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Background: The distinction between livestock-associated and human-associated methicil
lin-resistant Staphylococcus aureus (MRSA) has become more and more blurred. This study 
aimed to reveal the transmission risk of livestock-associated and non-livestock-associated 
S. aureus (including MRSA and multidrug-resistant S. aureus [MDRSA]) by occupational 
pig exposure.
Methods: A total of 591 pig-exposed workers and 1178 non-exposed workers were enrolled 
in this study. All nasal S. aureus isolates were tested for antibiotic susceptibility and 
molecular characteristics. Logistic regression models were used to examine the dose– 
response relationships between occupational pig exposure and S. aureus carriage.
Results: Pig-exposed workers had significantly higher carriage rates of MRSA (OR=6.29, 
95% CI: 3.38~11.68) and MDRSA (OR=3.17, 95% CI: 2.03~4.96) than non-exposed work
ers. Notably, we found dose–response relationships between occupational pig exposure and 
MRSA or MDRSA carriage. Using genotypic and phenotypic markers for differentiating 
livestock-associated and non-livestock-associated S. aureus, we also revealed dose–response 
relationships occupational pig exposure and livestock-associated or non-livestock-associated 
S. aureus carriage.
Conclusion: Our findings provide sufficient epidemiological evidence for revealing the high 
transmission risk of livestock-associated S. aureus and the low transmission risk of non- 
livestock-associated S. aureus by occupational pig exposure.
Keywords: livestock, human, methicillin-resistant S. aureus, multidrug-resistant S. aureus, 
transmission

Introduction
Staphylococcus aureus, especially methicillin-resistant S. aureus (MRSA) have 
been regarded as a highly virulent pathogen in humans, causing a wide variety of 
diseases ranging from mild superficial skin infections to severe invasive infections 
such as toxic shock and sepsis.1–3 According to previous healthcare-associated 
exposure and molecular characteristics, human-associated MRSA has been classi
fied into healthcare-associated MRSA (HA-MRSA) and community-associated 
MRSA (CA-MRSA).4 Recently, the epidemiology of MRSA has changed with 
the increasing emergence of livestock-associated (LA) MRSA (LA-MRSA) clones 
in a variety of animals, from domesticated livestock to companion animals to wild 

Correspondence: Yangqun Liu; Xiaohua Ye  
School of Public Health, Guangdong 
Pharmaceutical University, 283# Jianghai 
Dadao, Haizhu District, Guangzhou, People’s 
Republic of China  
Tel +862034055355  
Email 136437677@qq.com; 
smalltomato@163.com

submit your manuscript | www.dovepress.com Infection and Drug Resistance 2021:14 173–184                                                              173

http://doi.org/10.2147/IDR.S290655 

DovePress © 2021 Liu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Infection and Drug Resistance                                                              Dovepress
open access to scientific and medical research

Open Access Full Text Article

In
fe

ct
io

n 
an

d 
D

ru
g 

R
es

is
ta

nc
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0003-4378-7600
mailto:136437677@qq.com
mailto:smalltomato@163.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com


animals.5,6 Therefore, ongoing surveillance is needed to 
detect changes in the epidemiology of S. aureus and 
MRSA infection in humans and animals.

The spread of LA-MRSA has become a serious health 
problem worldwide. Currently, the most worrying aspect 
of LA-MRSA appears to be the capability of spread to 
humans. Increasing reports have revealed that LA-MRSA 
clones may emerge in a variety of livestock-related work
ers with occupational livestock contact. For example, LA- 
MRSA CC9 isolated from pig-related workers (such as 
farm workers, slaughterhouse workers, and pig handlers) 
has been reported in most Asian countries,5,7 and LA- 
MRSA CC398 isolated from veterinarians and pig-related 
workers has been reported in North America and European 
countries.8,9 Moreover, persons living in livestock-dense 
communities had an increased risk for LA-MRSA carriage 
even if they lacked occupational contact with 
livestock.10,11 More worryingly, LA-MRSA emerged 
rapidly in hospitals during the past decade and there are 
ongoing outbreaks of invasive LA-MRSA infections in 
hospital patients.12–14 These findings suggest the risk of 
cross-species transmission of livestock-associated 
S. aureus (LA-SA) and LA-MRSA from livestock reser
voirs to humans.

Previous studies mainly focused on LA-MRSA CC398 
isolates in North America and European countries, but not 
much is known about LA-MRSA CC9, especially in 
China. At present, the potential risk and mechanism of 
LA-MRSA CC9 cross-species transmission is still uncer
tain, partly due to the lack of host-specific markers and 
detailed epidemiological investigations. Notably, host- 
specific markers may aid in differentiating LA-MRSA 
from human-associated MRSA. More and more studies 
have defined LA-MRSA based on molecular and pheno
typic characteristics, including the clonal complexes 
(CCs), immune evasion cluster (IEC) genes, and antimi
crobial resistance patterns. For example, LA-MRSA CC9 
predominates in most Asian countries, whereas CC398 is 
the overwhelmingly dominant lineage in Europe as well as 
Northern America, indicating that CC9 and CC398 may be 
useful molecular markers for livestock association.5,15 It 
has been noted that the IEC gene scn was found in human 
isolates but not in livestock isolates, suggesting that the 
scn gene is associated with human specificity.16,17 

Furthermore, tetracycline resistance was observed in 
100% LA-SA but absent from human-associated 
S. aureus,16,18 suggesting that tetracycline resistance may 
aid in determining the epidemiological origin of MRSA 

isolates. Therefore, this study used multiple phenotype- 
genotype markers to explore the frequency-risk and dura
tion–risk relationships between occupational pig exposure 
and S. aureus (including LA-SA and non-LA-SA) carriage 
in humans, so as to reveal the risk of cross-species 
transmission.

Methods
Ethics Statement
This study was approved by the Ethics Committee of 
Guangdong Pharmaceutical University and was conducted 
in accordance with the approved guidelines (No. 
2015–22). Before participating, written informed consent 
forms were obtained from all study participants or parents 
of participants under the age of 18 years. So this study 
complied with the Declaration of Helsinki.

Study Design and Population
This cross-sectional study was conducted from 
November 2013 to November 2014 in Guangdong 
Province, China. Briefly, a two-stage sampling process 
was used to obtain an independent, representative sample. 
First, four cities (Shenzhen, Dongguan, Jiangmen, and 
Foshan) were randomly sampled from a total of 21 cities 
in Guangdong province. Second, in each sampled city, 
a sample size of about 150 workers with occupational 
pig exposure (defined as the pig-exposed workers) were 
sampled from livestock-related venues including pig 
farms, slaughterhouses, and vet markets. At the same 
time, a sample size of about 300 workers without occupa
tional pig or livestock exposure (defined as the non- 
exposed workers) were sampled from biscuit factories 
and hardware factories in each sampled city. The eligibil
ity criteria for workers included: (1) being able to speak 
and understand Chinese; (2) being ≥15 years old; (3) not 
working at medical institutions; and (4) having no occupa
tional pig or livestock exposure for non-exposed workers. 
After obtaining informed consent, eligible participants 
were asked to complete a face-to-face questionnaire by 
trained interviewers. In all, there were 1769 workers 
sampled in this study, including 591 pig-exposed workers 
and 1178 non-exposed workers.

Bacterial Isolation and Identification
After completing the questionnaire, study personnel 
obtained a nasal swab from both nares of each study 
participant. Swabs were soaked into 7.5% NaCl 
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enrichment broth at 4°C during transportation and incu
bated at 35°C ± 1°C for 24 hours. Then, a loopful of the 
broth was streaked onto mannitol salt agar and incubated 
at 37°C for 24–48 hours. All presumptive S. aureus iso
lates were tested by colony morphology, gram staining 
reaction, β-hemolysis, catalase test, DNase test, tube coa
gulase tests, and polymerase chain reaction (PCR) assays 
for the carriage of the staphylococci 16S rRNA, nuc and 
mecA (or mecC) genes.19,20 S. aureus isolates were con
firmed based on the above-mentioned positive tests. 
S. aureus isolates with zone sizes of less than 21 mm for 
cefoxitin were identified as suspect MRSA and further 
confirmed by PCR for the mecA (or mecC) gene.

Antimicrobial Susceptibility Testing
All S. aureus isolates were tested for their susceptibility to 
antimicrobials by standard disk diffusion method, according 
to guidelines and breakpoints of the Clinical and Laboratory 
Standards Institute (CLSI).21 The antimicrobial disks tested 
were penicillin (10 units), trimethoprim-sulfamethoxazole 
(25 µg), clindamycin (2 µg), erythromycin (15 µg), tetracy
cline (30 µg), cefoxitin (30 µg), chloramphenicol (30 µg), 
rifampin (5 µg), quinupristin-dalfopristin (15 µg), gentami
cin (10 µg), ciprofloxacin (5 µg), and linezolid (30 µg) 
(Table S1). The S. aureus ATCC 29213 and S. aureus 
ATCC 25923 were included as a control. S. aureus isolates 
were classified as multidrug-resistant S. aureus (MDRSA) if 
they were MRSA isolates or non-susceptible (including both 
intermediate and resistant) to ≥3 classes of antimicrobials.22

Molecular Characterization
All S. aureus isolates were molecularly characterized by multi
locus sequence typing (MLST). The sequence types (STs) 
were assigned by comparing the DNA sequence obtained to 
known alleles at each locus in the MLST database (http:// 
saureus.mlst.net), and clonal complexes (CCs) were deter
mined using the eBURST algorithm (http://eburst.mlst.net).23 

All S. aureus isolates were also tested through PCR strategy for 
carriage of the scn gene, using previously described primers.24

Study Variables
The main outcome variables were antimicrobial resistance (the 
numbers of antimicrobial classes to which S. aureus isolates 
were resistant) and S. aureus carriage (eg, MRSA, MDRSA, 
LA-MRSA, non-LA-MRSA, LA-MDRSA, and non-LA- 
MDRSA). S. aureus isolates (including MRSA and 
MDRSA) were classified as LA isolates if they were CC9 

and negative for scn and resistant to tetracycline, and the 
others were classified as non-LA isolates.

The main independent variable was self-reported occupa
tional pig exposure, including binary exposure (yes or no), 
continuous frequency of exposure (hours of exposure per day), 
and continuous duration of exposure (years of exposure). 
These three independent variables were analyzed in three 
different models to explore binary associations, frequency– 
risk relationships, and duration–risk relationships, respec
tively. To determine the binary pig exposure, study participa
tions were asked whether they had been occupationally 
exposed to pigs (yes [defined as the pig-exposed workers] or 
no [defined as the non-exposed workers]). To determine the 
frequency and duration of pig exposure, pig-exposed workers 
were asked how many hours per day (frequency of exposure) 
and how many years (duration of exposure) they had been 
exposed to pigs. Covariates in this study were sex, age (15–24, 
25–34, 35–44, and ≥45 years), antibiotic use in the last month 
(yes or no), skin infections in the last month (yes or no), and 
hospitalization in the last month (yes or no).

Data Analysis
Categorical variables were compared by Pearson chi-squared 
(χ2) test. Univariable and multivariable logistic regression 
models were used to examine the potential relationships 
between occupational pig exposure and the risk of MRSA, 
MDRSA, LA-MRSA, non-LA-MRSA, LA-MDRSA, and 
non-LA-MDRSA carriage. When lack of occurrence of the 
outcome in one group (such as the case where all non- 
exposed workers are observed to have a negative outcome 
of LA-SA), exact logistic regression models were used to 
produce more-accurate inference. Univariable and multivari
able Poisson regression models were used to explore the 
potential relationships between occupational pig exposure 
and the average number of antimicrobial classes to which 
a S. aureus isolate was resistant (based on the CLSI defini
tion). Linear trends of livestock exposure were assessed by 
modeling frequency of exposure or duration of exposure as 
continuous variables (arithmetic or logarithmic scale) in the 
models, with a better fit for the model using the logarithmic 
scale. Based on a priori assumptions, all multivariable mod
els were adjusted for sex, age groups, antibiotic use in the last 
month, skin infections in the last month, and hospitalization 
in the last month by including these covariates into the 
model. All statistical analyses were performed using Stata 
14.0 version (StataCorp LP, College Station, Texas, USA). 
The logit command was used to fit the logistic regression 
model, the exlogistic command was used to fit the exact 
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logistic regression model, and the poisson command was 
used to fit the poisson regression model. Generally, a two- 
sided P-value of <0.05 was considered as being of statistical 
significance.

Results
Characteristics of Study Population
A total of 1769 participants were enrolled in this study 
(Table 1). Of those, 591 participants were pig-exposed work
ers with occupational pig exposure and 1178 were non- 
exposed workers without occupational pig or livestock 
exposure. Among 591 pig-exposed workers, the mean fre
quency of exposure (±standard deviation) was 8.5±2.2 hours 
per day with the median of 8 hours per day, and the mean 
duration of exposure was 6.9±7.4 years with the median of 
5.0 years. There were statistically significant differences 

between two groups with regard to gender (χ2=115.21, 
P<0.001), age (χ2=24.64, P<0.001), antibiotic use in the 
last month (χ2=5.88, P=0.015), and skin infections in the 
last month (χ2=78.16, P=0.015). The overall prevalence of 
S. aureus, MRSA and MDRSA nasal carriage among study 
participants were 10.7% (189/1769), 3.3% (59/1769) and 
5.4% (96/1769, including 59 MRSA isolates), respectively, 
and were significantly higher in pig-exposed workers than in 
non-exposed workers (13.5% vs 9.3%, χ2=7.57, P =0.006, 
for S. aureus; 7.3% vs 1.4%, χ2=42.75, P <0.001, for 
MRSA; 9.5% vs 3.4%, χ2=28.35, P <0.001, for MDRSA). 
There were similar significant differences of LA-MRSA 
(P <0.001), non-LA-MRSA (P <0.001), LA-MDRSA 
(P <0.001) and non-LA-MDRSA (P =0.005) between pig- 
exposed workers and non-exposed workers. All MRSA iso
lates carried the mecA gene, but all these isolates were 

Table 1 Demographic Characteristics of Study Population and Prevalence of S. aureus

Characteristics Total 
(n=1769)

Non-Exposed Workers 
(n=1178)

Pig-Exposed Workers 
(n=591)

χ2 P-value

Gender

Male 1134 (64.1) 653 (55.4) 481 (81.4) 115.21 <0.001
Female 635 (35.9) 525 (44.6) 110 (18.6)

Age (years)
15–24 198 (11.2) 138 (11.7) 60 (10.1) 24.64 <0.001

24–34 519 (29.3) 305 (25.9) 214 (36.2)

35–44 607 (34.3) 440 (37.4) 167 (28.3)
≥45 445 (25.2) 295 (25.0) 150 (25.4)

Antibiotic use in the last 
month

Yes 847 (47.9) 540 (45.8) 307 (52.0) 5.88 0.015

No 922 (52.1) 638 (54.2) 284 (48.0)

Skin infections in the last month

Yes 390 (22.0) 187 (15.9) 203 (34.3) 78.16 <0.001
No 1379 (78.0) 991 (94.1) 388 (65.7)

Hospitalization in the last month
Yes 68 (3.8) 44 (3.7) 24 (4.1) 0.11 0.737

No 1701 (96.2) 1134 (96.3) 567 (95.9)

Prevalence

S. aureus 189 (10.7) 109 (9.3) 80 (13.5) 7.57 0.006

MRSA 59 (3.3) 16 (1.4) 43 (7.3) 42.75 <0.001
MDRSA 96 (5.4) 40 (3.4) 56 (9.5) 28.35 <0.001

LA-MRSA 19 (1.1) 0 (0.0) 19 (3.2) 38.28 <0.001

Non- LA-MRSA 40 (2.3) 16 (1.4) 24 (4.1) 13.01 <0.001
LA-MDRSA 19 (1.1) 0 (0.0) 19 (3.2) 38.28 <0.001

Non- LA-MDRSA 77 (4.4) 40 (3.4) 37 (6.3) 7.76 0.005

Note: Values are expressed as number of participants (the proportion of participants surveyed), except where specified otherwise. 
Abbreviations: MRSA, methicillin-resistant S. aureus; MDRSA, multidrug-resistant S. aureus; LA-MRSA, livestock-associated methicillin-resistant S.aureus; non-LA-MRSA, non-livestock 
-associated methicillin-resistant S.aureus; LA-MDRSA, livestock-associated multidrug-resistant S. aureus; non-LA-MDRSA, non-livestock-associated multidrug-resistant S. aureus.
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absent of the mecC. Among 96 MDRSA isolates, the most 
common resistance pattern was non-susceptible to clinda
mycin, erythromycin, and tetracycline (Figure 1).

Group Differences in S. aureus Molecular 
Typing
Of 80 S. aureus isolates from 591 pig-exposed workers 
(Figure 2), the predominant genotypes were CC9 (19 

isolates, including 16 for ST9) and CC7 (19 isolates, includ
ing 18 for ST7), followed by CC6 (9 isolates), CC59 (6 
isolates), CC188 (5 isolates), and CC45 (5 isolates). Of 109 
S. aureus isolates from 1178 non-exposed workers 
(Figure 2), the most prevalent genotypes were CC7 (24 
isolates), CC6 (17 isolates), CC188 (15 isolates), and CC59 
(12 isolates). Comparing the molecular typing of S. aureus 
isolates between two groups, we found that LA-SA CC9 

Figure 1 Heat map showing antibiotic resistance profiles of all multidrug-resistant S. aureus isolates. 
Abbreviations: CLI, clindamycin; ERY, erythromycin; TET, tetracycline; CHL, chloramphenicol; SXT, trimethoprim-sulfamethoxazole; RD, rifampin; QD, quinupristin- 
dalfopristin; CIP, ciprofloxacin; GEN, gentamicin; FOX, cefoxitin; LZD, linezolid.
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isolates were mainly observed in pig-exposed workers, but 
human-associated S. aureus CC7/CC6/CC188/CC59 isolates 
were mainly observed in both pig-exposed and non-exposed 

workers. The single methicillin-susceptible S. aureus CC9 
(ST2359) observed in a non-exposed worker was susceptible 
to tetracycline and carried the scn gene.

Figure 2 S. aureus sequence type diversity and distribution of S. aureus isolates among pig-exposed workers (80 isolates) and non-exposed workers (109 isolates). 
Note: Each bar represents the number of S. aureus isolates for each sequence type. 
Abbreviations: CC, clonal complex; ST, sequence type; UT, untypeable; MRSA, methicillin-resistant S. aureus; MSSA, methicillin-sensitive S. aureus.
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Relationships Between Occupational Pig 
Exposure and S. aureus Antimicrobial 
Resistance
The numbers of antimicrobial classes to which S. aureus 
isolates were resistant differed between groups (Table 2). 
Compared with isolates from non-exposed workers, 
S. aureus isolates from pig-exposed workers were on 
average resistant to 2.35 times more antimicrobial classes 
(IRR=2.35, 95% CI: 1.81~3.04). Moreover, there were 
monotonically increasing dose–response relationships 
between frequency of pig exposure and the average num
ber of antimicrobial classes to which a S. aureus isolate 
was resistant (IRR= 1.48, 95% CI: 1.32~1.67) and 
between duration of pig exposure and the average number 
of antimicrobial classes to which a S. aureus isolate was 
resistant (IRR = 1.12, 95% CI: 1.09~1.16).

Relationships Between Occupational Pig 
Exposure and MRSA or MDRSA Carriage
Table 3 presents the relationships between occupational 
pig exposure and MRSA or MDRSA carriage. Compared 

with non-exposed workers, pig-exposed workers experi
enced significantly higher carriage rates of MRSA 
(OR=6.29, 95% CI: 3.38~11.68) and MDRSA (OR=3.17, 
95% CI: 2.03~4.96). Notably, there were monotonically 
increasing dose–response relationships between frequency 
of occupational pig exposure (hours/day) and the carriage 
of MRSA (OR=2.28, 95% CI: 1.72~3.02; Figure 3A) and 
MDRSA (OR=1.72, 95% CI: 1.40~2.12; Figure 3B). 
Similarly, there were increasing dose–response relation
ships between duration of occupational pig exposure 
(years) and the carriage of MRSA (OR=1.24, 95% CI: 
1.15~1.34, Figure 3C) and MDRSA (OR=1.17, 95% CI: 
1.10~1.24, Figure 3D).

Relationships Between Occupational Pig 
Exposure and LA-MRSA or Non-LA- 
MRSA Carriage
Table 4 shows the relationships between occupational 
pig exposure and LA-MRSA or non-LA-MRSA car
riage. Notably, pig-exposed workers had significantly 
higher carriage rates of LA-MRSA (OR=52.80, 95% 
CI: 8.79~∞) and non-LA-MRSA (OR=3.73, 95% CI: 

Table 2 Relationships Between Occupational Pig Exposure and the Number of Antimicrobial Classes to Which a S. aureus Was 
Resistant

Source of Exposure Unadjusted IRR (95% CI) P-value Adjusted IRR (95% CI)b P-value

Pig exposure

Noa 1.00 1.00

Yes 2.37 (1.87~3.00) <0.001 2.35 (1.81~3.04) <0.001

Frequency of pig exposure (hours/day, logarithmic) 1.48 (1.33~1.65) <0.001 1.48 (1.32~1.67) <0.001

Duration of pig exposure (years, logarithmic) 1.12 (1.09~1.15) <0.001 1.12 (1.09~1.16) <0.001

Notes: aNo occupational exposure with any types of livestock. bAdjusted for sex, age (15–24, 25–34, 35–44, and ≥45 years), antibiotic use in the last month, skin infections 
in the last month, and hospitalization in the last month. 
Abbreviation: IRR, incidence-rate ratio.

Table 3 Relationships Between Occupational Pig Exposure and MRSA or MDRSA Carriage

Source of Exposure MRSA MDRSA

Unadjusted OR 
(95% CI)

Adjusted OR 
(95% CI)b

Unadjusted OR 
(95% CI)

Adjusted OR 
(95% CI)b

Pig exposure

Noa 1.00 1.00 1.00 1.00

Yes 5.70 (3.18~10.21) 6.29 (3.38~11.68) 2.98 (1.96~4.53) 3.17 (2.03~4.96)

Frequency of pig exposure (hours/day, logarithmic) 2.14 (1.65~2.78) 2.28 (1.72~3.02) 1.66 (1.37~2.01) 1.72 (1.40~2.12)

Duration of pig exposure (years, logarithmic) 1.22 (1.14~1.31) 1.24 (1.15~1.34) 1.15 (1.09~1.22) 1.17 (1.10~1.24)

Notes: aNo occupational exposure with any types of livestock. bAdjusted for sex, age (15–24, 25–34, 35–44, and ≥45 years), antibiotic use in the last month, skin infections 
in the last month, and hospitalization in the last month. 
Abbreviations: MRSA, methicillin-resistant S. aureus; MDRSA, multidrug-resistant S. aureus; OR, odds ratio; CI, confidence interval.
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1.88~7.39) as compared with non-exposed workers. 
Notably, there were monotonically increasing dose– 
response relationships between frequency of pig expo
sure and LA-MRSA (OR=7.49, 95% CI: 2.38~23.57) 
or non-LA-MRSA (OR=1.80, 95% CI: 1.31~2.46) 

carriage. In addition, we observed similar dose– 
response relationships between duration of pig expo
sure and LA-MRSA (OR=1.61, 95% CI: 1.28~2.02) or 
non-LA-MRSA (OR=1.16, 95% CI: 1.06~1.27) 
carriage.

Figure 3 Predicted prevalence of MRSA ((A) hours of pig exposure per day; (C) years of pig exposure) and MDRSA isolates ((B) hours of pig exposure per day; (D) years of 
pig exposure) based on pig exposure.

Table 4 Relationships Between Occupational Pig Exposure and LA-MRSA or Non-LA-MRSA Carriage

Source of Exposure LA-MRSA Non-LA-MRSA

Unadjusted OR 
(95% CI)

Adjusted OR 
(95% CI)b

Unadjusted OR 
(95% CI)

Adjusted OR 
(95% CI)b

Pig exposure
Noa 1.00 1.00 1.00 1.00

Yes 56.92 (9. 84~∞)c 52.80 (8.79~∞)c 3.18 (1.68~6.04) 3.73 (1.88~7.39)

Frequency of pig exposure (hours/day, logarithmic) 5.23 (2.37~11.50) 7. 49 (2.38~23.57) 1.67 (1.24~2.23) 1.80 (1.31~2.46)

Duration of pig exposure (years, logarithmic) 1.48 (1.25~1.75) 1.61 (1.28~2.02) 1.14 (1.05~1.24) 1.16 (1.06~1.27)

Notes: aNo occupational exposure with any types of livestock. bAdjusted for sex, age (15–24, 25–34, 35–44, and ≥45 years), antibiotic use in the last month, skin infections 
in the last month, and hospitalization in the last month. cExact logistic regression models were used due to lack of occurrence of the outcome in one group. 
Abbreviations: LA-MRSA, livestock-associated methicillin-resistant S. aureus; non-LA-MRSA, non-livestock-associated methicillin-resistant S. aureus; OR, odds ratio; CI, 
confidence interval.
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Relationships Between Occupational Pig 
Exposure and LA-MDRSA or Non-LA- 
MDRSA Carriage
Table 5 presents the relationships between occupational 
pig exposure and LA-MDRSA or non-LA-MDRSA car
riage. Interestingly, pig-exposed workers experienced 
a significantly higher proportion of LA-MDRSA 
(OR=53.39, 95% CI: 8.85~∞) and non-LA-MDRSA 
(OR=2.15, 95% CI: 1.32~3.50) carriage than non- 
exposed workers. Moreover, we observed increasing 
dose–response relationships between frequency of pig 
exposure and LA-MDRSA (OR=7.56, 95% CI: 
2.40~23.86) or non-LA-MDRSA (OR=1.45, 95% CI: 
1.15~1.81) carriage. Similarly, there were increasing 
dose–response relationships between duration of pig expo
sure and LA-MDRSA (OR=1.61, 95% CI: 1.28~2.02) or 
non-LA-MDRSA (OR=1.11, 95% CI: 1.04~1.19) carriage.

Discussion
S. aureus (including MRSA) is a commensal and opportu
nistic pathogen of livestock and humans.5 In Asia, CC9 
(ST9) has been referred to as the most prevalent LA- 
MRSA; while for human-associated isolates, ST59 and 
ST30 are the most common CA-MRSA, and ST239 and 
ST5 are the predominant HA-MRSA.4,5 Notably, the 
increasing appearance of LA-MRSA in community and 
hospitals has been of growing concern.4,5,12,13 Currently, 
the most worrying aspect is the potential risk of MRSA 
transmission from livestock to human beings in the com
munity and hospital. Moreover, previous studies have 
revealed that LA-MRSA CC9 predominates in pigs and 
related workers in most Asian countries,4,5 which reveals 
the potential risk of cross-species transmission of LA- 

MRSA. In the present study, typical LA-MRSA isolates 
(CC9 and absence of the scn gene and tetracycline resis
tance) were observed only in pig-exposed workers but 
absent from non-exposed workers, and the single methi
cillin-susceptible S. aureus CC9 (ST2359) observed in 
a non-exposed worker was susceptible to tetracycline and 
carried the scn gene, indicating that substantial overlap in 
livestock-associated characteristics occurred only in pig- 
exposed workers. These findings provide genetic evidence 
for revealing the risk of cross-species transmission of LA- 
MRSA.

Note that there are significant differences in antimicro
bial resistance between human and animal S. aureus iso
lates, so resistance analysis on different sources of 
S. aureus may provide important epidemiological evidence 
for revealing the potential transmission risk of resistant 
S. aureus between livestock and humans. Notably, the 
surprisingly high antimicrobial resistance of animal- 
related S. aureus has become an important public health 
issue. For example, the latest study in China revealed that 
97.1% pig-related S. aureus be characterized as 
MDRSA,25 and another study in Hongkong demonstrated 
that almost all of animal S. aureus were MDRSA.26 The 
present study builds on previous literature to reveal that 
the prevalence of MRSA and MDRSA carriage was sig
nificantly higher in pig-exposed workers than in non- 
exposed workers. In addition, we found monotonically 
increasing frequency-risk and duration–risk relationships 
between occupational pig exposure and human MDRSA or 
MRSA carriage, suggesting that occupational livestock 
exposure consistently increases the risk of MDRSA and 
MRSA carriage in humans. Moreover, this study contrib
uted additionally to the literature by finding monotonically 

Table 5 Relationships Between Occupational Pig Exposure and LA-MDRSA or Non-LA-MDRSA Carriage

Source of Exposure LA-MDRSA Non-LA-MDRSA

Unadjusted OR 
(95% CI)

Adjusted OR 
(95% CI)b

Unadjusted OR 
(95% CI)

Adjusted OR 
(95% CI)b

Pig exposure

Noa 1.00 1.00 1.00 1.00

Yes 57.09 (9.87~∞)c 53.39 (8.85~∞)c 1.97 (1.24~3.11) 2.15 (1.32~3.50)

Frequency of pig exposure (hours/day, logarithmic) 5.31 (2.39~11.77) 7.56 (2. 40~23.86) 1.38 (1.12~1.71) 1.45 (1.15~1.81)

Duration of pig exposure (years, logarithmic) 1.48 (1.25~1.76) 1.61 (1.28~2.02) 1.10 (1.03~1.17) 1.11 (1.04~1.19)

Notes: aNo occupational exposure with any types of livestock. bAdjusted for sex, age (15–24, 25–34, 35–44, and ≥45 years), antibiotic use in the last month, skin infections 
in the last month, and hospitalization in the last month. cExact logistic regression models were used due to lack of occurrence of the outcome in one group. 
Abbreviations: LA-MDRSA, livestock-associated multidrug-resistant S. aureus; non-LA-MDRSA, non-livestock-associated multidrug-resistant S. aureus; OR, odds ratio; CI, 
confidence interval.
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increasing frequency-risk and duration–risk relationships 
between occupational pig exposure and the average num
ber of antimicrobial classes to which a S. aureus isolate 
was resistant. In all, the above findings provide sufficient 
epidemiological evidence for revealing a high transmission 
risk of MRSA and MDRSA by occupational livestock 
exposure. It is worth noting that pig-exposed workers 
had significantly higher rates of antibiotic use in the last 
month (52.0% vs 45.8%, P =0.015) and skin infections in 
the last month (34.3% vs 15.9%, P <0.001) as compared 
with non-exposed workers. These findings support grow
ing concern about high antibiotic use and skin infections in 
pig-exposed workers.

It is well known that specifically genotypic and pheno
typic markers may aid in differentiating LA-MRSA from 
human-associated MRSA. Note that increasing studies 
have demonstrated that the most epidemic lineages of LA- 
MRSA are CC9 (ST9) predominated in most Asian coun
tries and CC398 (ST398) predominated in European and 
American countries, suggesting that CC9 and CC398 may 
be useful molecular markers for livestock association.4,5,18 

The latest comparative-genomics of human versus animal 
S. aureus isolates have shown that the human-specific IEC 
genes (scn) were carried only in human CC398 isolates but 
absence from pig CC398 isolates, suggesting that the scn 
gene is associated with human specificity.16,17 

Additionally, tetracycline resistance gene tet(M) is com
mon in livestock isolates but rare in human isolates, sug
gesting that the presence of tetracycline resistance or tet 
(M) gene may be a useful marker for livestock 
association.16,27,28 Therefore, the above markers for live
stock association (CC9, absence of the scn gene, and 
tetracycline resistance) may aid in differentiating LA- 
MRSA from human-associated MRSA isolates, which 
may provide important evidence for revealing a cross- 
species transmission risk.

Studies on LA-MRSA CC398 isolates have been fre
quently reported, but not much is known about LA-MRSA 
CC9, especially in China. An interesting aspect of this 
study is to clarify the transmission risk of LA-MRSA 
and non-LA-MRSA by occupational pig exposure based 
on a large-sample investigation. Increasing studies includ
ing the present study have revealed strong associations 
between livestock exposure and human MRSA 
carriage,28,29 indicating the potential risk of MRSA trans
mission by livestock exposure. This study builds on pre
vious literature to demonstrate that pig-exposed workers 
had a significantly higher risk of LA-MRSA (OR=52.80) 

and LA-MDRSA (OR=53.39) carriage than non-exposed 
workers, suggesting that pig exposure increases the risk of 
LA-MRSA and LA-MDRSA carriage in humans. More 
importantly, we found monotonically increasing fre
quency-risk and duration–risk relationships between occu
pational pig exposure and LA-MRSA or LA-MDRSA 
carriage in humans. When examining these relationships 
for non-LA-MRSA and non-LA-MDRSA, there was still 
evidence of significant frequency-risk and duration–risk 
relationships. In summary, the above results provide suffi
cient epidemiological evidence for revealing the transmis
sion risk of LA-MRSA, non-LA-MRSA, LA-MDRSA, 
and non-LA-MDRSA by occupational livestock exposure.

It is a large-sample investigation on this topic. However, 
potential limitations also needed to be considered in this 
study. First, there may be differences between pig-exposed 
and non-exposed workers with regard to sex, age, history of 
antibiotic use, history of skin infections, and history of 
hospitalization, which might introduce bias. Therefore, mul
tivariable regression models were used to adjust for these 
potential covariates by including covariates into the model. 
Second, since NaCl concentrations >6% may interfere with 
S. aureus detection, the nasal swabs soaked into 7.5% NaCl 
enrichment broth in the present study may underestimate the 
detection rate of S. aureus.

Conclusion
This study revealed monotonically increasing dose– 
response relationships between occupational pig exposure 
and MRSA or MDRSA carriage in humans, and also found 
monotonically increasing dose–response relationships for 
LA-MRSA, non- LA-MRSA, LA-MDRSA, and non-LA- 
MDRSA carriage in humans, which provides sufficient 
epidemiological evidence for revealing the high transmis
sion risk of LA-SA and the low transmission risk of non- 
LA-SA by occupational pig exposure. These findings point 
out the urgent need for developing effective measures to 
prevent and cut S. aureus spread in the farming 
environment.

Acknowledgments
This work was supported by the National Natural Science 
Foundation of China (Nos. 81973069 and 81602901) and 
the Guangdong Basic and Applied Basic Research 
Foundation (No. 2019A1515010915). The funders had no 
role in study design, data collection and analysis, and 
interpretation of the data.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                                     

Infection and Drug Resistance 2021:14 182

Liu et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


Disclosure
The authors report no conflicts of interest in this work.

References
1. Davis MF, Pisanic N, Rhodes SM, et al. Occurrence of 

Staphylococcus aureus in swine and swine workplace environments 
on industrial and antibiotic-free hog operations in North Carolina, 
USA: a one health pilot study. Environ Res. 2018;163:88–96. 
doi:10.1016/j.envres.2017.12.010

2. Jorgensen SCJ, Lagnf AM, Bhatia S, et al. Diagnostic stewardship: 
a clinical decision rule for blood cultures in community-onset 
methicillin-resistant Staphylococcus aureus (MRSA) skin and soft 
tissue infections. Infect Dis Ther. 2019;8(2):229–242. doi:10.1007/ 
s40121-019-0238-1

3. Tong SY, Davis JS, Eichenberger E, et al. Staphylococcus aureus 
infections: epidemiology, pathophysiology, clinical manifestations, 
and management. Clin Microbiol Rev. 2015;28(3):603–661. 
doi:10.1128/CMR.00134-14

4. Chen CJ, Huang YC. New epidemiology of Staphylococcus aureus 
infection in Asia. Clin Microbiol Infect. 2014;20(7):605–623. 
doi:10.1111/1469-0691.12705

5. Chuang YY, Huang YC. Livestock-associated meticillin-resistant 
Staphylococcus aureus in Asia: an emerging issue? Int J Antimicrob 
Agents. 2015;45(4):334–340. doi:10.1016/j.ijantimicag.2014.12.007

6. Lakhundi S, Zhang K. Methicillin-resistant Staphylococcus aureus: 
molecular characterization, evolution, and epidemiology. Clin 
Microbiol Rev. 2018;31(4):e00020–18.

7. Chanchaithong P, Perreten V, Am-In N, et al. Molecular characteriza
tion and antimicrobial resistance of livestock-associated 
methicillin-resistant Staphylococcus aureus isolates from pigs and 
swine workers in Central Thailand. Microb Drug Resist. 2019;25 
(9):1382–1389. doi:10.1089/mdr.2019.0011

8. Neyra RC, Frisancho JA, Rinsky JL, et al. Multidrug-resistant and 
methicillin-resistant Staphylococcus aureus (MRSA) in hog slaughter 
and processing plant workers and their community in North Carolina 
(USA). Environ Health Perspect. 2014;122(5):471–477. doi:10.1289/ 
ehp.1306741

9. Verkola M, Pietola E, Järvinen A, et al. Low prevalence of zoonotic 
multidrug-resistant bacteria in veterinarians in a country with prudent 
use of antimicrobials in animals. Zoonoses Public Health. 2019;66 
(6):667–678. doi:10.1111/zph.12619

10. Feingold BJ, Silbergeld EK, Curriero FC, et al. Livestock density as 
risk factor for livestock-associated methicillin-resistant 
Staphylococcus aureus, the Netherlands. Emerg Infect Dis. 2012;18 
(11):1841–1849. doi:10.3201/eid1811.111850

11. Kuehn B. MRSA may move from livestock to humans. JAMA. 
2012;308(17):1726. doi:10.1001/jama.2012.14814

12. Murra M, Mortensen KL, Wang M. Livestock-associated 
methicillin-resistant Staphylococcus aureus (clonal complex 398) 
causing bacteremia and epidural abscess. Int J Infect Dis. 
2019;81:107–109. doi:10.1016/j.ijid.2019.01.012

13. Sun L, Chen Y, Wang D, et al. Surgical site infections caused by 
highly virulent methicillin-resistant Staphylococcus aureus sequence 
type 398, China. Emerg Infect Dis. 2019;25(1):157–160. doi:10.3201/ 
eid2501.171862

14. van Alen S, Ballhausen B, Peters G, et al. In the centre of an 
epidemic: fifteen years of LA-MRSA CC398 at the University 
Hospital Münster. Vet Microbiol. 2017;200:19–24. doi:10.1016/j. 
vetmic.2016.01.021

15. Chen CJ, Lauderdale TY, Lu CT, et al. Clinical and molecular 
features of MDR livestock-associated MRSA ST9 with staphylococ
cal cassette chromosome mecXII in humans. J Antimicrob 
Chemother. 2018;73(1):33–40. doi:10.1093/jac/dkx357

16. McCarthy AJ, van Wamel W, Vandendriessche S, et al. 
Staphylococcus aureus CC398 clade associated with human-to- 
human transmission. Appl Environ Microbiol. 2012;78 
(24):8845–8848. doi:10.1128/AEM.02398-12

17. McCarthy AJ, Witney AA, Gould KA, et al. The distribution of 
mobile genetic elements (MGEs) in MRSA CC398 is associated 
with both host and country. Genome Biol Evol. 2011;3:1164–1174. 
doi:10.1093/gbe/evr092

18. Ye X, Wang X, Fan Y, et al. Genotypic and phenotypic markers of 
livestock-associated methicillin-resistant Staphylococcus aureus CC9 
in humans. Appl Environ Microbiol. 2016;82(13):3892–3899. 
doi:10.1128/AEM.00091-16

19. Garcia-Alvarez L, Holden MT, Lindsay H, et al. Meticillin-resistant 
Staphylococcus aureus with a novel mecA homologue in human and 
bovine populations in the UK and Denmark: a descriptive study. 
Lancet Infect Dis. 2011;11(8):595–603. doi:10.1016/S1473-3099(11) 
70126-8

20. Zhang K, Sparling J, Chow BL, et al. New quadriplex PCR assay for 
detection of methicillin and mupirocin resistance and simultaneous 
discrimination of Staphylococcus aureus from coagulase-negative 
staphylococci. J Clin Microbiol. 2004;42(11):4947–4955. 
doi:10.1128/JCM.42.11.4947-4955.2004

21. CLSI. Performance standards for antimicrobial susceptibility testing. 
Twenty-Fifth Informational Supplement (M100-S25): Clinical and 
Laboratory Standards Institute. CLSI; 2015

22. Magiorakos AP, Srinivasan A, Carey RB, et al. Multidrug-resistant, 
extensively drug-resistant and pandrug-resistant bacteria: an interna
tional expert proposal for interim standard definitions for acquired 
resistance. Clin Microbiol Infect. 2012;18(3):268–281. doi:10.1111/ 
j.1469-0691.2011.03570.x

23. Feil EJ, Li BC, Aanensen DM, et al. eBURST: inferring patterns of 
evolutionary descent among clusters of related bacterial genotypes 
from multilocus sequence typing data. J Bacteriol. 2004;186 
(5):1518–1530. doi:10.1128/JB.186.5.1518-1530.2004

24. van Wamel WJ, Rooijakkers SH, Ruyken M, et al. The innate 
immune modulators staphylococcal complement inhibitor and che
motaxis inhibitory protein of Staphylococcus aureus are located on 
beta-hemolysin-converting bacteriophages. J Bacteriol. 2006;188 
(4):1310–1315. doi:10.1128/JB.188.4.1310-1315.2006

25. Guo D, Liu Y, Han C, et al. Phenotypic and molecular characteristics 
of methicillin-resistant and methicillin-susceptible Staphylococcus 
aureus isolated from pigs: implication for livestock-association mar
kers and vaccine strategies. Infect Drug Resist. 2018;11:1299–1307. 
doi:10.2147/IDR.S173624

26. Ho PL, Chow KH, Lai EL, et al. Clonality and antimicrobial suscept
ibility of Staphylococcus aureus and methicillin-resistant S. aureus 
isolates from food animals and other animals. J Clin Microbiol. 
2012;50(11):3735–3737. doi:10.1128/JCM.02053-12

27. Price LB, Stegger M, Hasman H, et al. Staphylococcus aureus 
CC398: host adaptation and emergence of methicillin resistance in 
livestock. mBio. 2012;3(1):e00305–e00311. doi:10.1128/ 
mBio.00305-11

28. Ye X, Fan Y, Wang X, et al. Livestock-associated methicillin and 
multidrug resistant S. aureus in humans is associated with occupa
tional pig contact, not pet contact. Sci Rep. 2016;6:19184. 
doi:10.1038/srep19184

29. Hatcher SM, Rhodes SM, Stewart JR, et al. 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. 2017;125(4):560–569. doi:10.1289/EHP35

Infection and Drug Resistance 2021:14                                                                                     submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                         
183

Dovepress                                                                                                                                                               Liu et al

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.envres.2017.12.010
https://doi.org/10.1007/s40121-019-0238-1
https://doi.org/10.1007/s40121-019-0238-1
https://doi.org/10.1128/CMR.00134-14
https://doi.org/10.1111/1469-0691.12705
https://doi.org/10.1016/j.ijantimicag.2014.12.007
https://doi.org/10.1089/mdr.2019.0011
https://doi.org/10.1289/ehp.1306741
https://doi.org/10.1289/ehp.1306741
https://doi.org/10.1111/zph.12619
https://doi.org/10.3201/eid1811.111850
https://doi.org/10.1001/jama.2012.14814
https://doi.org/10.1016/j.ijid.2019.01.012
https://doi.org/10.3201/eid2501.171862
https://doi.org/10.3201/eid2501.171862
https://doi.org/10.1016/j.vetmic.2016.01.021
https://doi.org/10.1016/j.vetmic.2016.01.021
https://doi.org/10.1093/jac/dkx357
https://doi.org/10.1128/AEM.02398-12
https://doi.org/10.1093/gbe/evr092
https://doi.org/10.1128/AEM.00091-16
https://doi.org/10.1016/S1473-3099(11)70126-8
https://doi.org/10.1016/S1473-3099(11)70126-8
https://doi.org/10.1128/JCM.42.11.4947-4955.2004
https://doi.org/10.1111/j.1469-0691.2011.03570.x
https://doi.org/10.1111/j.1469-0691.2011.03570.x
https://doi.org/10.1128/JB.186.5.1518-1530.2004
https://doi.org/10.1128/JB.188.4.1310-1315.2006
https://doi.org/10.2147/IDR.S173624
https://doi.org/10.1128/JCM.02053-12
https://doi.org/10.1128/mBio.00305-11
https://doi.org/10.1128/mBio.00305-11
https://doi.org/10.1038/srep19184
https://doi.org/10.1289/EHP35
http://www.dovepress.com
http://www.dovepress.com


Infection and Drug Resistance                                                                                                          Dovepress 

Publish your work in this journal 
Infection and Drug Resistance is an international, peer-reviewed open- 
access journal that focuses on the optimal treatment of infection 
(bacterial, fungal and viral) and the development and institution of 
preventive strategies to minimize the development and spread of resis
tance. The journal is specifically concerned with the epidemiology of  

antibiotic resistance and the mechanisms of resistance development and 
diffusion in both hospitals and the community. The manuscript manage
ment system is completely online and includes a very quick and fair peer- 
review system, which is all easy to use. Visit http://www.dovepress.com/ 
testimonials.php to read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/infection-and-drug-resistance-journal

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                                     

Infection and Drug Resistance 2021:14 184

Liu et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
http://www.dovepress.com
http://www.dovepress.com

	Introduction
	Methods
	Ethics Statement
	Study Design and Population
	Bacterial Isolation and Identification
	Antimicrobial Susceptibility Testing
	Molecular Characterization
	Study Variables
	Data Analysis

	Results
	Characteristics of Study Population
	Group Differences in <italic>S.aureus</italic> Molecular Typing
	Relationships Between Occupational Pig Exposure and <italic>S.aureus</italic> Antimicrobial Resistance
	Relationships Between Occupational Pig Exposure and MRSA or MDRSA Carriage
	Relationships Between Occupational Pig Exposure and LA-MRSA or Non-LA-MRSA Carriage
	Relationships Between Occupational Pig Exposure and LA-MDRSA or Non-LA-MDRSA Carriage

	Discussion
	Conclusion
	Acknowledgments
	Disclosure
	References

