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Bacterial Genotype, Carrier Risk Factors, and an 
Antimicrobial Stewardship Approach Relevant 
to Methicillin-resistant Staphylococcus aureus 

Prevalence in a Population of Macaques  
Housed in a Research Facility

Matthew W Breed,1,* Hannah L Perez,2 Michael Otto,3 Amer E Villaruz,3 J Scott Weese,4 Gregory W Alvord,5  
Duncan E Donohue,5 Franchasca Washington,6 and Joshua A Kramer1

Methicillin-resistant Staphylococcus aureus (MRSA) remains a significant problem for human and animal health and can 
negatively affect the health status of macaques and other nonhuman primates (NHP) in research colonies. However, few 
publications provide guidance on the prevalence, genotype, or risk factors for macaques with MRSA and even fewer on how 
to effectively respond to MRSA once identified in a population. After having a clinical case of MRSA in a rhesus macaque, 
we sought to determine the MRSA carrier prevalence, risk factors, and genotypes of MRSA in a population of research NHPs. 
Over a 6-wk period in 2015, we collected nasal swabs from 298 NHPs. MRSA was isolated from 28% (n = 83). We then reviewed 
each macaque’s medical record for a variety of variables including animal housing room, sex, age, number of antibiotic courses, 
number of surgical interventions, and SIV status. Analysis of these data suggests that MRSA carriage is associated with the 
room location, age of the animal, SIV status, and the number of antibiotic courses. We used multilocus sequence typing 
and spa typing on a subset of MRSA and MSSA isolates to determine whether the MRSA present in NHPs was comparable 
with common human strains. Two MRSA sequence types were predominant: ST188 and a novel MRSA genotype, neither of 
which is a common human isolate in the United States. We subsequently implemented antimicrobial stewardship practices 
(significantly reducing antimicrobial use) and then resampled the colony in 2018 and found that MRSA carriage had fallen 
to 9% (26/285). These data suggest that, as in humans, macaques may have a high carrier status of MRSA despite low clini-
cally apparent disease. Implementing strategic antimicrobial stewardship practices resulted in a marked reduction in MRSA 
carriage in the NHP colony, highlighting the importance of limiting antimicrobial use when possible.

Abbreviations and Acronyms: MLST, multilocus sequence typing; MRSA, methicillin-resistant Staphylococcus aureus; MSSA, 
methicillin-sensitive Staphylococcus aureus
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Introduction
The global crisis of bacterial antibiotic resistance is exem-

plified by methicillin-resistant Staphylococcus aureus (MRSA) 
colonization of humans and animals. Since resistance to peni-
cillin was first identified in the 1940 s, S. aureus has shown a 
remarkable ability to develop resistance to newly introduced 
antibiotics.6,62 During this time, MRSA colonization rates 
have steadily grown in humans,41,64 as have the number of  

hospitalizations attributed to MRSA.40,54 In the USA the 
estimated prevalence of MRSA in the general population is 
approximately 1% to 2%.75 Over 80,000 serious MRSA infec-
tions occurred in 2011 alone.21 The US healthcare industry has 
some evidence of a decline in MRSA infections, but this decline 
somewhat slowed after 2012, and the number of affected pa-
tients is still high.12,35 The estimated number of MRSA cases in 
hospitalized US patients was over 300,000 in 2017.12

While nasal colonization increases the risk of developing 
MRSA-associated disease, only a minority of people who carry 
MRSA will develop disease.35 Furthermore, MRSA colonization 
rates are affected by multiple factors and are considerably higher 
in some settings, including among healthcare workers, who 
have a prevalence of approximately 5%.24 Other individuals in 
high interpersonal contact settings such as college athletes and 
military recruits also have relatively high incidences of disease, 
and outbreaks have been reported in these populations.75 In 
addition, other known risk factors for MRSA colonization 
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include use of antibiotics86 and a variety of factors associated 
with decreased immune status such as HIV/AIDS,14,101 breaks 
in protective skin barriers, hygiene challenges,63,70 indwelling 
medical device,66 older age,66 and crowded living conditions.45

Large-scale epidemiologic studies have been undertaken to 
better understand MRSA carriage rates and resultant infections 
in humans.46 MRSA colonizes the human skin, gastrointestinal 
tract, and nasal passages and can cause clinically significant 
infections in subsets of colonized individuals.9,42,43,48,92 The epi-
demiologic analysis of MRSA within populations has resulted in 
the broad categorization of MRSA into hospital-, community-, 
and livestock-acquired MRSA.20,48,61,62 Genetic typing is used to 
determine relationships between different MRSA isolates and 
virulence factors.60

While substantial research has focused on the impact of 
MRSA on human health, relatively little published information 
about MRSA is available with regard to nonhuman primates 
(NHPs), whether wild, in zoos, or in captive research popula-
tions. Therefore, establishing a broader understanding of MRSA 
colonization and epidemiology is warranted for NHPs. How-
ever, MRSA colonization or infections in NHPs used in research 
has only recently been described and overall the literature is  
sparse.1,26-28,44,65,73,77-79,85 A recent systematic review/meta-
analysis of the literature found only 7 studies focused on wild 
NHP, among other wild animal studies.1 In some of the wild 
primate studies, the prevalence of MRSA was low, ranging from 
0% to 5.3% depending on location,77,79 however, the prevalence 
of drug resistance among S. aureus isolates may increase when 
the NHPs are in close proximity to humans78 or in areas in which 
direct and indirect exposure to humans is common.28

As in wild populations, the overall literature from cap-
tive populations of NHPs is limited. Prior reports of MRSA 
prevalence in captive NHPs range from 6% to 22% in  
macaques26,44,51,85,87 and up to 69% in chimpanzees;27 however, 
some of these reports may represent uncommonly high rates 
of carriage due to a bias in performing prevalence studies after 
recognition of MRSA infections in the population. A study of 
MRSA in captive chimpanzees identified MRSA genotypes that 
appeared to be human in origin (community acquired type 
ST300),27 and other studies in macaques have identified S. aureus 
(both MRSA and MSSA) that are either rare human genotypes 
or unique to macaques.26,51,73,85,90 Interest is also emerging for 
the use of NHPs to study human S. aureus colonization,17,83,90 
but this research does not appear to specifically focus on MRSA. 
Finally, several reports have been based on small macaque 
groups or individual animals. For example, in one report, a high 
percentage of a small number of macaques cultured positive for 
MSSA and MRSA.65 Other reports describe a small number of 
cases, for example in catheter tracts or cranial implants.15,49,88 
These reports are important for veterinarians managing colonies 
in which these procedures are commonly performed, but they 
probably provide little overall information regarding risk factors 
and management practices that could reduce MRSA carriage in 
larger research colonies. While some facilities have focused on 
eradication after identification of MRSA, an equivalent or even 
more important focus is prevention. To that end, facilities should 
develop antimicrobial stewardship practices5 to improve NHP 
health and reduce the risk for MRSA carriage. While the CDC 
defines antimicrobial stewardship as a way to reduce antibiotic 
resistance, some facilities may not yet view stewardship as a 
pressing issue.13

Many questions remain unanswered with regard to MRSA 
in captive NHP including the risk factors associated with 
colonization, how to reduce the prevalence of MRSA once it is 

identified in a population of NHP, and a better knowledge about 
the MRSA genotypes associated with colonization of research 
populations of NHP. To address these issues, we investigated 
the prevalence of and risk factors for MRSA carriage in Asian 
macaques in a research colony. We systemically surveyed groups 
of captive rhesus macaques (Macaca mulatta) and pigtailed 
macaques (Macaca nemestrina) to establish prevalence, MRSA 
genotypes and NHP risk factors that contribute to MRSA car-
riage, and subsequently we applied strategic antimicrobial 
stewardship practices4,5 to the population to effectively reduce 
MRSA carriage.

Methods
Animal housing. All NHPs were housed at the National Insti-

tutes of Health and maintained in accordance with the Guide for 
the Care and Use of Laboratory Animals.32 The facility is accredited 
by AAALAC International, and all animal use was humanely 
conducted and approved by the National Cancer Institute’s 
Animal Care and Use Committee (NCI-ACUC). NHPs were 
screened initially during preventive healthcare examinations 
as part of the veterinary care program to determine the overall 
MRSA risk to the colony and staff after we identified a clinical 
case in one NHP. Follow-up testing was then included in a 
research protocol approved by the NCI-ACUC. Findings were 
discussed with the NCI-ACUC throughout and were used to 
guide veterinary oversight of antibiotic usage and stewardship 
in the facility.

The study was conducted in 3 different buildings (A, B, 
and C) with study animals in 22 holding rooms (A through V; 
Figure 1). Animals were housed in stainless-steel NHP caging 
either socially or individually, depending on ACUC-approved 
protocol requirements or on veterinary concerns, as based on 
the Animal Welfare Act and The Guide for the Care and Use of 
Laboratory Animals.32

Animals. The 2015 study population included rhesus (Macaca 
mulatta, n = 291) and pigtailed (Macaca nemestrina, n = 7) ma-
caques. The macaques ranged in age from 1.9 to 19 y with both 
males (n = 167) and females (n = 131) in the study population. 
The 2018 study population included rhesus (n = 271) and pig-
tailed (n = 14) macaques. Thirty-eight animals were present in 
the colony at both time points. All macaques included were 
actively in other ongoing National Cancer Institute (NCI)-
ACUC–approved research protocols and all surgery and other 
procedures were either conducted under approved research 
protocols or were required for clinical intervention and veteri-
nary treatment.

Colony surveillance and record review. Over a period of 6 wk 
in early 2015, all animals (n = 298 individual macaques) were 
sedated with ketamine (10 to 20 mg/kg IM, Zetamine, VetOne, 
Boise, ID) for routine veterinary examinations as part of the 
preventive healthcare program. During these exams, sterile 
cotton tipped swabs (BactiSwab, Remel Lenexa, KS) were gently 
inserted into the nares, removed, and placed into Amies trans-
port media. One swab was used for both the left and right nares. 
Several of the male monkeys also had samples collected from 
the prepuce. Swabs were processed on the day of collection, as 
described below. Nares swabs were similarly collected in 2018 
over a period of approximately 5 months, when macaques (n = 
285) were sedated with ketamine for other planned procedures, 
including routine veterinary examinations.

The 2015 health records from all macaques were reviewed, 
and the following data were collected: age, room location, sex, 
number of courses of antibiotics since arriving at the facility, 
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number of surgeries, number of courses of cephalosporins/
enrofloxacin/other antibiotics, SIV status, length of time in the 
facility, and vendor of origin. A similar but refined data set was 
collected in 2018 and included courses of antimicrobials since 
arriving in the facility, number of surgeries, and age. Macaques 
arrived from a variety of other institutions and locations; this 
information was not used in the final analysis. A course of 
antibiotics was defined as any antibiotic prescription, whether 
for experimental or clinical reasons. In 2015 most macaques had 
undergone a multimodal cleanup regimen7 according to facility 
practices implemented before the employment of this paper’s 
authors; however, the data were collected and analyzed as to-
tal courses of antibiotic exposure and were not specific to the 
cleanup regimen. Surgery was defined as any major or minor 
operative procedure.

Antimicrobial stewardship practices were implemented in the 
facility between 2015 and 2018 and included several different 
approaches but generally followed recently published guide-
lines.5 The cleanup regimen was ended as a standard facility 
practice; investigators who wanted to continue the clean-up 
regimen on their animals included this practice in their ACUC 
protocol. Enhanced diagnostic testing occurred at NHP vendors, 
in the quarantine facility, and in research facilities to improve 
detection of animals carrying pathogens of concern. The use of a 
course of cephalexin as a prophylactic was reduced during and 
after minimally invasive clean surgical procedures. Antibiotic 
use to treat diarrhea was reduced. Finally, antibiotics were only 
used when necessary and choice was driven, when possible, by 
culture and sensitivity.

MRSA culture and identification.  Swabs were inoculated 
into thioglycollate broth, incubated overnight at 37 °C, and 
plated onto 3 separate plates: blood agar, HardyCHROM 
MRSA agar (Hardy Diagnostics, Santa Maria, CA), and phe-
nylether alcohol (PEA) agar. Blood agar was used to screen 
for S. aureus. Any colonies morphologically consistent with 
betahemolytic staphylococci were subcultured and incubated 
for an additional 24 h at 37 °C. If colonies were morphologi-
cally consistent with Staphylococcus, catalase and coagulase 
tests were performed. If the colony was both catalase and 
coagulase positive, the Vitek-2 ID system was used to deter-
mine if the bacteria was Staphylococcus aureus. If identified as 
such, cefoxitin susceptibility was assessed by disk diffusion 
as per Clinical and Laboratory Standards Institute (CLSI) 
guidelines.10 Cefoxitin-resistant isolates were presumptively 
identified as MRSA. The HardyCHROM MRSA agar was also 
used for screening. This agar is selective for MRSA, which 

grows as pink or magenta colonies. Colonies isolated on the 
selective agar were tested with both the Vitek-2 system and 
cefoxitin disks. PEA inhibits the growth of gram-negative 
colonies and was used to select for gram-positive bacteria. 
Again, colonies isolated on this agar were analyzed with the 
Vitek-2 system and, depending on the results, were tested for 
cefoxitin resistance. Some, but not all, MRSA colonies were 
further assessed using the disk diffusion Kirby-Bauer test with 
a broader set of antimicrobials (clindamycin, trimethoprim 
sulfonamide, vancomycin, cephalothin, ampicillin, ceftri-
axone, erythromycin, kanamycin, penicillin G, tetracycline, 
cefepime, ceftiofur, gentamicin, and oxacillin).

Bacterial Genotyping. Multilocus sequence typing (MLST) 
and spa typing were performed on a subset of cultures collected 
from 29 macaques cultured in 2015 (23 MRSA and 6 MSSA; 
details presented below).25,76 All genotyped isolates were 
from different macaques. One MSSA sample did not amplify 
for either MLST or spa typing and was excluded from the rest 
of the genetic analysis. Although testing every sample may 
have been beneficial, as would have whole genome sequenc-
ing, this effort was beyond the scope of this project and was 
not attempted. Instead, 29 samples were chosen from the 
original 298 samples that had been collected; these samples 
represented a variety of rooms (rooms B, C, F, J, L, R, S, U, and 
V), buildings (buildings A [n = 13], B [n = 10] and C [n = 6]), 
and experimental conditions. Because samples were selected 
to represent specific rooms across the whole program, the 
sampling was not completely random.

For MLST, Staphylococcus aureus strains were cultured at 37 °C 
overnight in tryptic soy broth with shaking. After cells were 
harvested by centrifugation, Staphylococcal genomic DNA 
was isolated and gene loci for MLST were PCR amplified ac-
cording to previously published methods.76 The Staphylococcus 
aureus MLST primers used for PCR amplification of gene loci 
have been described previously.25 Purified PCR products were 
sequenced with the Staphylococcus aureus MLST primers using 
standard methods. Allele numbers and subsequent sequence 
types were determined by querying PCR product sequences 
against the allele sequences of the Staphylococcus aureus MLST 
database (http://saureus.mlst.net/). spa typing was performed 
as previously described81 with types characterized using the 
Ridom spa server (http://SpaServer.ridom.de).

Statistical analysis.  Data were analyzed within the R sta-
tistical language and environment using logistic regression, 
loglinear modeling, and categorical data analysis.2,29 Univari-
ate and multivariate analysis were performed and included 

Figure 1. MRSA prevalence for animals in Building A (rooms A through J), Building B (rooms K through T), and Building C (rooms U through 
V). Size of each wedge represents the relative proportion of animals per room for the specified building. MRSA prevalence is indicated by the 
color of the wedge as described in the figure key. MRSA prevalence per building: Bldg A, 35%; Bldg B, 10%; Bldg C, 46%.
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data from 288 macaques in the original 2015 cohort. The cri-
terion variable of interest was MRSA status, a dichotomous 
outcome expressed as positive (1) or negative (0). Because 
both nasal and preputial swabs were obtained from a few 
macaques, a positive result on either was recorded as positive. 
However, the vast majority of the data represents results from 
nasal cultures. Continuous and categorical explanatory vari-
ables were analyzed with both univariate and multivariate 
logistic regression models to determine their effect on MRSA. 
To facilitate interpretation, some continuous variables (for 
example, age) were redefined as categorical variables (that is, 
‘young’ [< 4 y, n = 87], ‘mid’ [4 to 5 y, n = 92], and ‘old’ [> 5 y, 
n = 109]). The Likelihood Ratio (LR) χ2 test statistic was used 
in all logistic regression and loglinear models. Probability 
values less than 0.05 (P < 0.05) were considered significant.89 
Comparisons between 2015 and 2018 data were analyzed using 
GraphPad Prism v9.3.1.1 (GraphPad Software, La Jolla, CA). 
The nonparametric Mann–Whitney test was used to determine 
P values when comparing 2 groups (expressed as a mean ± 
1 SD) that were not normally distributed and the χ2 test was 
used to analyze contingency tables.

Results
Colony information and colony surveillance culture results 

from the 2015 cohort.  Samples for MRSA culture were col-
lected from the nares of 298 macaques in 22 animal housing 
rooms located in 3 buildings (A, B, or C; Figure 1). A smaller 
group of macaques (n = 75) also had samples collected from the 
prepuce. In these animals, some nares were positive when the 
prepuce was not. These animals were included in the analysis 
as MRSA carriers for analysis. The sampled macaques included 
both males (167) and females (131). Their ages varied, with an 
average of about 5.5 years. At the time of analysis, 49 animals 
had not had surgery while the remaining 249 had at least one 
surgery. The average number of surgeries was 2 per animal 
when including every animal and 4 per animal when excluding 
those with no surgical history. In total, 66 animals were known to 
be infected with SIV while 232 were not. Almost all animals had 
received antibiotics previously with an average of 5.2 antibiotic 

courses across all animals. The average number of courses of 
cephalexin, enrofloxacin, and other antibiotics was 1.9, 1.7, and 
1.6 per macaque, respectively.

A total of 99 (33%) macaques cultured positive for Staphy-
lococcus aureus; of these, 83 (28%) cultured positive for MRSA 
using the methods described above, while the other 16 (5%) 
were positive for MSSA. None of the 7 pig-tailed macaques  
(0 of 7) cultured positive for MRSA; one (1 of 7) cultured positive 
for MSSA. Positive culture results were not evenly distributed 
between rooms (P < 0.001); some rooms had a higher prevalence 
of MRSA carriage than did others (Figure 1). The prevalence of 
MRSA colonized macaques for buildings A and C were 35% 
and 46%, respectively, whereas it was only 10% in building B. 
Animals were not housed in different rooms based on sex, age, 
procedures, or study status, but rather an effort was made to 
house animals on the same or similar studies together. All areas 
had similar husbandry practices. Despite these similarities in 
research and husbandry practices, the rooms and buildings were 
strikingly different in prevalence of MRSA.

Sensitivity results could not be obtained for all samples and 
all antibiotics. However, the disk diffusion method was used 
to test for antimicrobial sensitivity in some animals. In general, 
MRSA isolates were sensitive to clindamycin, trimethoprim 
sulfonamide, vancomycin, and cephalothin but resistant to 
ampicillin, ceftriaxone, erythromycin, kanamycin, penicillin 
G, tetracycline, cefepime, ceftiofur, gentamicin, and oxacillin.

Genotyping results from the 2015 cohort. Multilocus sequence 
typing (MLST) was performed on 6 MSSA (samples 1 to 6) and 
23 MRSA (Samples 7 to 29) isolates (Table 1). All 6 MSSA sam-
ples were identified as novel sequence types by MLST. MRSA 
samples were broadly distributed into 2 different groups by 
MLST; 8 of 23 were sequence type (ST) 188, which is found in 
humans, and 15 of 23 were one of either 2 novel MLST sequences 
(Novel A or Novel B; Table 1). Novel A and B MLST were the 
same for both MRSA and MSSA samples. They were identified 
here as novel because they had not previously been given ST 
numbers in the ST database.

Seven of 23 MRSA samples were identified as spa type t189; 
those isolates were also identified as ST188 on MLST. The 
remaining ST188 sample had a different spa type, t2174, that 

Table 1. Genotyping results from MSSA (n = 6) and MRSA (n = 23) samples.

Sample Bacterium MLST aroC aroE glpF gmk pta tpi yqil
spa 

Type spa RiDOM Motif

1 MSSA Novel A 1 14 N/Fa 214 10 303 329 New 2 03-02-17-12-17-34-22-150
2 MSSA Novel C 10 2 N/Fe 2 10 303 329 t13638 210-23-02-34-17-34-34-17-23-34
3 MSSA Novel B 14 253 1 2 N/Fc 58 2 New 2 03-02-17-12-17-34-22-150
4 MSSA Novel D 22 23 1 8 1 1 1 t8397 04-20-24-17-17-25
5 MSSA Novel E 3 N/Fb 1 105 6 1 10 New 3 04-20-25-16-23-24-17
6 MSSA Novel F 3 N/Fb 1 1 6 1 N/Fd New 3 04-20-25-16-23-24-17
7-13 MRSA 188 3 1 1 8 1 1 1 t189 07-23-12-21-17-34
14 MRSA 188 3 1 1 8 1 1 1 t2174 26-23-12-21-17-34
15 MRSA Novel B 14 253 1 2 N/Fc 58 2 t13638 210-23-02-34-17-34-34-17-23-34
16 MRSA Novel A 1 14 N/Fa 214 10 303 329 New 1 210-23-34-17-34-34-17-23-34
17-29 MRSA Novel A 1 14 N/Fa 214 10 303 329 t13638 210-23-02-34-17-34-34-17-23-34

MLST alleles: aroC, aroE, glpF, gmk, pta, tpi, yqil
Novel A and B were the same between the MRSA and MSSA
aClosest in similarity to glpF allele 235
bClosest in similarity to aroE allele 89
cClosest in similarity to pta allele 4
dClosest in similarity to yqil allele 11
eClosest in similarity to glpF allele 129
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differed from t189 at a single repeat. Fourteen of 23 MRSA 
samples were identified as spa type t13638, with 13 of the 14 
having the same novel sequence identified on MSLT (Novel 
A); the remaining isolate was another novel MSLT (Novel B; 
Table 1).

Univariate Analyses from the 2015 cohort. Of the 298 ma-
caques from which cultures were collected in 2015, 10 could 
not be evaluated because of incomplete records, and thus 
they were not included in the univariate and multivariate 
analysis. The remaining 288 cultures were ultimately evaluated 
using only one isolate from each macaque. In the univariate 
analyses, age (AGE [continuous variable in years], P < 0.0001;  
AGE_categ (categorical variable with 3 levels: Young, Mid, 
Old, see methods for details), P < 0.0001), room (Room,  
P < 0.0002) and building (MS.bldg, P < 0.0001) were all signifi-
cantly associated with a greater likelihood of MRSA carriage. 
Furthermore, the number of courses of antibiotics (nAB,  
P < 0.0001), the number of surgeries (nSx, P < 0.0001), the 
number of courses of cephalexin (nCep, P < 0.0001), simian 
immunodeficiency virus status (SIV, P < 0.0001), and length of 
time in the facility (FacTime, P < 0.0001) were also associated 
with MRSA carriage (Table 2). In 2015, common practice was to 
provide cephalexin as peri- and postoperative care for various 
surgeries and to administer courses of several antimicrobials 
as part of a clean-up protocol to all arriving animals.7 Use 
of these practices had been markedly curtailed between the 
surveillance performed in 2015 and 2018. Sex (SEX, P = 0.43), 
was not a significant predictor of MRSA carriage, nor were 
the number of courses of enrofloxacin (nBay, P = 0.44) or other 
antibiotics (nOth, P = 0.19) (Table 2).

When age is analyzed as a continuous variable, an increase of 
one year in the age of a macaque multiplies the odds of MRSA 
carriage by exp (0.1670) = 1.18, or by 18% (Table 2). When age 
is analyzed as a categorical variable, it was defined as 1) Young, 
age less than 4 y; 2) Mid, age from 4 up to 5 y, and 3) Old, age over 
5 y. In this categorical analysis, age was identified as a highly 
significant predictor of MRSA status (P < 0.0001). Mid-aged 
and young macaques did not have significant differences in the 
likelihood of carrying MRSA (OR = 2.4; (P = 0.0761). However, 
old macaques were about 7 times as likely (OR = 7.1) to carry 

MRSA than were mid-aged animals (P < 0.0001) and about  
17 times more likely (OR = 17.2) to carry MRSA than were young 
ones (P < 0.0001).

The administration of a course of antibiotics increased the 
odds of MRSA carriage by 15%, (P < 0.0001). The experience 
of a surgery increased the odds of MRSA carriage by 23%, (P < 
0.0001). One course of cephalexin therapy increased the odds 
of MRSA carriage by 38%, (P < 0.0001). SIV status increased the 
odds of MRSA by 146%. A year longer in the facility increased 
the odds of MRSA by 17% (P < 0.0001).

Multivariate Analyses from the 2015 cohort. To statistically 
adjust the estimated effects of each variable for differences in the 
distributions of the other independent variables, we performed 
multivariate analyses to determine the joint impact on MRSA 
status by independent variables that were significant (P < 0.05) 
in the univariate analyses. For age, we used the continuous vari-
able age (in years) in our model, rather than age category. We 
deliberately did not include the building in our model because 
it covaries with room. We also did not include the number of 
courses of cephalexin because it covaries with the number of 
courses of antibiotics. Thus, the predictor variables in our mul-
tivariate analysis were age, the room in which the animal was 
housed, number of courses of antibiotics, the number of surger-
ies, SIV status, and the number of years spent in the facility.

Table 3 shows the analysis of deviance table for the multivari-
ate analysis of the 288 animals analyzed in this cohort. Each 
line of the table provides a likelihood ratio test for the variable 
of interest, while holding the other predictors constant. Our 
analysis shows that the animal’s room (P < 0.0001) was a highly 
significant predictor of MRSA carriage. None of the other pre-
dictors were significant.

Because the room in which the animal was housed had such 
a dominant effect on predicting MRSA status, and because 
animals in the same room often undergo the same procedures, 
thus increasing co-variability of room with antibiotic courses, 
age, time in the facility, number of surgeries, and SIV status, 
we performed an additional multivariate analysis that did not 
include room in the model. Table 4 shows the deviance table 
for this analysis. Using the Type II option, we found that AGE 
was a highly significant predictor of MRSA status (P < 0.0001). 

Table 2. Univariate Logistic Regression Models for MRSA

Variable Coefficient ± SE Odds Ratio 95% CI Likelihood Ratio P value

AGE 0.1670 0.0397 1.18 (1.1, 1.28) 19.47 < 0.0001

AGE_categ — — — — 68.76 < 0.0001

Young/Mid — — 2.42 (0.89, 6.62) 3.21 0.0761
Mid/Old — — 7.08 (3.58, 14.02) 37.54 < 0.0001

Young/Old — — 17.16 (6.9, 42.68) 58.54 < 0.0001

Room < 0.0002

SEX −0.2079 0.2630 0.81 (0.48, 1.36) 0.62 0.4291
Building — — — — 30.19 < 0.0000

SIV 0.8990 0.2999 2.46 (1.36, 4.42) 8.77 < 0.0001

# surgeries 0.2100 0.0745 1.23 (1.07, 1.43) 7.95 < 0.0001

# courses antibiotics 0.1429 0.0443 1.15 (1.06, 1.26) 10.69 < 0.0001

# cephalosporin treatments 0.3186 0.0794 1.38 (1.18, 1.61) 17.53 < 0.0001

# baytril treatments 0.0767 0.0995 1.08 (0.88, 1.31) 0.58 0.441
# other antibiotic 
treatments

0.1531 0.1159 1.17 (0.93, 1.48) 1.74 0.1866

Time in facility 0.1536 0.0626 1.17 (1.03, 1.33) 6.19 < 0.0001

This analysis included 288 macaques. SE is the standard error, OR is the odds ratio, 95% CI is the 95% confidence interval.
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SIV status was also significant in predicting MRSA status (P = 
0.0111), and the number of courses of antibiotics approached 
significance (P = 0.0578). Follow up analyses showed no signifi-
cant interactions among predictors in the multivariate analyses.

Comparison of MRSA carriage and variables from 2015 and 
2018 after initiating antimicrobial stewardship practices. The 
entire colony (n = 285 macaques) was surveyed again in 2018 
for MRSA carriage. The MRSA carriage was 9% (26 of 285) 
compared with the 2015 rate of 28% (82 of 298) (Figure 2 A). 
Nasal culture results were compared for macaques present 
in the colony at both the 2015 and 2018 time points (n = 38)  
(Table 5). Results showed that 55% (21 of 38) of the animals 
present at both time points carried MRSA in 2015 as compared 
with only 18% (7 of 38) in 2018 (P = 0.002), with an Odds Ratio 
of 0.19 and relative risk of 3. Of the 21 animals that were posi-
tive in 2015, 81% (17 of 21) went from being MRSA carriers 
to being MRSA negative in 2018 and 19% (4 of 21) remained 
MRSA carriers. Furthermore, only 3 animals that were nega-
tive for MRSA in 2015 became MRSA carriers in 2018. Of these 
38 macaques, those positive for MRSA in 2018 had received 
more courses of antimicrobials since 2015 (n = 5.0 ± 2.9 SD) 
than had those that were MRSA negative in 2018 (n = 1.7 ±  
3.2 SD, P = 0.001) (Figure 2 B).

A similar pattern also existed for macaques that were only 
present in either 2015 (n = 260) or 2018 (n = 247). Among 
macaques that were only present in 2015, MRSA carriage 
was 23.8% (62 of 260), whereas among those that were only 
present in 2018, the MRSA carriage rate was 7.7% (19 of 247). 
The MRSA prevalence in these 2 groups was significantly dif-
ferent (P < 0.0001). Furthermore, animals in the 2015 survey 
had received more courses of antimicrobials (5.1 ± 2.7 SD) than 
had those in the 2018 survey (1.1 ± 1.5 SD, P < 0.0001), even 
though the 2015 animals had experienced fewer surgeries 
(1.9 ± 1.7 SD) than had the 2018 macaques (4.7 ± 4.7 SD) (P < 
0.0001). The 2015 animals were also slightly but statistically 
younger (5.0 y ± 3.2 SD) than the 2018 animals (5.2 y ± 2.0 SD, 
P < 0.0001) (Figure 2 C).

Discussion
We screened 298 macaques in 2015 and determined a MRSA 

prevalence of 28% in a population of rhesus and pigtailed 
macaques housed in a research facility; after implementation 
of antimicrobial stewardship practices, we observed only a 9% 
MRSA carriage prevalence (26 of 285) in 2018. Our initial preva-
lence of MRSA carriage appears higher than the prevalence of 
MRSA in macaques reported in the limited published data avail-
able from other macaque populations (5.5.%,51 6.3%,26 17.6%,85 
and 22%,39), although after we implemented stewardship 
practices, our prevalence was much lower and more consistent 
with the previous reports. In another study, 39% of macaques 
were colonized with S. aureus in their nares, but MRSA was not 
identified.90 The rates of carriage we observed appear higher in 
macaques than for the general human population (1% to 2%),75 
even for some high-risk populations such as healthcare work-
ers (approximately 5%),3 although other human populations 
may have similar rates or even higher rates (for example, in 
patients in intensive care, long term care, or hospitals).64,59 Thus, 
by identifying the risk factors associated with MRSA carriage, 
we developed mitigation strategies and used antimicrobial 
stewardship practices4,5 that successfully reduced MRSA in a 
population of macaques.

Our multivariate analysis from the initial cohort of animals 
identified several risk factors associated with MRSA carriage 
in macaques; these included the age of the animal, the room 
the animal was housed, and SIV/SHIV infection status. These 
findings partially agree with a previous study that identified 
veterinary and experimental interventions, as well as admin-
istration of antibiotic or corticosteroid, as risk factors of MRSA 
colonization of macaques; however, that study did not find age 
to be a risk factor.26 Our multivariable analysis did not find that 
the number of antibiotic courses significantly affected MRSA 
prevalence. This result differs from that found in the previously 
mentioned study on macaques26 and in humans, for whom the 
use of antibiotics is clearly a risk factor for MRSA coloniza-
tion.86 In our study, however, antibiotic use was very common 
in the facility in 2015. Most macaques had therefore undergone 
antibiotic treatment, often multiple courses; the relatively low 
number of animals with no antibiotic exposure perhaps reduced 
the overall variability of effects of antibiotic exposure across the 
study as a whole and thus perhaps masked significant effects 
of antibiotic exposure on MRSA prevalence. Nonetheless, we 
implemented antimicrobial stewardship practices and saw a 
drastic reduction in the prevalence of MRSA carriage in 2018.

One of the antibiotic treatments that most animals had re-
ceived was a multimodal “clean-up” regimen of antimicrobials 
that included enrofloxacin and paromomycin at the time of 
entry into the facility, as described elsewhere.7 This “clean-up” 
practice is concerning to many veterinarians in the field for 
multiple reasons.8 In humans, the use of fluoroquinolones is 
a risk factor for MRSA colonization.47,86,97 We would therefore 
expect this treatment to drive antibiotic resistance. Although 
our multivariate analysis did not identify the number of antimi-
crobial courses as a clear risk factor for MRSA carriage, most of 
the macaques in the 2015 study had undergone this “clean-up” 
procedure. Thus, most of these macaques had been exposed 
to fluoroquinolone, complicating our ability to fully assess 
fluoroquinolones or other antibiotics as drivers of resistance.

Due to our recently published concerns regarding the ‘clean-
up’ practice,8 we used the data from 2015 to justify and motivate 
antimicrobial stewardship practices similar to recently pub-
lished guidelines.4,5 This effort included working with research 
personnel to reduce the use of the published ‘clean-up’ regimen7 

Table 4. Multivariate Logistic Regression for MRSA without con-
sideration of Room

Variable
Chi Squared 

Likelihood Ratio
Degrees of 

Freedom P value
Age 15.58 1 < 0.0001

# courses 
antibiotics

3.60 1 0.05783

# surgeries 1.92 1 0.16638
SIV 6.45 1 0.01109

Facility Time 2.67 1 0.10224

Table 3. Multivariate Logistic Regression for MRSA

Variable
Chi Squared 

Likelihood Ratio
Degrees of 

Freedom P value

Age 0.25 1 0.6402
Room 119.41 21 < 0.0001

# courses 
antibiotics

0.11 1 0.7401

# surgeries 0.22 1 0.6402
SIV 0.00 1 1
Facility Time 2.19 1 0.1386

This analysis included 288 macaques.
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that had been initiated in the facility years earlier, and making 
other changes that included reducing perioperative antibiotic 
use. Upon arrival to the facility, macaques that do not receive 
the “clean-up” regimen are almost always housed in separate 
rooms from those that do or have previously received it. We 
repeated MRSA cultures in 2018, which allowed us to compare 
carriage rates before and after initiation of our overall reduc-
tion in antimicrobial use across the facility. The MRSA carriage 
prevalence fell significantly in the population from 2015 to 
2018, both in macaques that had been tested in both surveys 
and macaques that had been introduced into the facility since 
the previous survey. Thus, the earlier widespread use of anti-
biotics perhaps did drive antibiotic resistance, resulting in the 
high prevalence we saw in 2015 and the decline in 2018 after 
reducing antimicrobial use.

Our findings appear consistent with those reported in other 
species. Studies in animals and humans that implemented 
similar antimicrobial stewardship approaches to reduce the use 
of antimicrobials have shown that MRSA carriage rates may 
decline in response.19,99,100 Our follow-up testing performed 
in 2018 showed a significant fall in MRSA carriage within the 
population, indicating the effectiveness of these stewardship 
approaches.

The strong association of MRSA nasal carriage with age 
in our study contrasts with some human literature that 
shows no association or a decrease in colonization rates with 
age.16,46,64,86,93 However, some human studies do appear to 
show an increase in carriage with age.80 In addition, despite 
some variability, both companion animals and livestock can 
show increased carriage rates with age, due to changes in 

management practices, augmented bacterial load over time, 
and increased human contact over time.11,38,84,98

We believe related risks for aged animals in our colony could 
involve more time for animal-to-animal spread, contact with 
contaminated environments, and contact with human carriers. 
Human data, for example, shows that environmental spread 
of MRSA can occur in close quarters.34,36 This result fits with 
our finding that animals in certain rooms had a higher risk 
of MRSA carriage and with data from humans showing that 
exposure of humans to high-risk locations (for example hos-
pitals, locker rooms, farms) enhances the risk of colonization 
with MRSA.53,56,57 By implementing new practices to reduce 
antibiotic use, we could have reduced the chance of an animal 
developing MRSA and then exposing other macaques, thereby 
reducing the overall prevalence in the colony.

Humans infected with HIV are known to be at greater risk than 
uninfected people of being colonized with MRSA;74 8% to 13% of 
HIV-infected individuals are colonized with MRSA.71,74 Reasons 
for the their increased colonization rate are likely multifacto-
rial: increased risk of skin and soft tissue infections,72 lifestyle 
risk factors,23 prior hospitalization and antibiotic use,74 and 
immunosuppression.58 The environment of our macaques was 
more controlled. However, when left untreated, SIV infections 
in macaques result in immunosuppression and opportunistic 
infections.52,82,94 However, some of the SIV-infected macaques 
included in our study were receiving combined antiretroviral 
therapy and were not necessarily immunosuppressed. However, 
a greater risk of MRSA carriage could occur due to SIV-related 
immunomodulation of its host.18,50,91 Thus, one hypothesis that 
could warrant future attention is whether SIV infection alters 
the normal nasal mucosal immune response, the normal nasal 
microbiome, or both and if these factors predispose the animal 
to MRSA carriage.

We found that the most common genotypes of MRSA in our 
macaques were broadly distributed into 2 main types: sequence 
type 188 (ST188/t189) and spa type t13638. ST188 and spa type 
t189 isolates showed significant overlap, which is consistent 
with prior analyses in humans33,68 and animals.51,73 At the time 
of original surveillance in 2015, ST188 was historically uncom-
mon in humans in the Asia-Pacific area33,55,95 but was becoming 
more prevalent in certain geographic areas.96 ST188 has also 

Figure 2. MRSA carriage fell between 2015 to 2018 after implementing stewardship practices. A) MRSA carriage is compared between samples 
collected in 2015 and 2018, MRSA carriers (red) and negative for MRSA (black). B) In macaques sampled in both 2015 and 2018, the number of 
courses of antibiotics since 2015 is shown for those positive for MRSA in 2018 (red) compared with those negative for MRSA (black; Mean ± 1 
SD are shown, **, P = 0.01). C) The number of courses of antimicrobials, number of surgeries and age for animals only present in 2015 (black) or 
present in 2018 (white), but not both (Mean ± 1 SD are shown, ***, P < 0.0001).

Table 5. Nasal MRSA culture results of animals present during 
2015 and 2018 sample collection

MRSA 
Negative: 2018

MRSA Positive: 
2018 Subtotals

MRSA Negative: 
2015

14 3 17

MRSA Positive: 
2015

17 4 21

Subtotals 31 7 Total = 38
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been identified in several different species of macaques, their 
environment, and in individuals working at research facilities 
in the USA and China.26,51,73,85 The other common isolate that 
we identified was spa type t13638, which made up 59% (13 of 
22) of the MRSA isolates. This isolate has also been identified 
in macaques in research settings in the USA73 and China (along 
with t189).51 This isolate appears similar to ST3268 and so far 
has only been reported in macaques.26,30,51,73 These data suggest 
that the MRSA isolates identified in our study were probably 
not being introduced into the primate facilities by staff in the 
USA but possibly were endemic in other macaque popula-
tions. Although common human isolates (ST300) can colonize 
chimpanzees,27 most of the available data from macaques 
suggests a different story. The finding that MRSA isolates from 
several species of macaques in broadly separated geographic 
areas were similar suggests that macaques are natural hosts to 
some of these isolates or that humans, or other sources, may 
have transmitted them to macaques many years ago, with the 
macaques harboring these isolates ever since. Whole genome 
sequencing of MRSA isolates and a more complete survey of 
the genotyping was beyond the scope of this work but would 
allow for a greater understanding of the genetic relationship 
of the isolates.

A limitation of our study is that we were unable to screen ani-
mal caretakers and veterinary staff for MRSA. However, if local 
human-macaque transmission was responsible for the carriage 
we have observed, we would expect that at least some of the ma-
caques would be colonized with the more common community 
acquired MRSA strains (for example, ST8/USA300) circulating 
in the US.22 Also, recent studies appear to suggest that humans 
working with macaques are colonized by similar strains to 
those found in the macaque populations.30,85 Determining the 
sequence of carriage is difficult in such circumstances but sug-
gests that macaques may be a potential zoonotic reservoir for 
certain STs of MRSA, as observed for MRSA in pigs and other 
livestock.31,69,93 People working around macaques should be 
aware that the animals may carry zoonotic MRSA species and 
take appropriate precautions.

We did not attempt to eliminate carriers, despite our relatively 
high prevalence of MRSA carriage, as the rate of infection or 
complications associated with MRSA was low. Decolonization 
in humans is not routinely recommended due to the risk of 
selecting for antibiotic resistance, lack of clinical benefit, and a 
relatively high failure rate, especially at the population level.37,67 
Recent attempts to eliminate MRSA from colonized macaques 
have had some success; however, the treatment did not appear 
to be successful in all cases, and long-term follow-up was not 
described.15,39,85 Decolonization would be a challenge in a large 
facility with high prevalence, as in our colony in 2015, because 
failure to decolonize even one animal could result in reinfection 
of the group and a furthering of antibiotic resistance.

Since the initial surveillance in 2015, we have implemented 
several practices to reduce MRSA carriage including changes 
in PPE practices, reducing antibiotic use, no longer using the 
“clean-up” protocol in most animals, and reducing the routine 
use of antimicrobials after surgery. This antimicrobial steward-
ship approach appears to have driven a reduction in MRSA 
carriage in our colony and should elicit caution in those who 
use antimicrobials at high rates in NHP populations. Recent 
criticism of the “clean-up” protocol has shown that this issue 
is not an isolated concern.8 Future work should involve con-
tinued testing of animals to monitor for changes in prevalence or  
patterns, to evaluate the effectiveness of husbandry changes and 
antibiotic stewardship practices,5 and to further characterize the 

genotypes of MRSA in this population. Screening of husbandry 
staff, veterinarians, and other personnel working with the pri-
mates could also help to learn more about possible zoonotic 
transmission.

Acknowledgments
We would like to thank the animal care staff of the Laboratory Animal 

Sciences Program, Frederick National Laboratory, for expert animal care 
and support. We would also like to thank the staff of the Bacteriology 
Laboratory, Division of Veterinary Resources, National Institutes of 
Health. This project has been funded in whole or in part with Federal 
funds from the National Cancer Institute, National Institutes of Health, 
under Contract No. HHSN261201500003I and the Intramural Research 
Program of the National Institute of Allergy and Infectious Diseases 
(NIAID) (M.O., project number ZIA AI000904). The content of this 
publication does not necessarily reflect the views or policies of the 
Department of Health and Human Services, nor does mention of trade 
names, commercial products, or organizations imply endorsement by 
the U.S. Government.

References
 1. Abdullahi IN, Fernandez-Fernandez R, Juarez-Fernandez G, 

Martinez-Alvarez S, Eguizabal P, Zarazaga M, Lozano C, Torres 
C. 2021. Wild animals are reservoirs and sentinels of Staphylo-
coccus aureus and MRSA clones: A problem with “One Health” 
concern. Antibiotics (Basel) 10:1556. https://doi.org/10.3390/ 
antibiotics10121556.

 2. Agresti A. 1990. Categorical data analysis. New York (NY): Wiley.
 3. Albrich WC, Harbarth S. 2008. Health-care workers: Source, vec-

tor, or victim of MRSA? Lancet Infect Dis 8:289–301. https://doi.
org/10.1016/S1473-3099(08)70097-5. 

 4. Association of Primate Veterinarians. 2019. Association of Primate 
Veterinarians guidelines for MRSA infections in nonhuman pri-
mates in biomedical research. J Am Assoc Lab Anim Sci 58:285–288. 

 5. Association of Primate Veterinarians. 2021. Association of Primate 
Veterinarians’ guidelines for the judicious use of antimicrobials. 
J Am Assoc Lab Anim Sci 60:601–606. 

 6. Barber M. 1961. Methicillin-resistant staphylococci. J Clin Pathol 
14:385–393. https://doi.org/10.1136/jcp.14.4.385. 

 7. Bochart RM, Busman-Sahay K, Bondoc S, Morrow DW, Ortiz 
AM, Fennessey CM, Fischer MB, Shiel O, Swanson T, Shriver-
Munsch CM, Crank HB, Armantrout KM, Barber-Axthelm AM, 
Langner C, Moats CR, Labriola CS, MacAllister R, Axthelm MK, 
Brenchley JM, Keele BF, Estes JD, Hansen SG, Smedley JV. 2021. 
Mitigation of endemic GI-tract pathogen-mediated inflammation 
through development of multimodal treatment regimen and 
its impact on SIV acquisition in rhesus macaques. PLoS Pathog 
17:e1009565. https://doi.org/10.1371/journal.ppat.1009565. 

 8. Bohm RP, Breed MW, Cohen JK, Haertel AJ, Halliday LC, Kramer 
JA, Lieberman MT, Rice KA, Roberts JA, Russell-Logrigue KE, 
Salyards GW, Scorpio DG, Weese JS. 2022. Formal comment on 
“Mitigation of endemic GI-tract pathogen-mediated inflammation 
through development of multimodal treatment regimen and its 
impact on SIV acquisition in rhesus macaques” by Bochart et al. 
(2021). PLoS Pathog 18:e1010831. https://doi.org/10.1371/journal.
ppat.1010831. 

 9. Boyce JM, Havill NL, Maria B. 2005. Frequency and possible 
infection control implications of gastrointestinal colonization 
with methicillin-resistant Staphylococcus aureus. J Clin Microbiol 
43:5992–5995. https://doi.org/10.1128/JCM.43.12.5992-5995.2005. 

 10. Broekema NM, Van TT, Monson TA, Marshall SA, Warshauer 
DM. 2009. Comparison of cefoxitin and oxacillin disk diffusion 
methods for detection of mecA-mediated resistance in Staphylo-
coccus aureus in a large-scale study. J Clin Microbiol 47:217–219. 
https://doi.org/10.1128/JCM.01506-08. 

 11. Broens EM, Espinosa-Gongora C, Graat EA, Vendrig N, Van 
Der Wolf PJ, Guardabassi L, Butaye P, Nielsen JP, De Jong MC, 
Van De Giessen AW. 2012. Longitudinal study on transmission 
of MRSA CC398 within pig herds. BMC Vet Res 8:58. https://doi.
org/10.1186/1746-6148-8-58. 

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



142

Vol 73, No 2
Comparative Medicine
April 2023

 12. Centers for Disease Control and Prevention. [Internet]. 2019. 
Antibiotic resistance threats in the United States, 2019. [Ac-
cessed October 2022]. Available at: https://www.cdc.gov/
drugresistance/pdf/threats-report/2019-ar-threats-report-508.
pdf.

 13. Centers for Disease Control and Prevention. [Internet]. 2021. 
Core elements of antibiotic stewardship. [Accessed October 2022]. 
Available at: https://www.cdc.gov/antibiotic-use/core-elements/
index.html.

 14. Champion AE, Goodwin TA, Brolinson PG, Werre SR, Prater MR, 
Inzana TJ. 2014. Prevalence and characterization of methicillin-
resistant Staphylococcus aureus isolates from healthy university 
student athletes. Ann Clin Microbiol Antimicrob 13:33. https://
doi.org/10.1186/s12941-014-0033-5. 

 15. Cheleuitte-Nieves CE, Diaz LL, Pardos de la Gandara M, Gon-
zalez A, Freiwald WA, de Lencastre HM, Tomasz A, Euler CW. 
2020. Evaluation of topical lysostaphin as a novel treatment for 
instrumented rhesus macaques (Macaca mulatta) infected with 
methicillin-resistant Staphylococcus aureus. Comp Med 70:335–347. 
https://doi.org/10.30802/AALAS-CM-19-000102. 

 16. Cohen PR. 2008. The skin in the gym: A comprehensive review of 
the cutaneous manifestations of community-acquired methicillin-
resistant Staphylococcus aureus infection in athletes. Clin Dermatol 
26:16–26. https://doi.org/10.1016/j.clindermatol.2007.10.006. 

 17. Cole AL, Cosgrove Sweeney Y, Lasseter AG, Gray JM, Beavis 
AC, Chong CF, Hajheidari SV, Beyene A, Patton DL, Cole AM. 
2018. Evaluation of the pig-tailed macaque (Macaca nemestrina) 
as a model of human Staphylococcus aureus nasal carriage. Infect 
Immun 86:e00043-18. https://doi.org/10.1128/iai.00043-18. 

 18. Crakes KR, Jiang G. 2019. Gut microbiome alterations during 
HIV/SIV infection: Implications for HIV cure. Front Microbiol 
10:1104. https://doi.org/10.3389/fmicb.2019.01104. 

 19. Crespo-Piazuelo D, Lawlor PG. 2021. Livestock-associated 
methicillin-resistant Staphylococcus aureus (LA-MRSA) prevalence 
in humans in close contact with animals and measures to reduce 
on-farm colonisation. Ir Vet J 74:21. https://doi.org/10.1186/
s13620-021-00200-7. 

 20. Cuny C, Wieler LH, Witte W. 2015. Livestock-associated MRSA: 
The impact on humans. Antibiotics (Basel) 4:521–543. https://doi.
org/10.3390/antibiotics4040521. 

 21. Dantes R, Mu Y, Belflower R, Aragon D, Dumyati G, Harrison 
LH, Lessa FC, Lynfield R, Nadle J, Petit S, Ray SM, Schaffner W, 
Townes J, Fridkin S, Emerging Infections Program-Active Bac-
terial Core Surveillance MSI. 2013. National burden of invasive 
methicillin-resistant Staphylococcus aureus infections, United States, 
2011. JAMA Intern Med 173:1970–1978. 

 22. Diekema DJ, Richter SS, Heilmann KP, Dohrn CL, Riahi F, 
Tendolkar S, McDanel JS, Doern GV. 2014. Continued emer-
gence of USA300 methicillin-resistant Staphylococcus aureus 
in the United States: Results from a nationwide surveillance 
study. Infect Control Hosp Epidemiol 35:285–292. https://doi.
org/10.1086/675283. 

 23. Diep BA, Chambers HF, Graber CJ, Szumowski JD, Miller LG, 
Han LL, Chen JH, Lin F, Lin J, Phan TH, Carleton HA, McDou-
gal LK, Tenover FC, Cohen DE, Mayer KH, Sensabaugh GF, 
Perdreau-Remington F. 2008. Emergence of multidrug-resistant, 
community-associated, methicillin-resistant Staphylococcus aureus 
clone USA300 in men who have sex with men. Ann Intern Med 
148:249–257. https://doi.org/10.7326/0003-4819-148-4-200802190-
00204. 

 24. Dulon M, Peters C, Schablon A, Nienhaus A. 2014. MRSA carriage 
among healthcare workers in non-outbreak settings in Europe and 
the United States: A systematic review. BMC Infect Dis 14:363. 
https://doi.org/10.1186/1471-2334-14-363. 

 25. Enright MC, Day NP, Davies CE, Peacock SJ, Spratt BG. 2000. 
Multilocus sequence typing for characterization of methicillin-
resistant and methicillin-susceptible clones of Staphylococcus 
aureus. J Clin Microbiol 38:1008–1015. https://doi.org/10.1128/
JCM.38.3.1008-1015.2000. 

 26. Greenstein AW, Boyle-Vavra S, Maddox CW, Tang X, Halliday 
LC, Fortman JD. 2019. Carriage of methicillin-resistant Staphylococ-
cus aureus in a colony of rhesus (Macaca mulatta) and cynomolgus 

(Macaca fascicularis) macaques. Comp Med 69:311–320. https://
doi.org/10.30802/AALAS-CM-18-000089. 

 27. Hanley PW, Barnhart KF, Abee CR, Lambeth SP, Weese JS. 2015. 
Methicillin-resistant Staphylococcus aureus prevalence among 
captive chimpanzees, Texas, USA, 2012(1). Emerg Infect Dis 
21:2158–2160. https://doi.org/10.3201/eid2112.142004. 

 28. Hoefer A, Boyen F, Beierschmitt A, Moodley A, Roberts MC, 
Butaye P. 2021. Methicillin-resistant and methicillin-susceptible 
Staphylococcus from vervet monkeys (Chlorocebus sabaeus) in Saint 
Kitts. Antibiotics (Basel) 10:290. https://doi.org/10.3390/antibiot-
ics10030290. 

 29. Hosmer DW, Lemeshow S. 2000. Applied logistic regression, 2nd 
ed. New York (NY): Wiley. https://doi.org/10.1002/0471722146

 30. Hsu LY, Holden MTG, Koh TH, Pettigrew KA, Cao D, Hon 
PY, Sergio DM, Pena E, Ogden BE. 2017. ST3268: A geographi-
cally widespread primate MRSA clone. J Antimicrob Chemother 
72:2401–2403. https://doi.org/10.1093/jac/dkx120. 

 31. Huijsdens XW, van Dijke BJ, Spalburg E, van Santen-Verheuvel 
MG, Heck ME, Pluister GN, Voss A, Wannet WJ, de Neeling 
AJ. 2006. Community-acquired MRSA and pig-farming. Ann 
Clin Microbiol Antimicrob 5:26. https://doi.org/10.1186/1476-
0711-5-26. 

 32. Institute for Laboratory Animal Research. 2011. Guide for the 
care and use of laboratory animals, 8th edition. Washington (DC): 
National Academies Press.

 33. Ip M, Wang Z, Lam WY, Zhou H, Tsui S. 2014. Draft genome 
sequence of methicillin-resistant Staphylococcus aureus CUHK_188 
(ST188), a health care-associated bacteremic isolate from Hong 
Kong. Genome Announc 2:e00255-14. https://doi.org/10.1128/
genomeA.00255-14. 

 34. Jensen AG, Wachmann CH, Poulsen KB, Espersen F, Scheibel 
J, Skinhoj P, Frimodt-Moller N. 1999. Risk factors for hospital-
acquired Staphylococcus aureus bacteremia. Arch Intern Med 
159:1437–1444. https://doi.org/10.1001/archinte.159.13.1437. 

 35. Jernigan JA, Hatfield KM, Wolford H, Nelson RE, Olubajo B, 
Reddy SC, McCarthy N, Paul P, McDonald LC, Kallen A, Fiore A, 
Craig M, Baggs J. 2020. Multidrug-resistant bacterial infections in 
U.S. Hospitalized Patients, 2012-2017. N Engl J Med 382:1309–1319. 
https://doi.org/10.1056/NEJMoa1914433. 

 36. Jernigan JA, Pullen AL, Partin C, Jarvis WR. 2003. Prevalence of 
and risk factors for colonization with methicillin-resistant Staphy-
lococcus aureus in an outpatient clinic population. Infect Control 
Hosp Epidemiol 24:445–450. https://doi.org/10.1086/502223. 

 37. Kauffman CA, Terpenning MS, He X, Zarins LT, Ramsey MA, 
Jorgensen KA, Sottile WS, Bradley SF. 1993. Attempts to eradicate 
methicillin-resistant Staphylococcus aureus from a long-term-care 
facility with the use of mupirocin ointment. Am J Med 94:371–378. 
https://doi.org/10.1016/0002-9343(93)90147-H. 

 38. Khanna T, Friendship R, Dewey C, Weese JS. 2008. Methicil-
lin resistant Staphylococcus aureus colonization in pigs and pig 
farmers. Vet Microbiol 128:298–303. https://doi.org/10.1016/j.
vetmic.2007.10.006. 

 39. Kim TM, Park H, Lee KW, Choi EW, Moon SH, Lee YS, Cho 
K, Park WJ, Park JB, Kim SJ. 2017. A simple way to eradicate 
methicillin-resistant Staphylococcus aureus in cynomolgus macaques 
(Macaca fascicularis). Comp Med 67:356–359. 

 40. Klein E, Smith DL, Laxminarayan R. 2007. Hospitalizations and 
deaths caused by methicillin-resistant Staphylococcus aureus, United 
States, 1999-2005. Emerg Infect Dis 13:1840–1846. https://doi.
org/10.3201/eid1312.070629. 

 41. Klevens RM, Edwards JR, Tenover FC, McDonald LC, Horan 
T, Gaynes R. 2006. Changes in the epidemiology of methicillin-
resistant Staphylococcus aureus in intensive care units in US 
hospitals, 1992-2003. Clin Infect Dis 42:389–391. https://doi.
org/10.1086/499367. 

 42. Kluytmans J, van Belkum A, Verbrugh H. 1997. Nasal carriage 
of Staphylococcus aureus: Epidemiology, underlying mechanisms, 
and associated risks. Clin Microbiol Rev 10:505–520. https://doi.
org/10.1128/CMR.10.3.505. 

 43. Kluytmans JA, Mouton JW, Ijzerman EP, Vandenbroucke-Grauls 
CM, Maat AW, Wagenvoort JH, Verbrugh HA. 1995. Nasal car-
riage of Staphylococcus aureus as a major risk factor for wound 

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



143

Genotype and risk factors associated with MRSA in research macaques

infections after cardiac surgery. J Infect Dis 171:216–219. https://
doi.org/10.1093/infdis/171.1.216. 

 44. Kolappaswamy K, Shipley ST, Tatarov II, DeTolla LJ. 2008. 
Methicillin-resistant Staphylococcus non-aureus infection in an ir-
radiated rhesus macaque (Macaca mulatta). J Am Assoc Lab Anim 
Sci 47:64–67. 

 45. Kuehnert MJ, Kruszon-Moran D, Hill HA, McQuillan G, Mc-
Allister SK, Fosheim G, McDougal LK, Chaitram J, Jensen B, 
Fridkin SK, Killgore G, Tenover FC. 2006. Prevalence of Staphy-
lococcus aureus nasal colonization in the United States, 2001-2002. 
J Infect Dis 193:172–179. https://doi.org/10.1086/499632. 

 46. Lakhundi S, Zhang K. 2018. Methicillin-Resistant Staphylococcus 
aureus: Molecular characterization, evolution, and epidemiol-
ogy. Clin Microbiol Rev 31:e00020-18. https://doi.org/10.1128/
CMR.00020-18. 

 47. Lawes T, Lopez-Lozano JM, Nebot CA, Macartney G, Subbarao-
Sharma R, Dare CR, Wares KD, Gould IM. 2015. Effects of 
national antibiotic stewardship and infection control strategies on 
hospital-associated and community-associated meticillin-resistant 
Staphylococcus aureus infections across a region of Scotland: A non-
linear time-series study. Lancet Infect Dis 15:1438–1449. https://
doi.org/10.1016/S1473-3099(15)00315-1. 

 48. Lee AS, de Lencastre H, Garau J, Kluytmans J, Malhotra-Kumar 
S, Peschel A, Harbarth S. 2018. Methicillin-resistant Staphylococcus 
aureus. Nat Rev Dis Primers 4:18033. https://doi.org/10.1038/
nrdp.2018.33. 

 49. Lee JI, Kim KS, Oh BC, Kim NA, Kim IH, Park CG, Kim SJ. 
2011. Acute necrotic stomatitis (noma) associated with methicillin-
resistant Staphylococcus aureus infection in a newly acquired rhesus 
macaque (Macaca mulatta). J Med Primatol 40:188–193. https://doi.
org/10.1111/j.1600-0684.2011.00470.x. 

 50. Li Y, Kang G, Duan L, Lu W, Katze MG, Lewis MG, Haase AT, Li 
Q. 2015. SIV infection of lung macrophages. PLoS One 10:e0125500. 
https://doi.org/10.1371/journal.pone.0125500. 

 51. Li Y, Tang Y, Ren J, Huang J, Li Q, Ingmer H, Jiao X. 2020. Iden-
tification and molecular characterization of Staphylococcus aureus 
and multi-drug resistant MRSA from monkey faeces in China. 
Transbound Emerg Dis 67:1382–1387. https://doi.org/10.1111/
tbed.13450. 

 52. Mansfield KG, Pauley D, Young HL, Lackner AA. 1995. Mycobac-
terium avium complex in macaques with AIDS is associated with a 
specific strain of simian immunodeficiency virus and prolonged 
survival after primary infection. J Infect Dis 172:1149–1152. https://
doi.org/10.1093/infdis/172.4.1149. 

 53. Mehraj J, Akmatov MK, Strompl J, Gatzemeier A, Layer F, 
Werner G, Pieper DH, Medina E, Witte W, Pessler F, Krause G. 
2014. Methicillin-sensitive and methicillin-resistant Staphylococcus 
aureus nasal carriage in a random sample of non-hospitalized adult 
population in northern Germany. PLoS One 9:e107937. https://
doi.org/10.1371/journal.pone.0107937. 

 54. Mera RM, Suaya JA, Amrine-Madsen H, Hogea CS, Miller 
LA, Lu EP, Sahm DF, O’Hara P, Acosta CJ. 2011. Increasing role 
of Staphylococcus aureus and community-acquired methicillin-
resistant Staphylococcus aureus infections in the United States: A 
10-year trend of replacement and expansion. Microb Drug Resist 
17:321–328. https://doi.org/10.1089/mdr.2010.0193.

 55. Monecke S, Coombs G, Shore AC, Coleman DC, Akpaka P, 
Borg M, Chow H, Ip M, Jatzwauk L, Jonas D, Kadlec K, Kearns 
A, Laurent F, O’Brien FG, Pearson J, Ruppelt A, Schwarz S, 
Scicluna E, Slickers P, Tan HL, Weber S, Ehricht R. 2011. A field 
guide to pandemic, epidemic and sporadic clones of methicillin-
resistant Staphylococcus aureus. PLoS One 6:e17936. https://doi.
org/10.1371/journal.pone.0017936. 

 56. Mork RL, Hogan PG, Muenks CE, Boyle MG, Thompson RM, 
Morelli JJ, Sullivan ML, Gehlert SJ, Ross DG, Yn A, Bubeck 
Wardenburg J, Rzhetsky A, Burnham CD, Fritz SA. 2018. Com-
prehensive modeling reveals proximity, seasonality, and hygiene 
practices as key determinants of MRSA colonization in exposed 
households. Pediatr Res 84:668–676. https://doi.org/10.1038/
s41390-018-0113-x. 

 57. Neidhart S, Zaatreh S, Klinder A, Redanz S, Spitzmuller R, 
Holtfreter S, Warnke P, Alozie A, Henck V, Gohler A, Ellenrieder 

M, AbouKoura M, Divchev D, Gumbel D, Napp M, Steinhoff G, 
Nienaber C, Ekkernkamp A, Mittelmeier W, Guthoff C, Podbiel-
ski A, Stengel D, Bader R. 2018. Predictors of colonization with 
Staphylococcus species among patients scheduled for cardiac and 
orthopedic interventions at tertiary care hospitals in north-eastern 
Germany-a prevalence screening study. Eur J Clin Microbiol Infect 
Dis 37:633–641. https://doi.org/10.1007/s10096-017-3154-x. 

 58. Nguyen MH, Kauffman CA, Goodman RP, Squier C, Arbeit 
RD, Singh N, Wagener MM, Yu VL. 1999. Nasal carriage of and 
infection with Staphylococcus aureus in HIV-infected patients. Ann 
Intern Med 130:221–225. https://doi.org/10.7326/0003-4819-130-
3-199902020-00026. 

 59. NNIS System. 2003. National Nosocomial Infections Surveillance 
(NNIS) System Report, data summary from January 1992 through 
June 2003, issued August 2003. Am J Infect Control 31:481–498. 
https://doi.org/10.1016/j.ajic.2003.09.002. 

 60. Otter JA, French GL. 2012. Community-associated meticillin-resist-
ant Staphylococcus aureus: The case for a genotypic definition. J Hosp 
Infect 81:143–148. https://doi.org/10.1016/j.jhin.2012.04.009. 

 61. Otto M. 2013. Coagulase-negative staphylococci as reservoirs of 
genes facilitating MRSA infection: Staphylococcal commensal 
species such as Staphylococcus epidermidis are being recognized 
as important sources of genes promoting MRSA colonization 
and virulence. BioEssays 35:4–11. https://doi.org/10.1002/
bies.201200112. 

 62. Otto M. 2013. Community-associated MRSA: What makes 
them special? Int J Med Microbiol 303:324–330. https://doi.
org/10.1016/j.ijmm.2013.02.007. 

 63. Padoveze MC, de Jesus Pedro R, Blum-Menezes D, Bratfich OJ, 
Moretti ML. 2008. Staphylococcus aureus nasal colonization in HIV 
outpatients: Persistent or transient? Am J Infect Control 36:187–191. 
https://doi.org/10.1016/j.ajic.2007.05.012. 

 64. Panlilio AL, Culver DH, Gaynes RP, Banerjee S, Henderson TS, 
Tolson JS, Martone WJ. 1992. Methicillin-resistant Staphylococcus 
aureus in U.S. hospitals, 1975-1991. Infect Control Hosp Epidemiol 
13:582–586. 

 65. Pardos de la Gandara M, Diaz L, Euler CW, Chung M, Gonzalez 
A, Cheleuitte C, Freiwald W, Tomasz A, Fischetti VA, de Lencastre 
H. 2019. Staphylococcus aureus infecting and colonizing experimen-
tal animals, macaques, in a research animal facility. Microb Drug 
Resist 25:54–62. https://doi.org/10.1089/mdr.2018.0232.

 66. Patel AB, Hill E, Simpson EL, Hanifin JM. 2013. Reversion 
of methicillin-resistant Staphylococcus aureus skin infections to 
methicillin-susceptible isolates. JAMA Dermatol 149:1167–1171. 
https://doi.org/10.1001/jamadermatol.2013.4909. 

 67. Patel JB, Gorwitz RJ, Jernigan JA. 2009. Mupirocin resistance. 
Clin Infect Dis 49:935–941. 

 68. Peck KR, Baek JY, Song JH, Ko KS. 2009. Comparison of genotypes 
and enterotoxin genes between Staphylococcus aureus isolates from 
blood and nasal colonizers in a Korean hospital. J Korean Med Sci 
24:585–591. https://doi.org/10.3346/jkms.2009.24.4.585. 

 69. Petersen A, Stegger M, Heltberg O, Christensen J, Zeuthen A, 
Knudsen LK, Urth T, Sorum M, Schouls L, Larsen J, Skov R, 
Larsen AR. 2013. Epidemiology of methicillin-resistant Staphylococ-
cus aureus carrying the novel mecC gene in Denmark corroborates 
a zoonotic reservoir with transmission to humans. Clin Microbiol 
Infect 19:E16–E22. https://doi.org/10.1111/1469-0691.12036. 

 70. Popovich KJ, Hota B, Aroutcheva A, Kurien L, Patel J, Lyles-
Banks R, Grasso AE, Spec A, Beavis KG, Hayden MK, 
Weinstein RA. 2013. Community-associated methicillin-resistant 
Staphylococcus aureus colonization burden in HIV-infected pa-
tients. Clin Infect Dis 56:1067–1074. https://doi.org/10.1093/
cid/cit010. 

 71. Popovich KJ, Smith KY, Khawcharoenporn T, Thurlow CJ, Lough 
J, Thomas G, Aroutcheva A, Zawitz C, Beavis KG, Weinstein RA, 
Hota B. 2012. Community-associated methicillin-resistant Staphy-
lococcus aureus colonization in high-risk groups of HIV-infected 
patients. Clin Infect Dis 54:1296–1303. https://doi.org/10.1093/
cid/cis030. 

 72. Popovich KJ, Weinstein RA, Aroutcheva A, Rice T, Hota B. 2010. 
Community-associated methicillin-resistant Staphylococcus au-
reus and HIV: intersecting epidemics. Clin Infect Dis 50:979–987. 

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



144

Vol 73, No 2
Comparative Medicine
April 2023

 73. Roberts MC, Fessler AT, Monecke S, Ehricht R, No D, Schwarz 
S. 2018. Molecular analysis of two different MRSA clones ST188 
and ST3268 from primates (Macaca spp.) in a United States pri-
mate center. Front Microbiol 9:2199. https://doi.org/10.3389/
fmicb.2018.02199. 

 74. Sabbagh P, Riahi SM, Gamble HR, Rostami A. 2019. The global 
and regional prevalence, burden, and risk factors for methicillin-
resistant Staphylococcus aureus colonization in HIV-infected people: 
A systematic review and meta-analysis. Am J Infect Control 
47:323–333. https://doi.org/10.1016/j.ajic.2018.06.023. 

 75. Salgado CD, Farr BM, Calfee DP. 2003. Community-acquired 
methicillin-resistant Staphylococcus aureus: A meta-analysis of 
prevalence and risk factors. Clin Infect Dis 36:131–139. 

 76. Saunders NA, Holmes A. 2007. Multilocus sequence typing 
(MLST) of Staphylococcus aureus. Methods Mol Biol 391:71–85. 
https://doi.org/10.1007/978-1-59745-468-1_6. 

 77. Schaumburg F, Alabi AS, Kock R, Mellmann A, Kremsner 
PG, Boesch C, Becker K, Leendertz FH, Peters G. 2012. Highly 
divergent Staphylococcus aureus isolates from African non-
human primates. Environ Microbiol Rep 4:141–146. https://doi.
org/10.1111/j.1758-2229.2011.00316.x. 

 78. Schaumburg F, Mugisha L, Peck B, Becker K, Gillespie TR, Peters 
G, Leendertz FH. 2012. Drug-resistant human Staphylococcus aureus 
in sanctuary apes pose a threat to endangered wild ape popula-
tions. Am J Primatol 74:1071–1075. https://doi.org/10.1002/
ajp.22067. 

 79. Schaumburg F, Pauly M, Anoh E, Mossoun A, Wiersma L, Schu-
bert G, Flammen A, Alabi AS, Muyembe-Tamfum JJ, Grobusch 
MP, Karhemere S, Akoua-Koffi C, Couacy-Hymann E, Krem-
sner PG, Mellmann A, Becker K, Leendertz FH, Peters G. 2015. 
Staphylococcus aureus complex from animals and humans in three 
remote African regions. Clin Microbiol Infect 21:345. https://doi.
org/10.1016/j.cmi.2014.12.001

 80. Shahbazian JH, Hahn PD, Ludwig S, Ferguson J, Baron P, Christ 
A, Spicer K, Tolomeo P, Torrie AM, Bilker WB, Cluzet VC, Hu 
B, Julian K, Nachamkin I, Rankin SC, Morris DO, Lautenbach 
E, Davis MF. 2017. Multidrug and mupirocin resistance in en-
vironmental methicillin-resistant Staphylococcus aureus (MRSA) 
isolates from homes of people diagnosed with community-onset 
MRSA infection. Appl Environ Microbiol 83:e01396-17. https://
doi.org/10.1128/AEM.01369-17. 

 81. 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. https://doi.org/10.1128/JCM.37.11.3556-
3563.1999. 

 82. Simon MA, Chalifoux LV, Ringler DJ. 1992. Pathologic features of 
SIV-induced disease and the association of macrophage infection 
with disease evolution. AIDS Res Hum Retroviruses 8:327–337. 
https://doi.org/10.1089/aid.1992.8.327. 

 83. Slingerland BCGC, Keehnen M, Ouwerling B, Tavakol M, 
Snijders SV, Verbrugh HA, Vos MC, Remarque EJ, Langermans 
JAM, van Wamel WJB. 2018. An experimental Staphylococcus aureus 
carriage and decolonization model in rhesus macaques (Macaca 
mulatta). PLoS One 13:e0194718. https://doi.org/10.1371/journal.
pone.0194718. 

 84. 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. 
https://doi.org/10.1371/journal.pone.0004258. 

 85. Soge OO, No D, Michael KE, Dankoff J, Lane J, Vogel K, Smed-
ley J, Roberts MC. 2016. Transmission of MDR MRSA between 
primates, their environment and personnel at a United States 
primate centre. J Antimicrob Chemother 71:2798–2803. https://
doi.org/10.1093/jac/dkw236. 

 86. Tacconelli E, De Angelis G, Cataldo MA, Pozzi E, Cauda R. 2008. 
Does antibiotic exposure increase the risk of methicillin-resistant 
Staphylococcus aureus (MRSA) isolation? A systematic review and 
meta-analysis. J Antimicrob Chemother 61:26–38. https://doi.
org/10.1093/jac/dkm416. 

 87. Tang Y, Qiao Z, Wang Z, Li Y, Ren J, Wen L, Xu X, Yang J, Yu C, 
Meng C, Ingmer H, Li Q, Jiao X. 2021. The prevalence of Staphylo-
coccus aureus and the occurrence of MRSA CC398 in monkey feces 
in a zoo park in eastern China. Animals (Basel) 11:732. https://
doi.org/10.3390/ani11030732. 

 88. Taylor WM, Grady AW. 1998. Catheter-tract infections in rhesus 
macaques (Macaca mulatta) with indwelling intravenous catheters. 
Lab Anim Sci 48:448–454. 

 89. Team RC. 2021. R: A language and environment for statistical 
computing. Vienna, Austria.

 90. van den Berg S, van Wamel WJ, Snijders SV, Ouwerling B, de 
Vogel CP, Boelens HA, Willems RJ, Huijsdens XW, Verreck FA, 
Kondova I, Heidt PJ, Verbrugh HA, van Belkum A. 2011. Rhesus 
macaques (Macaca mulatta) are natural hosts of specific Staphylococ-
cus aureus lineages. PLoS One 6:e26170. https://doi.org/10.1371/
journal.pone.0026170. 

 91. Veazey RS, Lackner AA. 2017. Nonhuman primate models and 
understanding the pathogenesis of HIV infection and AIDS. ILAR 
J 58:160–171. https://doi.org/10.1093/ilar/ilx032. 

 92. von Eiff C, Becker K, Machka K, Stammer H, Peters G. 2001. 
Nasal carriage as a source of Staphylococcus aureus bacteremia. 
Study group. N Engl J Med 344:11–16. https://doi.org/10.1056/
NEJM200101043440102. 

 93. Voss A, Loeffen F, Bakker J, Klaassen C, Wulf M. 2005. Methicillin-
resistant Staphylococcus aureus in pig farming. Emerg Infect Dis 
11:1965–1966. https://doi.org/10.3201/eid1112.050428. 

 94. Wachtman LM, Mansfield KG. 2008. Opportunistic infections 
in immunologically compromised nonhuman primates. ILAR J 
49:191–208. https://doi.org/10.1093/ilar.49.2.191. 

 95. Wang X, Li G, Xia X, Yang B, Xi M, Meng J. 2014. Antimicrobial 
susceptibility and molecular typing of methicillin-resistant Staphy-
lococcus aureus in retail foods in Shaanxi, China. Foodborne Pathog 
Dis 11:281–286. https://doi.org/10.1089/fpd.2013.1643. 

 96. Wang Y, Liu Q, Liu Q, Gao Q, Lu H, Meng H, Xie Y, Huang Q, 
Ma X, Wang H, Qin J, Li Q, Li T, Xia Q, Li M. 2018. Phylogenetic 
analysis and virulence determinant of the host-adapted Staphylo-
coccus aureus lineage ST188 in China. Emerg Microbes Infect 7:45. 
https://doi.org/10.1038/s41426-018-0048-7. 

 97. Weber SG, Gold HS, Hooper DC, Karchmer AW, Carmeli Y. 2003. 
Fluoroquinolones and the risk for methicillin-resistant Staphylococ-
cus aureus in hospitalized patients. Emerg Infect Dis 9:1415–1422. 
https://doi.org/10.3201/eid0911.030284. 

 98. Weese JS, Zwambag A, Rosendal T, Reid-Smith R, Friend-
ship R. 2011. Longitudinal investigation of methicillin-resistant 
Staphylococcus aureus in piglets. Zoonoses Public Health 58:238–243. 
https://doi.org/10.1111/j.1863-2378.2010.01340.x. 

 99. Xiao Y, Shen P, Zheng B, Zhou K, Luo Q, Li L. 2020. Change in 
antibiotic use in secondary and tertiary hospitals nationwide after 
a national antimicrobial stewardship campaign was launched 
in China, 2011-2016: An observational study. J Infect Dis 221 
Supplement_2:S148–S155. https://doi.org/10.1093/infdis/
jiz556. 

 100. Zhang D, Cui K, Wang T, Dong H, Feng W, Ma C, Dong Y. 2018. 
Trends in and correlations between antibiotic consumption and 
resistance of Staphylococcus aureus at a tertiary hospital in China 
before and after introduction of an antimicrobial stewardship 
programme. Epidemiol Infect 147:e48. https://doi.org/10.1017/
S0950268818003059. 

 101. Zinderman CE, Conner B, Malakooti MA, LaMar JE, Armstrong 
A, Bohnker BK. 2004. Community-acquired methicillin-resistant 
Staphylococcus aureus among military recruits. Emerg Infect Dis 
10:941–944. https://doi.org/10.3201/eid1005.030604. 

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25


