sensitivity for each anatomic site was calculated by dividing 

the number of animals positive at a single anatomic site by the number of animals positive at any anatomical site; only IHO swine were positive.
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Table 3a

Prevalence of S. aureus (sample and isolate level) collected from IHO and AFHO swine, facility environments, 

and worker surrogate samples

Sample levelb Isolate level

Sample N S. aureus n (%) Isolate N S. aureus n (%)

IHO swine 20 17 (85%) 203d 37 (18%)

IHO environment

 Area airbornea 14 8 (57%) 40e 24 (60%)

 Settled dust 9 0 (0%) 21d 0 (0%)

IHO worker surrogate

 Personal airbornea 2 2 (100%) 10e 2 (20%)

AFHO swine 30 0 (0%) 162d 0 (0%)

AFHO environment

 Area airbornea 19 0 (0%) 56e 0 (0%)

 Settled dust 13 0 (0%) 37d 0 (0%)

AFHO worker surrogate

 Personal airbornea 6 0 (0%) 33e 0 (0%)

IHO: Industrial Hog Operation; AFHO: Antibiotic-Free Hog Operation

a
Area airborne: Anderson, Inhalable (Button) Area, and Impinger (SKC and AGI-30) samplers; Personal airborne: Inhalable (Button) Personal 

samplers only; N.B. S. aureus was recovered from all sampler types at the one IHO.

b
A sample was considered S. aureus positive if at least one spa positive isolate was recovered from that sample;

c
MDRSA: multidrug resistant S. aureus; tet-R: tetracycline resistant (non-susceptible);

d
Total number of coagulase-positive staphylococci identified on Baird-Parker agar following broth-enrichment culture;

e
Total number of target and non-target isolates identified using CHROMagar Staph aureus plates, without enrichment
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