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Abstract

Antimicrobial resistance is a global threat, and pet-associated strains may pose a risk to human health. Equine
veterinarians are at high risk of carrying methicillin-resistant staphylococci (MRS), but specific risk factors remain
elusive, and few data are available for other personnel involved in the horse industry. The prevalence, characteristics,
and risk factors for nasal carriage of MRS in horses and their caregivers were studied in northwestern Italy. Nasal swabs
from 110 asymptomatic horses housed at 21 barns and 34 human caregivers were collected. Data on barns, horses,
and personnel were acquired through questionnaires. The samples were incubated in selective media, and the bac-
terial isolates were identified by mass spectrometry. Risk factors were investigated by Poisson regression. MRS were
isolated from 33 horses (30%), 11 humans (32.4%) and 3 environmental samples (14.2%). Most isolates were multidrug
resistant (MDRS). The prevalence of MRS and MDRS was greater in racehorses and their personnel than in pleasurable
and jumping/dressing horses. MRS carriage in caregivers was associated with an increased prevalence of MRS carriage
in horses. The frequency of antimicrobial treatments administered in the barn during the last 12 months was a risk fac-
tor for MRS carriage in horses [prevalence ratio (PR) 3.97,95% Cl 1.11, 14.13] and caregivers (PR 2.00, 95% Cl 1.05, 3.82),
whereas a good ventilation index of the horse tabling environment was a protective factor (PR 0.43, 95% Cl 0.20, 0.92).
Our data reveal relevant interactions occurring between bacterial communities of horses and humans that share

the same environment, suggesting that One Health surveillance programs should be implemented.
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genes

Introduction

Antimicrobial resistance represents a global threat to
human and animal health. Livestock and pet-associated
strains of antimicrobial-resistant staphylococci have been
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Among the resistance traits that staphylococci can
acquire, methicillin resistance is considered the most
important trait from a clinical point of view, as f-lactam
antibiotics are the most prescribed class of antimicrobi-
als in veterinary and human medicine [3, 4]. Methicillin
resistance is mediated by the mecA or mecC genes, which
encode alternative penicillin-binding proteins with a low
affinity for p-lactam antibiotics. Methicillin-resistant
Staphylococcus aureus (MRSA) is the bacterial agent of
the Staphylococcus genus with the highest pathogenic
potential, and it is recognized as a zoonosis [3, 5]. With
increasing awareness of the global threat posed by anti-
microbial resistance, surveillance for MRSA colonization
in asymptomatic hosts has been implemented in many
countries [6—9]. This made it possible to recognize equine
veterinarians as being at increased risk of colonization or
infection by MRSA compared with other veterinarians
and non-veterinary people [10]. Less information is avail-
able concerning other methicillin-resistant staphylococci
(MRS). Coagulase-negative staphylococci (CoNS) are
mucosal and skin commensal bacteria characterized by
a reduced capacity to cause acute, life-threatening infec-
tions compared with coagulase-positive staphylococci.
CoNS and methicillin-resistant CoNS (MRCoNS) are,
however, increasingly important pathogens that cause
infections in immunocompromised human patients and
after transplantation [11, 12]. The role of CoNS in equine
infections is also increasingly recognized [13].

There is scientific evidence supporting the horizontal
transmission of MRS strains between humans and horses
(reviewed in [13]). A limited number of studies investi-
gating the factors potentially associated with an increased
prevalence of MRS colonization in asymptomatic horses
and their caregivers are available [14—20]. The horses’
intended use or activity, namely, racing vs. other eques-
trian activities, as well as an increased number of horses
stabled at the same facility, have been indicated as pos-
sible risk factors for MRCoNS and MRSA isolation in
equine populations [16, 21-23]. Researchers have not
explored whether horse caregivers are also subject to dif-
ferent risks on the basis of their horses’ intended use or
activity.

The present study was designed to fulfil the following
aims: (1) estimate the prevalence of nasal MRS coloniza-
tion (in the manuscript from now on, described as MRS
colonization) in asymptomatic horses stabled in our geo-
graphical area and their caregivers; (2) characterize the
MRS strains isolated; and (3) assess the role of potential
risk factors for MRS colonization in both species. On the
basis of the literature mentioned above [16, 21-23], we
hypothesized that racehorses and their caregivers are at
increased risk of MRS colonization compared with pleas-
ure horses and their caregivers.
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Materials and methods
The methodologies employed are fully detailed in Addi-
tional file 1.

Study design

The study had a prospective cross-sectional design.
Horse, personnel, and environmental swab samples
were obtained from external barns (racing, riding or
pleasure riding barns) and an internal teaching barn
from our Department for MRS isolation and sub-
sequent antimicrobial resistance profiling. The feed
samples were obtained from external barns for anti-
microbial residue testing. Specific questionnaires were
employed to collect relevant information at the horse,
personnel, and barn levels for risk factor analyses. The
samples were collected from the end of July to the end
of November 2019. Samples and data were collected by
the same operators throughout the study period. Writ-
ten informed consent was obtained from the owners of
the studied horses and from the recruited people. The
study was approved by the Animal Ethical and Welfare
Committee of the Department of Veterinary Medicine
(Prot. N. 936, 16/04/2019), University of Turin, and
by the Ethical Committee of the Azienda Ospedaliera
Universitaria San Luigi Gonzaga (Prot. 63/2019) for the
equine and human parts, respectively. The procedures
described for horses were performed in accordance
with Directive 2010/63/EU on the protection of ani-
mals used for scientific purposes. The study conformed
to the Declaration of Helsinki.

External barns

Barns of Standardbred racehorses, show jumping or dres-
sage horses (collectively described as show riding horses),
and pleasure riding horses located in the Turin area were
selected through convenience sampling and included a
1:1:1 ratio until reaching a total of 21 barns. Only barns
with >7 horses were selected to increase the study power,
on the basis of previous data indicating that the number
of horses stabled at the barn is a risk factor for MRS colo-
nization [16].

Internal barn

The internal teaching barn of the Department of Veteri-
nary Medicine of the University of Turin was included
as a putative positive control barn, as a high prevalence
of MRS was expected both in horses and humans work-
ing in this environment. It was located in close proxim-
ity to the equine hospital barn. Five asymptomatic horses
permanently stabled at the teaching barn and an equine
veterinarian working there were sampled, as they were
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expected to be at higher risk of MRS colonization on the
basis of the available literature [10, 24, 25].

Horses

For each external barn, four to seven horses were sam-
pled, randomly chosen among those considered eligible.
The inclusion criteria were (i) being clinically asympto-
matic, as reported by the owner and confirmed by inter-
viewing the attending veterinarian, and (ii) not having
received any antimicrobial treatment in the previous two
months. This was considered the shortest time required
for an altered bacterial flora to recover from antimicro-
bial treatment on the basis of available evidence [15, 26].
Horses reluctant to have their nose manipulated were
excluded a priori.

Personnel

Personnel working at the barns studied were included on
a voluntary basis, with a maximum of two persons per
barn.

Questionnaires and feed data collection

Data were collected by means of specific questionnaires
(Additional file 2) at three levels: barn (same data for all
horses sampled in that barn), horse (animal individual
data), and personnel (human individual data). Further
details on the gathered information are available online.
Whenever possible, barn-level questions were asked to
horse owners or to barn personnel not included in the
study to validate the responses. Similarly, data concern-
ing pharmacological treatments for horses were validated
by interviewing the attending veterinarian. In the case
of contrasting information, data were excluded from the
analysis. Information concerning the feeds sampled was
also obtained at the barn (name of the product, stocking
modalities, and picture of commercial label when availa-
ble) and by means of computer-based research (company
producing feed for other animal species or medicated
feed).

Nasal sampling

Fifteen cm long rayan-tipped swabs (Transystem"" 110 C,
Copan Diagnostics Inc.) moistened with sterile saline
solution were employed. Swabs were inserted approxi-
mately 15 ¢cm into both horse nares and 2 c¢cm into one
nostril, which was randomly chosen, of each person stud-
ied. The swabs were gently pushed and rotated onto the
equine or human nasal mucosa for a minimum of 5 s, try-
ing to sample the whole mucosal area down to the exter-
nal naris openings. In horses, care was taken to introduce
the swab deep in the ventral meatus and to sample the
mucosa of the nasal vestibulum while moving rostrally,
as this site was associated with increased sensitivity for
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MRSA carrier identification in horses [27]. The same
swab was used to sample both nostrils of the same
horse. The swabs were discarded, and the procedure was
repeated if contamination occurred during sampling.

Environmental sampling

One environmental sample per barn was obtained using
a 15 cm long rayan-tipped swab over a 10 cm? area, typi-
cally from a lateral wall of the shower area. This sampling
site was chosen because the shower area is used by all
horses from the stable.

MRS isolation and assessment

The swabs were kept at 4 °C in Amies agar gel transport
medium and processed within 24 h for selective isola-
tion of MRS spp. following standard protocols [28, 29].
Isolated colonies were initially identified by morphol-
ogy, Gram staining, culture media colour changes, and
catalase and coagulase tests. Bacterial species identifica-
tion was performed via whole-cell MALDI-TOF mass
spectrometry (Microflex®, Bruker Daltonics Inc.). DNA
was extracted from the isolates, and PCR was performed
for the 16 S, mecA, mecC and nuc genes as previously
described [30].

Antimicrobial susceptibilities of the isolated colonies
were determined using the Kirby—Bauer disk-diffusion
method for penicillin, ceftiofur Na, gentamicin, enro-
floxacin, tetracycline, erythromycin, and trimethoprim-
sulfamethoxazole. EUCAST breakpoints were used to
define resistance, except for ceftiofur and enrofloxacin,
for which they were unavailable. CLSI breakpoints have
been used instead. Staphylococcus spp. resistant to three
or more antimicrobial molecules among those tested
were defined as multidrug-resistant (MDR) staphylococci
(MDRS).

Feed sampling and assessment

Feed samples of approximately 500 g each were collected
from feed storage bins or tanks, placed in triple plas-
tic bags, and stored at —20 °C until subsequent analysis.
Only the feeds consumed by the horses sampled were
selected in a variable number on the basis of their diets,
with no restrictions. Hay was not sampled. Antimicro-
bial residue analysis of the feed was performed via mul-
tiresidue UPLC-MS/MS, which allowed the detection
of 43 target antibiotics (Additional file 3) with a limit of
detection (LOD) of 50 pg/kg and a limit of quantification
(LOQ) of 250 pg/kg.

Statistical analysis

Data from the internal barn are described but are con-
sistently excluded from the analyses. In the evolving
panorama of AMR in veterinary medicine, the inclusion



Bullone et al. Veterinary Research (2024) 55:108

of this barn served to confirm observations reported in
previous data and the appropriateness of any compari-
son with previous literature. Data analysis was performed
via STATA v15.1 (StataCorp LLC, College Station,
Texas, USA). Continuous data are expressed as the
mean * standard deviation (SD) and were compared with
the Kruskal-Wallis test, as all datasets assessed were not
normally distributed according to the Shapiro—Wilk nor-
mality test. The chi-square test was used to compare data
expressed as proportions. The prevalence of MDRS colo-
nization was used to obtain prevalence ratios (PRs) and
relative 95% Cls via a robust variance estimate. The fre-
quencies of travel and antimicrobial treatments were cal-
culated as rates and expressed as events/horse-months.
Using pleasure riding horses as a reference category, the
travel rate ratio and antimicrobial treatment rate ratio
were obtained using Poisson regression with robust clus-
ter variance estimates.

Risk factors for nasal colonization by >1 MRS (dichot-
omous dependent variable) were initially assessed with
bivariate unadjusted Poisson regression with the alpha
set at 0.1. Variables perfectly associated with the out-
come at this step were excluded from further analyses,
as the observed effect was attributed to the low number
of observations available. As our questionnaire included
multiple variables concerning air quality (number of
windows or openings in the box, paddock exposure, and
number of hours at paddock per day), considering the
importance attributed to the airborne transmission of
respiratory pathogens, an ordinary variable named the
ventilation index was created and included in the risk
analysis. The ventilation index was attributed to a value
of 0, or poor, for horses stabled in a box with only one
opening for >22 h/day (weekly mean; which corresponds
to <2 h/day at pasture); a value of 1, or good, for horses
stabled in a box with only one opening for >12 and
22 h per day (weekly mean; corresponding to >2 and
up to 12 h/day at pasture), or stabled in a box with >1
opening, independent of turnout time; and a value of 2,
or optimal, for horses kept at pasture for >12 h per day
(weekly mean), independent of the number of box open-
ings. A minimum size of 80x 80 cm? was used to define
box openings. Boxes with one or more lateral walls not
reaching the roof were considered to have "1 opening.
Variables found to be associated with the outcome were
included in mixed-effect Poisson multivariate analyses
where the barn was treated as a within-subject (ran-
dom) factor. Multicollinearity was expected and assessed
by uncentered variance inflation factors (VIFs). If>2.5,
the covariates were singularly removed from the model
to prevent multicollinearity-induced bias [31], and the
model was repeated until the VIFs of all the covariates
were <2.5. Variance estimates were always adjusted for

Page 4 of 11

clusters (barn). The goodness of fit of the Poisson regres-
sion models used was tested via Pearson and deviance
statistics.

Results

Twenty-one external barns were studied: six Standard-
bred racing barns, seven show riding, and eight pleasure
riding barns. The details are reported in Table 1.

Horses

The horses from the external barns (z=110) included 32
Standardbred racehorses, 13 ponies, 5 draft horses, 51
show jumping horses (French, Italian, German, or mixed
breed), 5 Quarter horse-related breeds, and 4 Lipiz-
zaner horses. Information on pharmacological treatment
was always in agreement when verified; thus, there was
no exclusion from the database due to data disagree-
ment. Racehorses (1=33) were younger compared to
show (n=38) and pleasure riding (n=39) horses and had
shorter permanence times (length of stay) at the barn
compared to pleasure horses (Table 1). The rates of travel
and barn-estimated antimicrobial treatment administra-
tion were higher in racehorses than in pleasure horses.
After bacterial species identification, 33 isolates (from
33 horses out of 110) were recognized as MRS, corre-
sponding to an overall 30% prevalence of MRS coloni-
zation in asymptomatic horses from our region (95%
CI 21.6, 39.5%). In the same population, the prevalence
of MDRS colonization was 18.2% (95% CI 11.4, 27.7%).
Details of the nonstaphylococcal methicillin-resistant
isolates are described in Additional file 1. The prevalence
of MRS and MDRS colonization was higher in racehorses
than in pleasure horses (Table 2). The horse-associated
MRS were all MRCoNS, mainly S. sciuri (n=17) and
S. fleurettii (n=9), with lower prevalences of S. equo-
rum (n=3), S. lentus (n=2), S. cohnii (n=1) and S. sap-
rophyticus (n=1). All the isolates expressed the 16 S
gene, 26 expressed the mecA gene, and two expressed
both the mecA and the mecC genes. None of them
expressed the nuc gene. Among the 33 MRS, nine were
resistant to one class of antimicrobial, five were resist-
ant to two classes of antimicrobial, and 20 were MDRS
(60.6%, 95% CI 42.1, 77.1%). In the internal barn, eight
MRS were isolated from the five horses sampled, corre-
sponding to a 100% prevalence. They were identified as
S. aureus (n=1), S. equorum (n=1), S. fleurettii (n=2), S.
lentus (n=2) and S. sciuri (n=2). One horse harboured
four isolates. Seven isolates expressed the mecA gene;
one expressed the nuc gene (S. aureus), whereas none
expressed the mecC gene. Among the five isolates from
the teaching herd, one showed in vitro resistance to one
class of antimicrobial, two to two classes of antimicrobial,
and five to three or more antimicrobial agents (MDRS).
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Table 1 Details of the barns and horses studied

Internal barn Racehorse barns Show riding barns Pleasure riding barns All external barns

Barns [n] 1 6 7 8 21

Barns where tacks are shared [n] 1 4 2 3 9

Total horses [n] 5 104 225 286 615
Horses per barn [n] 5 17+9 32+15 32+14 27+14
Total horses sampled [n] 5 33 38 39 110

Age [years] 16.0+74 55436 13.0+4.4*% 13.6+6.8* 11.1+£63
Sex [M: F] 2:3 17:14 2513 23:16 65:43
Weight [kg] 476+33 440452 516+93* 478+170 481+£123
Travelling rate ratio [IRR (95%Cl)] - 3.06(1.13,8.27) 1.48 (049,4.51) 1.00 -
Hospitalizations last year [n] 0 1 4 0 5

Horses intended for food consumption [n] 1 3 0 7 10

Horse-specific antimicrobial treatment rate - 3.16(0.84,11.84) 2.31(0.63,8.54) 1.00 -

ratio [IRR (95% CI)]

Barn-estimated antimicrobial treatment rate 1.50
ratio [IRR (95% Cl)]

10.00 (4.16,23.97) 2.00(0.81,4.97) 1.00 -

The data are expressed as absolute counts or means + SD. Data from the internal barn were systemically excluded from the statistical analyses. “All external barns”
includes data from the 21 racehorses and shows riding barns. Barn estimates of antimicrobial treatments administered are based on personnel interviews and
cover all horses stabled at the barn during the 12 months preceding the interview. Horse-specific values are based on personnel interviews and cover antimicrobial
treatments administered in the last 12 months only to the horses included in the study. IRR were compared with Poisson regression and robust variance estimates.

*Significantly different from racehorse barns (p <0.05, Kruskal-Wallis test).

Table 2 Nasal carriage of MRS and MDRS in horses by their intended use

Internal barn Racehorses Show horses Pleasure horses  All external barns

Horses [n] 5 33 38 39 110
Horses with =1 MRS [n] 5 14 10 9 33
Prevalence of MRS carriage (95% Cl) 1 042 0.26 0.23 030

(0.28,0.58) (0.13,0.46) (0.10,045) (0.21,0471)
Prevalence ratio for MRS carriage [PR (95% Cl)] - 1.84 (0.83,4.07) 1.14 (044, 2.92) 1 -
Horses with > 1 MDRS [n] 2 10 8 2 20
Prevalence of MDRS carriage (95% Cl) 0.40 0.30 021 0.05 0.18

(0.16,0.50) (0.08, 0.44) (0.01,0.17) (0.10,0.30)

Prevalence ratio for MDRS carriage [PR (95% CI)] -

591(1.55,22.52)

4.10 (0.96, 17.58) 1 -

“All external barns” includes data from the 21 racehorses and shows riding barns.

Personnel

The personnel tested included 34 people taking care
of the horses sampled in the external barns studied
and one veterinarian working at the Equine Univer-
sity Teaching Hospital and internal barn. Details are
provided in Table 3. The prevalence of MRS coloniza-
tion was higher in personnel working with racehorses
compared to show riding and pleasure horses, and a
similar pattern was observed for MDRS (Table 4). MRS
were identified in 11 human samples, correspond-
ing to a 32% prevalence of MRS colonization (95% CI
17.4, 50.5%). S. epidermidis (n=4), S. sciuri (n=3),
S. cohnii (n=2), S. hominis (n=1) and S. haemolyti-
cus (n=1) were identified, all MRCoNS. Two of these

isolates were resistant to molecules from a single anti-
microbial class, three were resistant to molecules from
two antimicrobial classes, and six were MDR strains.
Nine isolates expressed the mecA gene, whereas none
of them expressed the nuc or mecC gene. The isolate
obtained from the veterinarian was an MDR S. aureus
strain expressing mecA and nuc genes that was resistant
to all the antimicrobial molecules tested.

Environment

The environmental samples yielded a total of four MRS
isolates from three barns (14.3%). They were all MRCoNS
identified as S. sciuri (n=2), S. lentus (n=1) or S. coh-
nii (n=1). The mecA gene was expressed by three (75%)



Bullone et al. Veterinary Research (2024) 55:108

Table 3 Details of the personnel studied
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Internal barn  Racehorse barns  Show riding barns  Pleasure All external barns
riding barns

Human subjects [n] 1 11 10 13 34
Age [years] 45 45+11 41£13 32+14 38+13
Sex [M: F] 1:0 9:2 3.7 7:6 19:15
Time from recruitment [years] 18 12+11 5+4 119 10+9
Any disease [n] 0 1 1 2 4
Antimicrobial treatments in the last 2 months [n] 0 0 2 3 5
Antimicrobial treatment rate in the last 2 months 0 0 0.10 0.1 0.07
[treatment/person-months]
Time spent at the barn daily [h 4 12+6 8+4 9+4
Time spent at the barn manipulating horses [h] 1 7+4 5+3
Hand washing daily frequency [n] 20 7+6 12+9 545 7+7

After excluding data from the internal barn, Kruskal-Wallis comparisons were run without detecting any statistically significant differences. “All external barns” includes
data from the 21 racehorses and shows riding barns. The data are expressed as absolute counts or means+SD.

Table 4 Nasal carriage of MRS and MDRS for the personnel studied by horse intended use

Internal barn Racehorse barns Show riding barns Pleasure riding barns All external barns

Human subjects [n] 1 11 10 13 34

Human subjects with MRS [n] 1 8 1 2 11
Prevalence of human nasal MRS carriage (95% 1.0 0.73 0.10 0.15 032

@) (1.00-1.00) (0.31,0.94) (0.01,048) (0.03,0.48) (0.16-0.55)
Prevalence ratio for human nasal MRS carriage - 4.72(1.21,1840) 0.65(0.07,5.80) 1.00 -

[PR (95% Cl)]

Human subjects with MDRS [n] 1 5 0 1

Prevalence of human nasal MDRS carriage (95% 1.00 0.45 0.00 0.077 0.18

@)] (1.00, 1.00) (0.17,0.77) (0.00, 0.00) (0.01,041) (0.07-0.38)
Prevalence ratio for human nasal MDRS carriage - 5.91(0.81,43.11)  0.00 (0.00, 0.00) 1.00 -

[PR (95% ClI)]

“All external barns”includes data from the 21 racehorses and shows riding barns.

MRS isolates. One MDR S. equorum strain expressing
mecA was isolated from an environmental sample from a
university barn.

Antimicrobial residues in feeds

Twenty-one complimentary preparations and 13 single
cereal feed samples (total n=34) were collected from the
21 external barns studied (median 1; range 0-5). None of
the tested antimicrobial molecules appeared to exceed
the LOQ in the feeds studied. Traces of oxytetracycline,
amoxicillin, sulfadimetoxin, and tiamulin were found in
three of the 21 complementary feed samples, which were
obtained from three different barns and provided by two
of the 18 different manufacturers tested, both of which
produced medicated feeds intended for livestock species.

Risk factor analyses

The bivariate unadjusted analyses revealed barn activity,
the habit of using shared tacks, the barn-estimated anti-
microbial treatment ratio, being stabled in a box with >1

window or opening, and the ventilation index as factors
significantly associated with MRS colonization in horses
(Additional file 1A). There were 25 horses kept exclu-
sively at paddock. For them, information on the num-
ber of openings in their box was lacking. We choose to
use the variable ventilation index instead of the number
of openings in the box for inclusion in the multivariate
model so that all 110 horses can be studied together.
Additionally, barn activity was removed because it was
considered biologically irrelevant. As fomites are a rec-
ognized transmission factor for respiratory infections in
horses [32, 33], a significant association was expected
and observed between shared tacks and the barn-esti-
mated antimicrobial treatment ratio, with the latter
being significantly higher in the presence vs. absence of
shared tacks (mean + SD, 0.58 +0.64, n=45 vs. 0.18 £0.19,
n=65). Additionally, stratified analysis revealed differ-
ent effects of the barn-estimated antimicrobial treat-
ment ratio on MRS carriage in the presence and absence
of shared tacks (PR 1.12, 95% CI 0.7, 1.75 vs. 4.44, 95%
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Table 5 Mixed-effects multivariate Poisson analysis with
barn included as a random effect and cluster variance
(robust) estimates
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Table 6 Mixed-effects multivariate Poisson analysis
with barn included as a random effect and robust cluster
variance estimates

PR 95% ClI PR 95% ClI
Ventilation index Sex [ref: female] 217 0.65,7.21
Score 0 Ref. - Barn-estimated antimicrobial treatment ratio 2.00 1.05, 3.82
Score 1 0.43 0.20,0.92 N horses carrying MRS 1.29 0.87,1.92
Score 2 0.44 0.20, 0.95 Colleague carrying intranasal MRS 2.10 0.81,5.49
Shared tacks 219 0.96,4.99 The results are expressed as prevalence ratios (PR) for a human being who is a
Barn-estimated antimicrobial treatment ratio 4.16 1.15,15.01 nasal carrier of > 1 MRS. n=34. Bold indicates variables significantly associated
Interaction Shared tacks*Barn estimated anti- 0.22 0.05,0.93 with human MRS carriage.

microbial treatment ratio

The results are expressed as prevalence ratios (PR) for a horse being a nasal
carrier of > 1 MRS. n=110. Bold indicates variables significantly associated with
equine MRS carriage.

CI 1.22, 16.08). Given the potential implications of both
variables as risk factors for MRS colonization, a further
interaction factor was inserted into the model. The barn-
estimated antimicrobial treatment ratio was recognized
as a risk factor for MRS colonization in horses, with a
significant interaction with shared tacks, while good and
optimal ventilation indexes were protective factors com-
pared with poor ventilation index (Table 5). The use of
shared tacks per se was not recognized as a risk factor
in our study, possibly due to a lack of power. The overall
performance of the fitted model was good, as the Pearson
and deviance statistics revealed a nonsignificant lack of
fit (p=0.99 and p=0.98, respectively). When the ventila-
tion index was modelled as a continuous variable instead
of an ordinal variable, the statistical significance of the
effect was maintained.

Bivariate analyses performed on personnel data
revealed gender, barn activity (reference: pleasure riding),
number of horses studied at the barn carrying nasal MRS,
barn-estimated antimicrobial treatment ratio, and having
a colleague (other personnel employed at the barn and
participating in the study) carrying nasal MRS as poten-
tial risk factors associated with MRS colonization in
horse caregivers (Additional file 1B). Again, barn activity
was removed from the model. The final model identified
the barn-estimated antimicrobial treatment ratio as the
only risk factor significantly associated with human MRS
colonization (Table 6). The overall performance of the fit-
ted model was good, as determined by the Pearson and
deviance statistics (p=0.98 and p=0.93, respectively).

There were seven out of 21 external barns where MRS
were isolated from nasal swabs of both horses and per-
sonnel. Among them, four were barns of racehorses (4/6,
67%), one was a show horse (1/7, 14%), and two were
pleasure horses (2/8, 25%). The same bacterial species (S.
sciuri) with the same antimicrobial resistance pattern was

identified in both horses (=2 out of five tested) and per-
sonnel (n=1 out of two tested), suggesting possible direct
horizontal transmission. In two other barns, overlapping
antimicrobial resistance patterns could be observed in
human and equine isolates, but the bacterial species dif-
fered (S. epidermidis and S. sciuri in humans vs. S. fleuret-
tii and S. cohnii in horses).

Discussion
In the geographical area studied in northwestern Italy,
MRS colonization was detected in one-third of the
horses and personnel studied. The overall prevalence
of MR-CoNS colonization observed in horses was con-
sistent with the literature [6, 17, 18]. Our inability to
detect MRSA was also in line with reported prevalence
rates<2% in horses in our region and, more broadly, in
Europe and Canada [21, 23, 24, 34, 35]. Our sampling
could not reveal the presence of MRSA colonization
in the equine and human populations studied, with the
only exception being one equine veterinarian working
at our University Hospital. This finding also agrees with
previous data indicating that equine veterinarians are
at increased risk of nasal carriage of MRSA compared
with people not professionally exposed to animals or to
asymptomatic persons in the community [7-9]. More
than half of the isolates were MDRS, with similar distri-
butions across equine and human species. The results
of this study indicate that antimicrobial treatment fre-
quency in horses is the main factor associated with both
equine and human nasal carriage of MRS. These findings
emphasize the interactions among the bacterial commu-
nities of horses and humans in the same environment.
Another finding of this study concerns the protective
effect of better air quality against MRS carriage in the
horses studied, supporting the well-recognized impor-
tance of good air exchange in controlling microbial
spread in the community.

There is no doubt that the recent administration of anti-
microbials can lead to resistance in bacterial populations
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of living organisms receiving treatment, particularly
when they are used inappropriately. Published evidence
shows that the administration of antimicrobial treatment
during the last 30 days is a risk factor for MRSA nasal
carriage in horses [15]. Much less is known concerning
the dynamics of AMR acquisition by bacteria as well as
the duration of colonization by MRS of the equine nose,
although colonization times of up to 5 months have been
reported. Despite the increased availability of data on the
prevalence of MRSA and MRS in equine populations and
equine industry personnel [36—39], studies of risk factors
specifically associated with MRS carriage or colonization
in horses and their caregivers remain scarce and limited
to MRSA [20, 40]. From this perspective, our study was
designed to specifically investigate risk factors other than
recent antimicrobial treatment for MRS colonization of
horses and their caregivers. In particular, variables used
to study antimicrobial exposure in horses have been cho-
sen to address the long-term impact of the total burden
of antimicrobial treatments performed at the barn rather
than in a single animal (barn-estimated antimicrobial
treatment vs. horse-specific antimicrobial treatment in
the last 12 months, indirect vs. direct effect/exposure).
The inclusion criterion was to minimize the effect of
recent direct exposure to antimicrobial treatments in the
horses tested (e.g., to be free from antimicrobial treat-
ment for at least 2 months before enrolment and sam-
pling). The time interval of two months was chosen on
the basis of data on AMR clearance times reported in
non-staphylococcal species colonizing the equine gut
[26]. The other variables studied as possible risk fac-
tors for horses included environmental contamination
(from barn walls/fences or feeds with antimicrobial resi-
dues), the use of shared fomites in the barn, ventilation/
air quality-related parameters, the frequency of travel,
the number of horses stabled at the barns, and previ-
ous hospitalizations. Barn activity was also studied as a
risk factor on the basis of previous work suggesting that
racehorses are at increased risk of nasal MRS coloniza-
tion compared with broodmares and riding horses [6].
It is hard to believe, however, that racing per se could be
a risk factor for that. Rather, it is plausible that manage-
ment practices or physical features of racehorses repre-
sent real risk factors for the reported increase in MRS
prevalence. Race activity was associated with a younger
age, frequent habit of sharing tacks, increased travel fre-
quency, and increased frequency of antimicrobial treat-
ments in our study. This latter point is also likely linked
to the young age of the horses [41], and available data
suggest that antimicrobials may be overused in race-
horses [42]. In line with this, our model for predictors
of equine MRS colonization had a high mean VIF when
barn activity was included (collinearity), and removal of
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this variable resulted in an overall improvement in the
VIF to values close to 1. The final analysis revealed barn-
estimated antimicrobial treatments as the only significant
risk factor for MRS carriage in horses, significantly inter-
acting with the habit of sharing tacks, whereas good and
optimal ventilation indexes appeared to be a significant
protective factor in this regard. These findings confirm
that antimicrobial administration represents a crucial
determinant of antimicrobial resistance in commensal
bacteria. The same findings also highlight the detrimental
impact of indirect exposure to antimicrobial treatments.

The significant protective effect of variable ventilation
on equine MRS colonization deserves attention. Staphy-
lococcus spp. are recognized as microorganisms capable
of airborne dissemination and transmission, even if the
precise dynamics of airborne infection remain elusive
[43]. The airborne spread of antimicrobial resistance
genes and bacteria of animal origin into the environment
and the colonization of humans who share the same envi-
ronment have been recently described [44—46]. From
this perspective, the so-called “open air factor’, wherein
properties of outdoor air can reduce the viability and
virulence of airborne microorganisms [40], might have
played a role by decreasing humidity or increasing sun-
light exposure of the environment in which the horses
lived during our study. Our data suggest that, even for
horses kept inside the barn for most of the day, good
air quality (resulting from barn and box air exchange,
overall air quality) may significantly contrast the ability
of MRS to spread. The statistical significance of the test
for the trend for the variable ventilation further suggests
that at increasing levels of perceived air quality, there is a
greater effect in terms of MRS carriage prevalence reduc-
tion. This also offers a rough validation of our air quality
assessment method. The lack of a significant association
between MRS carriage and variables concerning air qual-
ity other than the number of windows in the box where
horses were housed at the initial regression analysis was
likely due to the low power of the study. Although our
work was not designed to study in detail the effects of the
environment on bacterial loads or survival, our results
support the paramount importance of adequate barn
ventilation and turnout time in the management and
wellbeing of horses and, indirectly, for people working
with them.

For human MRS colonization, the risk factors stud-
ied were mainly related to horse management practices,
the health conditions of the people studied, and hand
hygiene. Our data support the fact that uncontrolled
management practices in horses, especially concern-
ing antimicrobial treatments, may act as an indirect risk
factor for increased MRS colonization in caregivers and
that the risk is increased under specific conditions, such
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as in racehorse barns. To the authors’ knowledge, there
are currently no reports of the horizontal transfer of
MR-CoNS between horses and humans. The increased
prevalence of equine MRS isolates at the barn level asso-
ciated with MRS colonization in personnel has also been
reported for MRSA [3], suggesting that different Staphy-
lococcus spp. may behave similarly concerning the mech-
anisms of acquisition of antimicrobial resistance genes.
This, combined with the high prevalence of methicillin-
sensitive S. aureus physiologically colonizing equine
[47] and human nostrils and skin [48], should warn
against the ease with which resistance genes could be
transferred from CoNS to S. aureus or other coagulase-
positive Staphylococci [49, 50], with important health
implications.

The most common isolates from horses were S. sci-
uri and S. fleurettii. They were all MRCoNS. S. sciuri is
commonly reported as a nose commensal in horses [15,
17, 19]. S. fleurettii was first isolated and described in
2000 from goat milk cheeses [20], and it is recognized as
a component of the commensal flora of goats, pigs and
small mammals [2]. S. fleurettii is intrinsically resist-
ant to novobiocin [20]. The available literature suggests
that S. fleurettii is a rare commensal of the horse nasal
flora that is generally susceptible to methicillin [19].
This study is the first to report methicillin-resistant S.
fleurettii colonization in horses, which was identified
in 9 horses from 6 barns, and 7 out of 9 isolates were
MDRS. All the isolates expressed the mecA gene, except
for S. cohnii, S. saprophyticus, and 2 of the 17 S. sciuri
isolates, which, however, presented phenotypic resist-
ance to cefoxitine, penicillin, and/or ceftiofur. This may
be because several homologues exist for the mecA gene,
especially in MRCoNS [2], including those described in
S. sciuri (mecAl) and S. saprophyticus (mecC2), with 79
and 92% identity with mecA, respectively. While previous
evidence suggests that MRCoNS may play a role in the
emergence of MRSA as a potential source and reservoir
of the mecA gene, recent evidence challenges this unidi-
rectional view, suggesting that it can also act as a protec-
tive factor against massive MRSA colonization in certain
subsets of patients.

The data presented here were collected in 2019 after
several warnings of antimicrobial disuse in animal spe-
cies. At that time, regulations on antimicrobial resi-
dues in feeds (DGSAF 0021392-P-11/05/2015) only
regarded animals intended for food consumption and
were fixed at the maximal threshold of 1 mg/kg for all
molecules except for penicillins, for which the limit
was 0.5 mg/kg. Since then, however, research on this
topic has shown that levels as low as 2 pg/kg trimeth-
oprim can drive AMR in commensal bacteria from
exposed horses, while insufficient data have prevented

Page 9 of 11

the drawing of relevant conclusions for -lactams [51,
52]. These concentrations are very close to, and in some
cases even lower than, the lower LOD of the available
instruments. As most horses used for sports activities
are not intended for food consumption, there are actu-
ally no regulations or controls on their feeds. In the
context of the feed industry, medicated and nonmedi-
cated feeds produced for different animal species can
be produced from the same plants, using the same pro-
duction line, following cleaning operations, which may
be partly ineffective and result in unintended antimi-
crobial residue carry-over in feeds [53]. Given the rel-
evance of horses as potential sources of AMR bacteria
that can colonize humans, surveillance on this side may
provide new meaningful information on AMR-driving
mechanisms. Additionally, to further dissect the roles
that several factors are likely to play in AMR develop-
ment in the equine bacterial community, it must be
acknowledged that, in 2019, Italy introduced a compul-
sory veterinary electronic prescription system. With
this system, antimicrobial prescription was strictly
regulated and controlled, resulting in a significant drop
in annual prescription sales, as reported by the most
recent ESVAC report [54].

In conclusion, our data confirm and expand previous
findings in support of antimicrobial treatment expo-
sure, either directly or indirectly, as the main deter-
minant of MRS colonization in horses. Our findings
highlight barn-level antimicrobial exposure as a risk
factor for MRS colonization within an equine popula-
tion, as well as evidence that good barn ventilation is
a protective factor in this regard. In our study, caregiv-
ers of racehorses had an increased prevalence of MRS
colonization compared with caregivers of show or
pleasure horses. Whether this is associated with nega-
tive health outcomes in this occupational niche remains
undetermined. Finally, barn-level horse-administered
antimicrobial treatment was a significant risk factor for
human MRS colonization. These findings emphasize
the importance of antimicrobial resistance surveillance
programs based on One Health approaches in work-
places where human—animal contact occurs on a regu-
lar basis.
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