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Abstract
It has been suggested that pets play a critical role in the maintenance of methicillin- 
resistant (MR) and multidrug- resistant (MDR) Staphylococcus spp. in the household. 
We examined risk factors for carriage of antimicrobial- resistant coagulase- positive 
staphylococci, with particular attention to Staphylococcus aureus and Staphylococcus 
pseudintermedius isolated from pets living in households of people diagnosed with 
methicillin- resistant S. aureus (MRSA) skin or soft- tissue infection. We analyzed data 
collected cross- sectionally from a study conducted in 2012 that evaluated the trans-
mission of MRSA and other staphylococci from humans, their pets and the environment 
(Pets and Environmental Transmission of Staphylococci [PETS] study). We used unad-
justed and adjusted stratified logistic regression analyses with household- clustered 
standard errors to evaluate the association between demographic, healthcare- related, 
contact- related and environmental risk factors and MDR Staphylococcus spp. isolated 
from dogs and cats. Staphylococcal isolates obtained from dogs (n = 63) and cats 
(n = 47) were included in these analyses. The use of oral or injectable antimicrobials by 
the pets during the prior year was the main risk factor of interest. Based on our results, 
50% (12/24) of S. aureus, 3.3% (1/30) of S. pseudintermedius and 25% (14/56) of other 
coagulase- positive staphylococci (CPS) were determined to be MDR. S. aureus isolates 
were more likely to be MDR compared with S. pseudintermedius. We did not find a 
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1  |  INTRODUC TION

Antimicrobial resistance is a critically important global health chal-
lenge. Recent attention has been given to the contribution of pets to 
the increased prevalence of antimicrobial- resistant bacteria among 
humans due to their frequent and close contact with humans and their 
environment. As the burden of community- associated methicillin- 
resistant Staphylococcus (MRS), particularly Staphylococcus aureus 
(MRSA), has increased in recent years, pets could play an impor-
tant role in this relatively understudied transmission setting (Davis 
et al., 2012; Pantosti, 2012). Antimicrobial- resistant bacteria carried 
by pets can be transmitted to humans and can be a source of resist-
ance genes that can be horizontally transferred from commensal to 
pathogenic organisms (and vice versa) present in a shared commu-
nity of microbes (Davis et al., 2012; Pantosti, 2012). Antimicrobial 
usage in both pets and humans could contribute to the selective sur-
vival of multidrug- resistant S. aureus (MDRSA) in the environment 
(Shahbazian et al., 2017). Therefore, household settings of people 
infected with MRSA is a particular scenario where pets could poten-
tially remain carriers of resistant staphylococci even after humans 
have been treated, thus serving as a source for human re- exposure 
or a source of resistant genes. Additionally, pets can be exposed to 
staphylococci from animals and humans outside the home, bringing 
new strains to the home environment that could re- colonize and 
re- infect humans. Both scenarios could lead to the persistence of 
staphylococci in the household setting and the apparent failure of 
decolonization therapies. However, the exact role animals play and 
whether they may have modifiable risk factors related to the car-
riage of methicillin-  and multidrug- resistant staphylococci (MDRS) 
have not been well- studied.

Coagulase- positive Staphylococcus (CPS) species of medical 
and veterinary importance (e.g. S. aureus and S. pseudintermedius) 
frequently develop antimicrobial resistance to beta- lactam drugs. 
Although S. aureus is more common among humans and S. pseud-
intermedius causes infection primarily in dogs, both organisms can 
be transmitted between animals and humans and both can cause 
severe skin and soft- tissue infections (SSTIs) (Davis et al., 2012; 
Saputra et al., 2017; Soares Magalhães et al., 2010).

Previous studies of MRSA and methicillin- resistant S. pseudinter-
medius (MRSP) from domestic animals have identified several poten-
tial risk factors for carriage. However, most of these studies have 

evaluated factors associated with veterinary health care settings in 
inpatient or outpatient animals, such as previous use of antimicrobi-
als and contact with veterinary clinics (Qekwana et al., 2017; Saputra 
et al., 2017; Soares Magalhães et al., 2010). Our team's previous 
work in households of people diagnosed with MRSA has demon-
strated that household characteristics, practices in the household 
and environmental factors are significantly associated with the pres-
ence of MDRSA (defined as nonsusceptibility to four or more classes 
of antimicrobials) in the environment (Shahbazian et al., 2017). 
Despite this, little is known about whether household and envi-
ronmental factors also contribute to the risk of MDR in colonizing 
staphylococci among household pets. To address this gap in the lit-
erature regarding risk factors for animal carriage of MDRS, which 
may contribute to both human and animal health risks, we sought 
to investigate demographic, healthcare- related, contact- related and 
environmental risk factors for the carriage of MDRS; and to describe 
the patterns of antimicrobial resistance. This study focussed on the 
human pathogen Staphylococcus aureus and the veterinary patho-
gen Staphylococcus pseudintermedius isolated from pets living in the 
households of people diagnosed with community- associated MRSA 
infections. Understanding the risk factors for MRSA carriage among 
these pets could shed light on One Health interventions to prevent 
re- colonization and re- infection among humans and animals.

2  |  MATERIAL S AND METHODS

Details about household recruitment, data collection, environmental 
sampling, and microbiological methods can be found in the Appendix 
S1 in this article's online repository.

postdoctoral fellowship on a NIEHS T32 
grant (ES7141- 29 for M.F.D.) and an ORIP 
K01 grant (K01OD019918 to M.F.D.). This 
parent study was supported by a CDC 
cooperative agreement (FOA#CK11- 001, 
Epicenters for the Prevention of 
Healthcare Associated Infections). The 
content is solely the responsibility of 
the authors and does not necessarily 
represent the official views of the NIH or 
UCGHI.

significant statistical association between the use of oral or injectable antimicrobials 
in the prior year and the presence of MDR bacteria. The results suggest that drivers 
of antimicrobial resistance in household staphylococci may vary by bacterial species, 
which could have implications for one health intervention strategies for staphylococci 
and inform the investigation of other reverse zoonoses, such as COVID- 19.

K E Y W O R D S
antimicrobial resistance, domestic animals, multidrug resistance, Staphylococcus

Impacts

• We evaluated odds of MDR in coagulase- positive 
staphylococci.

• S. aureus was more likely to be MDR than S. pseudinter-
medius isolated from pets.

• Risk factors driving antimicrobial nonsusceptibility may 
differ among Staphylococcus spp.
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2.1  |  Study design

This study is a secondary analysis of data collected in the ‘Pets and 
Environmental Transmission of Staphylococci’ (PETS) study, which 
was a cross- sectional study nested in the ‘CURE’ randomized con-
trolled trial (NCT00966446) (Cluzet et al., 2016). Secondary data 
analysis for the PETS study was approved by the Johns Hopkins 
Bloomberg School of Public Health Review Board (IRB 00006259).

2.2  |  Household recruitment

The PETS sub- study included a subset of RCT study participants 
that also owned at least one pet. This sub- study enrolled 67 index 
participants, representing 70 households in the mid- Atlantic region. 
Samples from all pets of any species –  according to availability and 
temperament of the animal –  were obtained at two household visits, 
3 months apart.

2.3  |  Inclusion criteria

Only dogs and cats recruited at the first visit were included in this 
analysis. Samples taken from reptiles, pocket pets and birds were 
excluded due to the small sample size.

2.4  |  Pet sampling

Sampling techniques used in this study have been described previ-
ously (Iverson et al., 2015). Briefly, swabs were collected from the 
nares, mouth, inguinal region and perineum of each pet using dry 
culture swabs with transport media (BBL™ Culture Swabs, Becton 
Dickinson).

2.5  |  Bacterial culture

Swabs and cloths (environmental sampling, Appendix S1) were cul-
tured for methicillin- susceptible and methicillin- resistant CPS as pre-
viously described (Iverson et al., 2015). All presumptive CPS (based 
on Baird- Parker (BP) agar phenotype and additional tube coagulase 
testing for MRS isolates that did not demonstrate lecithinase activ-
ity on BP) were stored in Microbank™ tubes (Pro- Lab Diagnostics) at 
80°C for further analyses.

2.6  |  Single- locus spa- typing

To further characterize the MRSA isolates, we conducted a DNA 
sequence analysis of the protein A gene (spa) as previously de-
scribed (Cotter et al., 2022; Mellmann et al., 2007; Shopsin 
et al., 1999). The antimicrobial resistance/susceptibility percent 

concordance was calculated by dividing the total number of an-
timicrobials that were concordant (susceptible or resistant) be-
tween the pet's and environmental isolate by the total number of 
antimicrobials tested.

2.7  |  PCR analysis

One presumptive CPS isolate from each pet was selected for PCR 
analysis. Multiplex PCR that amplifies species- specific segments 
of the CPS nuclease gene (nuc) was used to confirm isolates as 
S. aureus and S. pseudintermedius (Sasaki et al., 2012). Organisms 
negative for S. aureus or S. pseudintermedius nuc genes were not 
further identified to species, so they were considered as ‘other 
coagulase- positive staphylococci (CPS)’ (S. schleiferi, S. interme-
dius, S. delphini, among others). To detect methicillin- resistant 
strains, primers targeting a universal mecA/C sequence were used; 
control organisms were ATCC43300 and LGA251, respectively 
(García- Alvarez et al., 2011).

2.8  |  Antimicrobial susceptibility testing

Antimicrobial susceptibility testing (AST) was performed on isolates 
from pets prior to cryopreservation. Kirby– Bauer disc diffusion 
was performed to evaluate eleven antimicrobials (belonging to 10 
families): quinupristin/dalfopristin (Q/D), tetracycline, ciprofloxacin, 
erythromycin, chloramphenicol, trimethoprim- sulfamethoxazole, 
amikacin, gentamicin, clindamycin, linezolid and cefoxitin. Clinical 
Laboratory Standards Institute 2018 guidelines were used to cat-
egorize strains isolated from pets as susceptible, intermediate, or 
resistant (Clinical and Laboratory Standards Institute M100, 2019). 
Breakpoints standardized for human isolates were used to harmonize 
findings and interpretation with data from the same study focussed 
on human and environmental isolates (Shahbazian et al., 2017). 
Strains that were intermediate or resistant to three or more classes 
of antimicrobials were considered multidrug- resistant according to 
the criteria published by Magiorakos et al. (Magiorakos et al., 2012). 
The Infectious Diseases Society of America (IDSA) recommends 
that humans with SSTI caused by MRSA are treated with clindamy-
cin, trimethoprim- sulfamethoxazole, a tetracycline, or linezolid (Liu 
et al., 2011). Therefore, these antimicrobials were considered ‘clini-
cally important’ and resistance to these individual antimicrobials is 
shown in Figure S1.

2.9  |  Variables of interest

Four types of potential risk factors for the carriage of MDR 
Staphylococcus isolates were evaluated: demographic, healthcare- 
related, contact- related and environmental risk factors. A priori, the 
primary risk factor of interest was defined as systemic antimicrobial 
use (oral or injectable) in the prior year by the pet. The variables of 
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interest, their categories and the variable definition and construc-
tion are shown in Table S1.

2.10  |  Statistical analysis

The outcome of interest was carriage of multidrug- resistant 
Staphylococcus (MDRS) defined as resistant to at least one agent 
in three or more antimicrobial classes of the ten that were tested 
(Magiorakos et al., 2012). The proposed relation of the risk factors 
with the outcome is shown in Figure 1. For the investigation of risk 
factors, unadjusted and adjusted logistic regression models were de-
veloped using cluster adjustment to account for the nonindepend-
ence of multiple animals within the same household. Since all pets 
included in this study were colonized with Staphylococcus, the com-
parison group for this analysis was formed by all the pets that were 
colonized by non- MDR Staphylococcus spp. Due to the low preva-
lence of MDR among S. pseudintermedius and other CPS isolates, we 
also conducted a secondary analysis to test whether the risk factors 
remained the same for being resistant to an increasing number of 
antimicrobial classes (see Appendix S1). Post hoc stratified analyses 
by species of Staphylococcus were performed given our observation 
that the relationship between the hypothesized risk factors and the 
outcome appeared to vary across species of Staphylococcus, which 
was expected based on the design of the parent study to include 
households with a human index patient diagnosed with MRSA SSTI. 
For unadjusted models, MDR S. pseudintermedius (MDRSP) isolates 
were combined with other CPS isolates because only one S. pseud-
intermedius isolate was MDR. We adjusted for multiple comparisons 
using the False Discovery Rate.

In adjusted models, our sample size was insufficient for stratified 
analysis and therefore, we included species of pets and species of 
Staphylococcus into the different models a priori. All variables with a 
p- value of less than .15 in the unadjusted analysis were included in 
the adjusted models. Variables included in the adjusted models are 
listed in Table 4 and Table S4. For all statistical tests, a p- value of less 
than .05 was considered statistically significant.

Additionally, a data- driven backward stepwise selection of risk 
factors for adjusted logistic regression, based on the likelihood ratio 
statistic, was conducted. All analyses were performed using Stata 
version 15 (Stata Corp.).

3  |  RESULTS

3.1  |  Description of study population

A total of 179 animals were sampled during the first household visit, 
including 71 dogs, 63 cats, 10 small mammals, 23 reptiles and birds 
and 11 fish. Only Staphylococcus spp. isolated from dogs and cats 
that had results from both the antimicrobial resistance testing and 
PCR testing of the nuclease gene (classified as S. aureus, S. pseud-
intermedius or other CPS) were included in this study. The distribu-
tion of demographic, health care- related, household- related and 
environmental risk factors considered relevant for the carriage of 
MDRS are presented in Table 1, separately for dogs and cats.

3.2  |  Distribution of staphylococcal species

Of the total samples collected during the first visit, 110 pets tested 
positive for CPS by PCR (dogs n = 63, 88.7%; cats = 47, 74.6%). The 
number of dogs and cats from which each type of Staphylococcus 
was isolated is summarized in Table 2. MRSA staphylococcal protein 
A types (spa types) found in the 11 MRSA- positive pets (living in 
8 houses) included: t008, t121, t216, t334 and t12500, with 5/11 
(45.5%) being t008 (Figure 2).

3.3  |  Patterns of resistance

Of the 110 isolates, 27 (25%) were MDR. The prevalence of MDR 
(resistance to three or more classes of antimicrobials) was 50.0% 
(12/24) for S. aureus, 3.3% (1/30) for S. pseudintermedius and 25.0% 

F I G U R E  1  Conceptual framework of 
possible demographic, healthcare- related, 
contact- related and environmental 
risk factors for multidrug- resistant 
Staphylococcus in dogs and cats. The 
proposed relationship of the variables 
of interest and the outcome of the 
primary model (MDR, defined as acquired 
nonsusceptibility to at least one agent 
in three or more antimicrobial classes of 
the ten that were tested) (Magiorakos 
et al., 2012) are shown in this figure. 
According to this conceptual framework, 
some variables have direct effects on 
MDR, while others are indirectly related 
to the outcome of interest
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(14/56) for other CPS (Figure S1). In unadjusted analysis, the preva-
lence of MDR was higher in S. aureus compared with other CPS (OR 
3.00 [95% CI: 0.96, 9.39], p = .06), and significantly lower in S. pseud-
intermedius compared with other CPS (OR 0.10 [95% CI: 0.01, 0.88], 
p = .04). S. pseudintermedius also was significantly less likely to 
be MDR compared with S. aureus (OR 0.03 [95% CI: 0.003, 0.33], 
p < .01). Importantly, S. pseudintermedius comparisons were limited 
by the small number of MDR isolates detected (n = 1).

All the MRSA isolates (those isolated from the pets and the envi-
ronment) were resistant to cefoxitin and amikacin; while all were sus-
ceptible to quinupristin/dalfopristin, chloramphenicol and linezolid. 
Most of the pet's MRSA isolates (64%) were MDR. The antimicrobial 
resistance/susceptibility percent concordance between the pet's 
and environmental isolates ranged between 73%– 100% (Figure 2).

3.4  |  Unadjusted analysis

The results of unadjusted logistic regressions stratified by species 
of Staphylococcus and with MDR as the outcome are presented in 
Table 3. We did not find a significant statistical association between 
the use of oral or injectable antimicrobials in the prior year and the 
presence of MDR bacteria. The association between neuter status 
and MDR carriage was modified by the species of Staphylococcus 
present on the animal (p < .01). While being neutered was a protec-
tive factor for MDR among animals with S. aureus (OR 0.10 [95% CI: 
0.02, 0.58], p = .05), it had a tendency towards being a risk factor 
for the isolation of MDRS from animals with other CPS (OR 3.37 
[95% CI: 1.08, 10.46], p = .15). Stratified sensitivity analysis sug-
gested this was driven by neutered males (data not shown). Finally, 

Dogs (N = 63) Cats (N = 47) p- value*

Demographic factors

Female sex 34 (54%) 32 (68%) .17

Age in months (Mean (SD)) 49.03 (48.68) 41.23 (52.66) .23

Neutered animals 20 (32%) 20 (43%) .32

Clinical factors

Contact with health care settings .48

Between 6 and 12 months ago 7 (11%) 4 (9%)

Last 6 months 21 (33%) 11 (23%)

Use of oral or injectable antimicrobials 
within last year

5 (8%) 5 (11%) .74

Use of topical antimicrobials within last year 7 (11%) 2 (4%) .30

Contact factors

Animal contact outside home 21 (33%) 15 (32%) 1.00

Contact with index patient .58

Intermediate contact 23 (37%) 17 (36%)

High contact 19 (30%) 18 (38%)

Environmental factors

Home area .01

Urban 26 (41%) 30 (64%)

Suburban 13 (21%) 11 (23%)

Rural 24 (38%) 6 (13%)

MRSA isolated from the environment 32 (51%) 35 (74%) .02

Household use of disinfectants (mean (SD)) 4.28 (0.99) 4.86 (1.58) <.01

Presence of pests in the house** 54 (86%) 27 (57%) <.01

Season .42

Fall or winter 20 (32%) 19 (40%)

Spring or summer 43 (68%) 28 (60%)

Microbial factors

Pet carriage of <.01

Other CPS 22 (35%) 34 (72%)

S. pseudintermedius 28 (44%) 2 (4%)

S. aureus 13 (21%) 11 (23%)

*p- values were calculated using the Fisher exact test for categorical variables and t- test or the 
Mann– Whitney U test for continuous variables.; **Includes mice and cockroaches.

TA B L E  1  Companion animal 
characteristics
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the odds of other CPS being MDR decreased as more rooms in the 
house were cleaned more frequently with a disinfectant on the EPA 
list of MRSA- cidal products (OR 0.60 [95% CI: 0.40, 0.90], p = .06), 
although this was not statistically significant.

3.5  |  Adjusted analysis

None of the variables included in the adjusted logistic regression 
analysis were significantly associated with MDR (Table 4). However, 
as observed in other models, S. pseudintermedius isolates showed 
lower odds of being MDR compared with other CPS (OR 0.13 [95% 
CI: 0.01, 1.16], p = .07), while S. aureus isolates had more than 3 times 
the odds of being MDR compared with other CPS (OR 3.58 [95% CI: 
0.89, 14.34], p = .07).

In the data- driven backward stepwise logistic regression, no 
variables other than pet species and species of Staphylococcus 
(which were chosen a priori and artificially locked in), were retained. 
Adjusting for the variables that had a p- value of less than .15 in the 
unadjusted analysis (neuter status, animal contact outside the home 

and household use of disinfectants), S. aureus isolates had signifi-
cantly higher odds of being MDR compared with other CPS (OR 3.70 
[95% CI: 1.09, 12.63], p = .04).

4  |  DISCUSSION

Understanding potentially modifiable risk factors for MDRSA 
among pets residing with a person diagnosed with MRSA SSTI is key 
to design effective household- wide decolonization interventions. 
As it has been previously demonstrated (Gandolfi- Decristophoris 
et al., 2013 ), we found that healthy dogs and cats can carry MDRS. 
These findings suggest that humans can potentially be re- exposed to 
MDRS from their pets, increasing their risk of recurrent colonization 
and/or infection.

We found that, among pets exposed to a person with a 
laboratory- confirmed MRSA infection, S. aureus isolates were more 
likely than other coagulase- positive staphylococcal species recov-
ered from the pets to be MDR, which may suggest an important 
role for pets as recipients of or reservoirs for MDRSA in households 
(Davis et al., 2012; Pantosti, 2012). Higher frequency of resistance 
among S. aureus isolates has been reported before (Couto, 2016; 
Morris et al., 2006; Qekwana et al., 2017). In the present study, the 
higher frequency of resistance among S. aureus isolates could be due 
to the fact that pet owners had been diagnosed with MRSA SSTIs 
and had already received antimicrobial treatment. Prior or current 
selective pressure could maintain MDRSA isolates among humans, 
pets and the environmental reservoir. Moreover, it is known that 
the environment can serve as a reservoir of resistant staphylococci 
(Davis et al., 2012; Shahbazian et al., 2017), and this study identified 
that a high prevalence of MRSA isolated from the household environ-
ment of people with confirmed MRSA infection could be associated 

TA B L E  2  Distribution of Staphylococcal species

Species of Staphylococcus Dogs (N = 63)
Cats 
(N = 47)

S. aureus 13 (20.6%) 11 (23.4%)

MRSA 4 (6.3%) 7 (14.9%)

S. pseudintermedius 28 (44.4%) 2 (4.3%)

MRSP 1 (1.6%) 0 (0.0%)

Other CPS 22 (35%) 34 (72.0%)

MDR 12 (19.0%) 15 (31.9%)

F I G U R E  2  Patterns of antimicrobial resistance among pet's and environmental MRSA isolates. A red box shows the pet's isolate 
was resistant. An orange box shows the environmental isolate was resistant. fox –  cefoxitin; amk –  amikacin; e –  erythromycin; cip –  
ciprofloxacine; gm –  gentamicin; cc –  clindamycin; sxt –  trimethoprim/sulfamethoxazole; tet –  tetracycline. *Quinupristin/dalfopristin, 
chloramphenicol and linezolid were excluded from this figure because none of the isolates were resistant to these antimicrobials. House IDs 
were harmonized with Table 3 (spa typing at baseline) in Cotter et al., 2022
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with a higher risk of antimicrobial resistance in S. aureus isolates de-
tected on pets (Table S3). We found that the antimicrobial- resistant 
pattern of the pet's isolate is frequently similar to the environmen-
tal isolate, but they do not perfectly match, despite spa- type con-
cordance in almost 90% of the households (Figure 2). This shows 
that pets may be the reservoir of bacteria with some antimicrobial- 
resistant genes that are not present in the isolates from the house-
hold environment.

Neuter status was significantly associated with MDR and with 
having a class of antimicrobial resistance in our unadjusted analyses. 
However, neutering was a protective factor among animals carrying 
S. aureus isolates, and a risk factor among animals carrying S. pseudin-
termedius and other CPS isolates. Neutered animals were more likely 
to have contact with veterinary healthcare settings and have re-
ceived systemic antimicrobials during the last year. Therefore, these 
other associations may confound the association between neuter 
status and the presence of antimicrobial- resistant staphylococci, 
meaning that the effect of neuter status might be mixed with the 
effect of contact with health care settings and the use of systemic 
antimicrobials, as conceptualized in Figure 1. Furthermore, it is pos-
sible that neuter status is a proxy for other, unmeasured factors as 
well. This is reinforced by the fact that the association between neu-
ter status and the outcome was not maintained in adjusted analyses. 
A limited number of previous studies have considered neuter sta-
tus as a risk factor for the carriage of MRS (Gandolfi- Decristophoris 
et al., 2013; Hoet et al., 2013; Rynhoud et al., 2020). This variable 
should be evaluated to achieve an adequate epidemiological charac-
terization of the animals included in research studies and to explore 
sex- based differences and the effect of hormones in antimicrobial- 
resistant bacteria carriage (Klein & Flanagan, 2016). Larger studies 
are needed to examine the potential for sex- based differences and 
any potential effect modification by neuter status.

The main variable of interest in this study was the use of anti-
microbials by the pet within the year prior to sampling because it 
has been well described as a risk factor for the acquisition of MDR 
bacteria among humans and animals (Eckholm et al., 2013; Salgado 
et al., 2003; Saputra et al., 2017; Weese et al., 2012). However, we 
did not find a significant association between prior pet antimicrobials 
use and carriage of resistant staphylococci. This could be due to the 
small number of pets that received antibiotics in the previous year, 
which is further diluted by the stratification across Staphylococcus 
species in the univariate analysis. It could also be due to the potential 
influence of human household members, since pet enrolment was 
contingent upon the enrolment of a person in the home diagnosed 
and treated for an MRSA SSTI. Finally, it could be due to the fact 
that, unlike prior studies of pets predicated upon veterinary patient 
status, this study enrolled community pets regardless of any prior 
veterinary contact. Indeed, for S. aureus isolates, the prevalence of 
MDR among pets with veterinary healthcare contact but without 
antimicrobial treatment was 33% (3/9), versus 75% (3/4) among 
those with both healthcare contact and antimicrobial treatment, but 
the small number of animals with these factors (n = 13 for pets with 
S. aureus and prior healthcare contact) precluded further evaluation. 

This distinction is important as the generalizability of data from this 
study is to pets living in a home with a person diagnosed with MRSA.

In contrast to previous studies, our analyses included environ-
mental factors that could influence the carriage of antimicrobial- 
resistant Staphylococcus spp. The odds of S. aureus strains being 
resistant to a class of antimicrobial increased as more rooms were 
cleaned more frequently with a disinfectant on the EPA list of MRSA- 
cidal products (Table S3). Selective pressure may play an important 
role because previous studies have shown that biofilm- producing 
S. aureus strains are less susceptible to certain disinfectants and also 
have a greater probability of being resistant to different antimicro-
bials (Almatroudi et al., 2016). As previously reported (Shahbazian 
et al., 2017) for the parent PETS study, household cleaning with 
MRSA- cidal products was associated with higher recovery of 
MDRSA from home environments at the 3- month visit, which is 
consistent with these findings from the pets at baseline. Finally, evi-
dence of unwanted pests was a risk factor for having a class of anti-
microbial resistance only among animals that carried other CPS (not 
S. aureus or S. pseudintermedius) (Table S3). Previous studies have 
isolated antimicrobial- resistant staphylococci from cockroaches and 
rodents (Abdolmaleki et al., 2019; Ge et al., 2019), and this finding 
could suggest a role for unwanted pests in the dissemination of 
MDRS among pets. More studies are needed to further explore this 
potential association.

These findings should be interpreted under certain constrains. 
It is likely that the study lacked sufficient power to detect risk fac-
tors with more modest associations with the outcome. Also, only 
CPS isolates were included in this analysis, therefore we were not 
able to determine the risk factors for coagulase- negative staph-
ylococci (CNS), bacteria that also have the potential to be zoo-
notic and become MDR (Davis et al., 2013). Furthermore, only a 
cross- sectional analysis was done, so we did not assess whether 
the risk factors for MDRS in pets changed after households were 
randomized to a household- wide human decolonization interven-
tion. Longitudinal studies should be conducted to further exam-
ine the relationship between the proposed risk factors and the 
development of MDRS. Additionally, pets included in this study 
could have acquired S. aureus, which are already resistant to hu-
mans (Harrison et al., 2014), which is likely because all the spa 
types were the same among pets and their owners, except for two 
households (A and G) where the human isolates were not avail-
able to be tested (Cotter et al., 2022). This means that selection 
for antimicrobial- resistant bacteria may not have occurred on the 
animal. This makes the comparison of S. aureus isolates to S. pseud-
intermedius difficult. In fact, adjusted analyses showed that, re-
gardless of the model used, species of Staphylococcus was the only 
variable associated with the outcome. S. pseudintermedius was al-
ways associated with lower odds of being resistant, while S. aureus 
had higher odds of being resistant. It is possible that pet- specific 
factors in this population such as the low rate of veterinary health-
care contact and the low prevalence of antimicrobial use are par-
tially responsible for the lower rates of antimicrobial resistance in 
the pet- associated S. pseudintermedius. We also acknowledge that 
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TA B L E  3  Unadjusted analysis of possible demographic, healthcare- related, contact- related and environmental risk factors for multidrug- 
resistant Staphylococcus stratified by staphylococcal speciesc

Variables

All other CPS (N = 86) S. aureus (N = 24) Interaction term*

Unadjusted OR (95% 
CI) p- value***

Unadjusted OR (95% 
CI) p- value*** p- value

Demographic factors

Female sex 0.57 (0.18, 1.81) .73 0.47 (0.08, 2.72) .80 .94

Age (in months) 1.00 (0.98, 1.01) .92 1.00 (0.98, 1.02) .94 – 

Cats 2.44 (0.67, 8.93) .50 1.40 (0.31, 6.36) .94 .70

Neutered animals 3.37 (1.08, 10.46) .15 0.10 (0.02, 0.58) .05 <.01

Healthcare factors

Contact with health care settingsd

Prior 6– 12 months 4.00 (0.57, 28.15) .50 1.67 (0.24, 11.35) .92 .61

Prior 6 months 1.50 (0.38, 5.85) .92 0.33 (0.05, 2.40) .68 .40

Use of oral or injectable 
antimicrobials

0.94 (0.10, 8.84) .98 3.67 (0.26, 51.63) .73 .60

Use of topical antimicrobials 2.57 (0.42, 15.72) .73 Omitteda – – 

Clindamycin use 1.70 (0.44, 6.51) .84 0.71 (0.13, 4.03) .94 .57

Contact with veterinary health care settings and use of oral or injectable antimicrobials in the past yeard

Vet visit without 
antimicrobials

2.01 (0.53, 7.65) .73 0.41 (0.07, 2.64) .73 .32

Vet visit with pet antimicrobial 
use

1.20 (0.12, 11.93) .94 2.5 (0.18, 35.49) .86 .83

Contact factors

Contact with index patient (score)d

Intermediate contact 0.93 (0.19, 4.57) .97 1.25 (0.17, 9.00) .94 .91

High contact 1.25 (0.29, 5.31)** .94 1.67 (0.24, 11.80)** .92 .91

Animal contact outside home 1.11 (0.27, 4.57) .94 0.14 (0.03, 0.78) .11 .15

Environmental factors

Location of the housed

Suburban 1.26 (0.28, 5.75) .94 0.38 (0.07, 2.05) .66 .39

Rural 0.30 (0.05, 1.89) .55 0.31 (0.02, 5.32) .83 .98

Household use of 
disinfectants

0.60 (0.40, 0.90) .06 2.05 (0.86, 4.90) .34 – 

MRSA isolated from the 
environment

1.07 (0.18, 6.51) .97 Omittedb – – 

Evidence of unwanted pests 2.20 (0.57, 8.51) .66 0.70 (0.10, 4.81) .94 .46

Seasond

Spring and summer 0.39 (0.11, 1.42) .49 1.00 (0.16, 6.14) 1.00 (1.00) .53

aThere were no MDR S. aureus positive animals given topical Abx in prior year.
bOnly one S. aureus positive animal lived in a house from which S. aureus was not isolated from the home environment.
cS. pseudintermedius was combined with other CPS for this analysis because only one S. pseudintermedius isolate was MDR, so it was not possible to 
make any comparison inside this category.
dReference categories for these variables were: (1) no contact with health care settings in the past year; (2) no contact with health care settings and 
no use of oral or injectable antimicrobials in the past year; (3) low contact, for contact with index patient; (4) urban, for location of the house; and (5) 
winter and fall, for season.
*A significant interaction term's p- value should be interpreted as the effect of each factor on MDR is different for S. aureus isolates compared with all 
other CPS isolates.; **p for trend is 0.75 for all other CPS isolates and 0.61 for S. aureus isolates.; ***p- values were adjusted using the false discovery 
rate ranking method to account for multiple comparisons.
The Significance of Bold values indicates p- values less than 0.05 was considered statistically significant.
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samples for this study were collected between 2011 and 2013, 
when the prevalence of MRSP in the USA was lower than cur-
rent rates (Krapf et al., 2019). Future community- based studies of 
populations of pets in the absence of human-  or pet- associated 
diagnosis of staphylococcal disease would be needed to better 
compare drug resistance phenotypes among staphylococcal pop-
ulations circulating in the community.

In conclusion, none of the S. aureus isolates included in this 
study were resistant to trimethoprim- sulfamethoxazole or 
linezolid, which is reassuring since these are critically important 
antimicrobials used in human medicine. Although the sample size 
was small and further reduced by stratification, we were able to 
observe that factors driving resistance among Staphylococcus 
isolates may be different for S. aureus and S. pseudintermedius. 
Therefore, future exploration of the role of Staphylococcus species 
as an effect modifier of risk factors for antimicrobial resistance 
and evaluation of the potential for horizontal gene transfer over 
time among species of staphylococci identified from household 
One Health reservoirs (humans, animals and the environment) 
should be conducted.
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