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Antimicrobial Resistance in Horses
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Antimicrobial resistance (AMR) is an increasingly recognized global public health threat to the
modern health-care system that could hamper the control and treatment of infectious diseases [1].
Microorganisms may serve as a reservoir for AMR in all ecological niches; therefore, a “one health”
coordinated multisectorial approach is desired to investigate and address this warning phenomenon [2].
This approach appears to be a winning strategy to combat and reduce the burden of AMR, but it
requires combined forces and resources that are consistently and effectively implemented by both
human and veterinary health professionals [1].

Horses are among the most central animals in human history; they have been used in wars,
as a means of transport, and even facilitated work in mines. Since then, the rate of contact
between domesticated horses and humans has steadily increased. Nowadays, horses play
an important role as sport animals and in animal-assisted therapy. Due to these close human-horse
interactions, the adequate detection of infectious diseases and AMR that may affect both humans
and horses is crucial, especially in cases of highly transmissible diseases [3]. Numerous important
antibiotic-resistant zoonotic pathogens have been reported from horses, including extended-spectrum
beta-lactamases (ESBL)-producing Escherichia coli, methicillin-resistant Staphylococcus aureus (MRSA),
and multidrug-resistant (MDR) Salmonella. These reports have attracted increasing attention to the
threat of AMR in horses [4].

During the last two decades, researchers have generated a vast amount of information on the
importance of MRSA in horses, which has been recognized as an occupational risk for veterinary
professionals [5]. MRSA outbreaks affecting both horses and personnel were reported from different
geographic locations and reciprocal animal-personnel transmission of infections was demonstrated.
Furthermore, it was previously demonstrated that on-admission MRSA colonization in horses is a risk
factor to develop MRSA infection [6]. In spite of the accumulating data on the prevalence, risk factors
for colonization, and resistance genes of ESBL-producing Enterobacteriaceae, data that links between
resistant gram-negative gut colonization and equine health is still lacking.

The occurrence of AMR pathogens causing infections in equine populations increases concern over
the issue of antimicrobial stewardship that involves the judicious use of antimicrobials balanced with
the requirement to treat the presenting clinical condition [7]. The challenges in equine practice include
the size and value of the patient, correct and timely pathogen identification, and its susceptibility profile,
together with the limited number of drugs and their indiscriminate use by clients [7]. Therefore, it is
crucial to promote antimicrobial stewardship, not just among academics, public health personnel, and
specialists, but also among primary care equine clinicians and equine caretakers [8].

Another important aspect of AMR in horses is the proper use of critically important antibiotics (CIA)
such as fluoroquinolones, third and fourth generation cephalosporins, and macrolides. The prophylactic
use of macrolide with rifampin in foals suspected to be infected with Rhodococcus equi has been shown to
promote MDR in both R. equi and in gut commensals, increasing the risk of environmental shedding [9].
Disease-specific practice guidelines are required to reduce CIA use for skin, respiratory, and postsurgical
infections in equine medicine [10]. Therefore, as equine practitioners and researchers, we should pay
attention to the use of CIAs in equine patients treatment [1].

Animals 2020, 10, 1161; doi:10.3390/ani10071161 www.mdpi.com/journal/animals1
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The aim of this special issue on AMR in horses was to collect the most recent data on the prevalence,
risk factors, and characterization of different MDR pathogens in different equine cohorts from various
countries. Data from Israel reports on colonization with ESBL-producing Enterobacteriaceae in foals
on admission and in the hospital setting. ESBL colonization in neonatal foals was associated with
umbilical infection and ampicillin treatment during hospitalization [11]. In Israel, risk factors for
ESBL-E shedding in farm horses included horses’ breed, sex, and previous antibiotic treatment [12].
In a similar cohort of healthy horses from Canada, the number of staffmembers and equestrian event
participation were identified as risk factors for MDR E. coli shedding [13]. In a study from Japan, healthy
racehorses were reported to be colonized with MDR ESBL/AmpC-producing Klebsiella pneumoniae [14].
Another unique horse population that AMR pathogens were recovered from was equine destined for
human consumption in Spain, in which both nasal and fecal carriage of a highly virulent MRSA was
detected [15].

In addition, ESBL-producing Enterobacteriacae pathogens were also reported as causative agents
of clinical infections in horses. In France, the percentages of MDR Staphylococcus aureus and MDR
Enterobacter spp. strains causing clinical infections increased significantly during a 3-year period [16].
In Austria, MDRKlebsiella species were isolated from clinical samples, displaying a variety of resistance
and virulence genes [17]. In a clinical bacterial collection from Texas-A&M, ESBL-producing
Enterobacteriacae were reported with the first report of E. coli ST1308 in horses [18]. We believe
that the new data reported here is highly relevant from a ‘’one health” perspective; it will help to
improve our knowledge related to the issue of AMR worldwide and will assist in improving control
measures, optimize appropriate therapy, and will encourage further studies in this important field.

Funding: This research received no external funding.
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Simple Summary: The emergence and the spread of antimicrobial drug resistant bacteria around the
world is a major public health issue. In fact, the transmission of these bacteria from animals to humans
has been already observed. In this context, the close relationships between horses and humans
may contribute to cross-infection. Our objective in this study was to describe the antimicrobial
susceptibility profiles of major equine pathogens over a 4-year period (2016–2019). For this purpose,
more than 7800 bacterial isolates collected from horses in France with different types of infection
were phenotypically analysed for their antimicrobial susceptibility. An increase in the resistance
of Staphylococcus aureus and Enterobacter spp. was observed, especially between 2016 and 2019,
with the percentage of multi-drug resistant strains rising from 24.5% to 37.4%, and from 26.3% to
51.7%, respectively. Our results point to the need to support veterinary antimicrobial stewardship to
encourage the proper use of antibiotics.

Abstract: The present study described the evolution of antimicrobial resistance in equine pathogens
isolated from 2016 to 2019. A collection of 7806 bacterial isolates were analysed for their in vitro
antimicrobial susceptibility using the disk diffusion method. The most frequently isolated pathogens
were group C Streptococci (27.0%), Escherichia coli (18.0%), Staphylococcus aureus (6.2%), Pseudomonas
aeruginosa (3.4%), Klebsiella pneumoniae (2.3%) and Enterobacter spp. (2.1%). The majority of these
pathogens were isolated from the genital tract (45.1%, n = 3522). With the implementation of two
French national plans (named ECOANTIBIO 1 and 2) in 2012–2016 and 2017–2021, respectively, and a
reduction in animal exposure to veterinary antibiotics, our study showed decreases in the resistance
of group C Streptococci, Klebsiella pneumoniae and Escherichia coli against five classes, four classes and
one class of antimicrobials tested, respectively. However, Staphylococcus aureus, Escherichia coli and
Enterobacter spp. presented an increased resistance against all the tested classes, excepted for two
fifths of E. coli. Moreover, the percentages of multi-drug resistant strains of Staphylococcus aureus and
Enterobacter spp. also increased from 24.5% to 37.4% and from 26.3% to 51.7%, respectively. The data
reported here are relevant to equine practitioners and will help to improve knowledge related to
antimicrobial resistance in common equine pathogens.

Keywords: antibiotic resistance; horse pathogens; epidemiology

1. Introduction

Since the beginning of the 21st century, the emergence of multi-drug-resistant bacteria has become
a major public health concern and a priority for all international institutions such as the World Health

Animals 2020, 10, 812; doi:10.3390/ani10050812 www.mdpi.com/journal/animals5
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Organization (WHO), the Food and Agriculture Organization of the United Nations (FAO) and the
World Organization for Animal Health (or Organisation Internationale des Epizooties-OIE), which
provide guidelines to mitigate the development of resistant bacteria [1–3].

In France, two governmental programmes were initiated over the 2012–2016 (ECOANTIBIO 1)
and 2017–2021 (ECOANTIBIO 2) periods to reduce the veterinary use of antibiotics and to preserve
the therapeutic arsenal for serious illness cases [4,5]. The objectives of the first programme were both
quantitative (reduce, by 25%, the exposure of animals to antibiotics over a 5-year period) and qualitative
(a reduction in the use of critical antibiotics in veterinary medicine including fluoroquinolones and
last-generation cephalosporins) in order to reduce the occurrence of antimicrobial resistance, which is
an international concern in terms of human and animal health [4].

The second programme focuses on incentivisation rather than regulatory measures by promoting
communication, training, the use of alternatives to antibiotics, improvements in preventive measures
for infectious diseases and the provision of the best tools for diagnosis and monitoring antibiotic sales
and resistance [5].

In this context, several international studies have described the prevalence of resistant bacteria in
equine samples in South Africa [6], Canada [7,8], Switzerland [9] and the United Kingdom [10]. Some of
them reported a high level of resistance in horse’s bacteria: from 26.6% to 50% of multi-drug resistant
(MDR) strains [6,10], 60% and 68% of isolates were phenotypically extended-spectrum beta-lactamase
(ESBL)-producing and methicillin-resistant, respectively [9].

In France, retrospective studies concerning data collected from 2006 to 2016 have been recently
published and demonstrated a potential role of equids as a reservoir [11,12], and this report aims
to evaluate the situation and its progression with the analysis of more than 7000 samples collected
between 2016 and 2019.

2. Materials and Methods

From January 2016 to December 2019, bacterial isolates collected from horses (with suspicion of
bacterial infection and prior antimicrobial treatment) by numerous practitioners in France were included
in the study. Data for 2016 came from our previous manuscript [11]. Because samples came from
several farms over very large areas, they could not be considered as geographically clustered. Analyses
were performed in the Veterinary Microbiology diagnostics unit of the LABÉO Research and Diagnostic
Institute. Strains were isolated on agar media (Columbia agar with 5% sheep blood or Columbia CNA
agar with 5% sheep blood and eosin methylene blue agar). Strains were identified by Gram staining
and commercially available identification systems, such as the API and VITEK 2 Compact® systems
(bioMérieux, mArcy l’Etoile, France) or since 2018 (April), MALDI-TOF mass spectrometry (Microflex;
Bruker Daltonics, Bremen, Germany), according to the manufacturers’ instructions.

Antimicrobial susceptibility testing (AST) was performed using the disc diffusion method
on Mueller–Hinton agar (enriched with 5% sheep blood for Streptococcus spp.) according to
the recommendations of the CA-SFM/EUCAST (Comité de l’antibiogramme de la Société
Française de Microbiologie/The European Committee on Antimicrobial Susceptibility Testing) [13].
The categorisations of antimicrobial susceptibility testing were carried out using the CA-SFM
recommendations for antimicrobial drugs only used in veterinary medicine (as Ceftiofur, Cefquinome,
Flumequine, Enrofloxacine and Marbofloxacine). For other drugs also used in human medicine,
EUCAST recommendations were taken into account. After 18–24 h of incubation at 37 ◦C,
the diameters of growth inhibition around the discs were measured using SIRSCAN (I2A, Montpellier,
France) and interpreted to show bacteria were susceptible, intermediate or resistant according
to CA-SFM/EUCAST clinical breakpoints. Bacteria that were categorised as “intermediate” were
subsequently considered as “resistant” in our study. Bacterial isolates were evaluated for their
susceptibilities to β-lactams, polymyxins, aminoglycosides, tetracycline, macrolides, rifampicin,
sulphonamides and fluoroquinolones. Due to their intrinsic resistance to low levels of aminoglycosides,
high concentration (HC) aminoglycosides discs were used against Streptococci.
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Statistical analysis was performed using the XLStat software. The chi-square test was used to test
for significant changes in antimicrobial resistance among each bacterial species between one year and
its previous year. The temporal trends in the prevalence of antimicrobial resistance were investigated
for each antimicrobial compound using the Cochran Armitage trend test. For these analyses, p < 0.05
were considered as significant.

3. Results

3.1. Identification and Distribution of Bacterial Isolates

In a 4-year period, 7806 bacterial isolates were included (2016: n = 1895; 2017: n =1978; 2018:
n = 2125; 2019: n = 1808). These isolates were clustered from genital (45.1%; n = 3522), respiratory
(22.1%; n = 1728) and cutaneous (16.3%; n = 1273) origins and other origins such as digestive or
ophthalmic (16.4%; n = 1283). The most frequently isolated pathogens were group C Streptococci
including Streptococcus equi subsp. zooepidemicus, Streptococcus equi subsp. equi and Streptococcus
dysgalactiae subsp. equisimilis (27.0%, n = 2118); Escherichia coli (18.0%, n = 1382); Staphylococcus aureus
(6.2%, n = 482); Pseudomonas aeruginosa (3.4%, n = 268); Klebsiella pneumoniae (2.3%, n = 180); and
Enterobacter spp (2.1%, n = 165). The relationship between pathogen types and sampling origins (i.e.,
types of infection) is illustrated in Figure 1.

Figure 1. Repartition of sampling origins (%)—in blue, respiratory; in orange, cutaneous; in grey,
genital; and in yellow, others—according to pathogen type.

3.2. Antimicrobial Susceptibility

3.2.1. GRAM Positive Bacteria

Group C Streptococci were the most frequent isolated bacteria (27.0%), mainly from genital samples
(56.4%) (Figure 1). No resistance was observed against penicillins and cephalosporins (Table 1).
Between 2016 and 2019, the frequencies of Group C Streptococci highly resistant to streptomycin HC and
kanamycin HC have significantly decreased over time, from 5.5% to 0.5% (p < 0.0001) and from 5.3% to
no resistant strains (p < 0.0001), respectively. Despite an increased resistance to macrolides, rifampicin
and sulphonamides observed in 2017 compared to 2016, the level of resistance decreased significantly
in subsequent years. Concerning tetracycline, more than 82% of streptococcal isolates were resistant in
2016 and 2017, with a significant reduction to near 72% in 2018 and 60% in 2019 (Table 1).

7
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Table 1. Percentage of resistant group C Streptoccoci isolates per year.

Antibiotic Category
Year 2016 2017 2018 2019

(Number of Strains) (692) (598) (454) (374)

Penicillins

PEN 0.1 0.3 0 0
AMX ** (p = 0.016) 0.7 0.2 0 0

OXA 0.1 0.3 0 0

AMC ** (p = 0.011) 0.0 *
0.7 (p = 0.037) 0 0

Cephalosporins 3rd CEF ** (p = 0.049) 0.4 0 0 0
4th CEQ 0.1 0 0 0

Aminoglycosides

STR HC ** (p < 0.0001)
0.0 *

5.5 3.8 0.5

KAN HC ** (p < 0.0001)
0.2 *

5.3 4.5 (p < 0.0001) 0

GENHC 0.6 1.2 0.2 0

Tetracycline TET ** (p < 0.0001) 87.0 * 71.6 * 58.6 *
82.1 (p < 0.0001) (p < 0.0001) (p < 0.0001)

Macrolides ERY ** (p < 0.0001) 22.1* 10.3 * 2.1 *
11.1 (p < 0.0001) (p < 0.0001) (p < 0.0001)

Rifampicin RIF
47.8 * 22.0 * 16.6 *

15.5 (p < 0.0001) (p < 0.0001) (p = 0.049)

Sulphonamides SXT ** (p < 0.0001) 15.6 * 0.7 *
4.8 (p < 0.0001) (p < 0.0001) 0

PEN—penicillin; AMX—amoxicillin; AMC—amoxicillin-clavulanic acid; CEF—ceftiofur; CEQ—cefquinome;
STR—streptomycin; KAN—kanamycin; GEN—gentamicin TET—tetracycline; ERY—erythromycin; RIF—rifampicin;
SXT—trimethoprim-sulfamethoxazole; OXA—oxacillin, marker of methicillin resistance; * Chi-square test compared
to the previous year, p < 0.05; ** Cochran–Armitage trend test, p < 0.05; HC—High concentration. The percentage of
resistance is categorised by cell colours: green for resistance ≤10%, yellow for resistance between 10% and 30%, pink
for resistance between 30% and 50%, and red for resistance >50%.

Most of these tetracycline-resistant group C Streptococci isolates were also of genital origin.
They represented 83.5% in 2016, 90.4% in 2017, 82.1% in 2018 and 64.8% in 2019 (Figure S1a).

Staphylococcus aureus (S. aureus) is mainly isolated from cutaneous (48.8%) and genital samples
(23.9%) (Figure 1). As shown in Table 2, a significant overall increase in the resistance to all antimicrobial
drugs—except penicillin, amoxicillin, cefoxitin, streptomycin and erythromycin—used against S. aureus
was observed, especially for aminoglycosides and tetracycline for which the percentage of resistant
strains was more than 40% in 2019. The level of S. aureus resistant to oxacillin and cefoxitin (used
as markers for methicillin resistance and extended to other β-lactams) increased from 15.8% to 28%
over time.

Table 2. Percentage of resistant Staphylococcus aureus per year.

Antibiotic Category
Year 2016 2017 2018 2019

(Number of Strains) (139) (118) (118) (107)

Penicillins

PEN 43.9 47.5 47.5 56.1
AMX 43.2 46.6 47.5 55.1

OXA ** (p = 0.045) 15.8 22.9 22.0 27.1
AMC ** (p = 0.021) 17.3 22.9 22.6 28.0

Cephalosporins
2nd FOX 17.3 22.9 22.6 28.0
3rd CEF ** (p = 0.045) 17.3 22.9 22.6 28.0
4th CEQ ** (p = 0.031) 17.3 22.9 22.6 28.0

Aminoglycosides
STR

20.9 11.0 * 11.0 17.8
(p = 0.033)

KAN ** (p = 0.003) 23.0 31.4 32.2 41.1
GEN ** (p = 0.001) 21.6 30.5 32.2 41.1

Tetracycline TET ** (p = 0.01) 27.3 35.6 35.6 43.9
Macrolides ERY 5.8 5.1 4.2 8.4

Rifampicin RIF ** (p < 0.001) 2.9 11.0 * 15.3 16.8
(p = 0.009)
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Table 2. Cont.

Antibiotic Category
Year 2016 2017 2018 2019

(Number of Strains) (139) (118) (118) (107)

Sulphonamides SXT ** (p = 0.008) 6.5 3.4 12.7 * 14.0
(p = 0.008)

Fluoroquinolones ENO ** (p = 0.002) 1.4 2.5 5.9 9.3
MAR ** (p = 0.002) 1.4 1.7 5.9 9.3

PEN—penicillin; AMX—amoxicillin; AMC—amoxicillin-clavulanic acid; CEF—ceftiofur; CEQ—cefquinome;
STR—streptomycin; KAN—kanamycin; GEN—gentamicin; TET—tetracycline; ERY—erythromycin;
RIF—rifampicin; SXT—trimethoprim-sulfamethoxazole; ENO—enrofloxacin; MAR—marbofloxacine;
OXA—oxacillin, marker of methicillin resistance; FOX—cefoxitin, marker of methicillin resistance; * Chi-square test
compared to the previous year, p < 0.05; ** Cochran–Armitage trend test, p < 0.05. The percentage of resistance
is categorised by cell colours: green for resistance ≤10%, yellow for resistance between 10% and 30%, pink for
resistance between 30% and 50%, and red for resistance >50%.

3.2.2. GRAM Negative Bacteria

Escherichia coli (E. coli) was the second most frequent bacterium isolated (18%), mainly from
genital samples (68.9%). Resistance to penicillins varied significantly during the 2016–2019 period,
decreasing between 2016 and 2018, from 39.5% to 27.4%, for amoxicillin and from 31.4% to 18.3% for
amoxicillin combined with clavulanic acid, and then increasing between 2018 and 2019, to 32.8% and
19.4%, respectively. Less than 6.2% of E. coli strains were resistant to cephalosporins (C3G and C4G)
and quinolones. Concerning the resistance to streptomycin, after a significant decrease from 33.1% in
2016 to 26.2% in 2017 (p = 0.048), the highest percentage of resistant bacteria was measured in 2019,
at 43.4% (p < 0.0001). For other aminoglycosides (such as kanamycin and gentamicin), resistant E. coli
strains represented less than 11.2%. More than 76% and 67% of E. coli strains remained susceptible and
sensitive to tetracycline and sulphonamides, respectively, and the percentage was 94.6% for quinolones
(Table 3).

Table 3. Percentage of resistant Escherichia coli per year.

Antibiotic Category
Year 2016 2017 2018 2019

(Number of Strains) (344) (325) (372) (341)

Penicillins
AMX ** (p = 0.02) 39.5 33.2 27.4 32.8

AMC ** (p < 0.0001) 31.4 21.2 * 18.3 19.4
(p = 0.003)

Cephalosporins 3rd CEF 6.1 5.8 6.2 3.5
4th CEQ 5.8 5.8 6.2 3.8

Aminoglycosides
STR ** (p = 0.005) 33.1 26.2* 28.2 43.4 *

(p = 0.048) (p < 0.0001)
KAN 9.0 8.9 9.1 11.1
GEN 6.1 7.1 8.9 6.7

Tetracycline TET 20.6 21.2 23.1 22.6
Sulphonamides SXT 31.4 28.3 28.8 32.6

Quinolones/Fluoroquinolones

NAL 4.9 3.4 5.4 3.2
FLU 4.9 3.4 5.4 3.2
ENO 3.2 3.4 2.4 3.2
MAR 2.9 3.4 2.4 2.9

AMX—amoxicillin; AMC—amoxicillin-clavulanic acid; CEF—ceftiofur; CEQ—cefquinome; STR—streptomycin;
KAN—kanamycin; GEN—gentamicin; TET—tetracycline; SXT—trimethoprim-sulfamethoxazole;
ENO—enrofloxacin; MAR—marbofloxacine; FLU—flumequine; NAL—nalidixic acid, marker of fluoroquinolone
resistance. * Chi-square test compared to the previous year, p < 0.05; ** Cochran–Armitage trend test, p < 0.05.
The percentage of resistance is categorised by cell colours: green for resistance ≤10%, yellow for resistance between
10% and 30%, and pink for resistance between 30% and 50%.

The majority of resistant E. coli strains have been isolated from genital samples , where resistance
to streptomycin increased from 28.4% in 2016 to 36.7% in 2019 (Figure S1c).

Pseudomonas aeruginosa (P. aeruginosa) represents 3.4% of the total bacteria and was mainly
isolated from genital (46.6%) and respiratory (33.6%) samples (Figure 1). The analysis was limited to
cefquinome (C4G), gentamicin and marbofloxacin, which are the only antimicrobials clinically relevant
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for P. aeruginosa in veterinary medicine. The frequency of strains resistant to these three agents was
less than 15% during the 2016–2019 period (Table 4).

Table 4. Percentage of resistant Pseudomonas aeruginosa per year.

Antibiotic Category
Year 2016 2017 2018 2019

(Number of Strains) (59) (70) (75) (64)

Cephalosporin 4th CEQ 11.9 14.3 14.7 12.5
Aminoglycosides GEN 10.2 8.6 14.7 10.9
Fluoroquinolones MAR 1.7 0.0 0.0 4.7

CEQ—cefquinome; GEN—gentamicin; MAR—marbofloxacine. * Chi-square test compared to the previous year,
p < 0.05; ** Cochran–Armitage trend test, p < 0.05. The percentage of resistance is categorised by cell colours: green
for resistance ≤10% and yellow for resistance between 10% and 30%.

From 2018 to 2019, the frequency of strains resistant to cefquinome and gentamicin decreased,
from 28.6% to 13.3% and from 32.1% to 20.0%, respectively, in respiratory samples (Figure S1d).
Concerning resistant P. aeruginosa strains isolated from genital samples, a decrease was observed for
cefquinome (from 26.1% in 2017 to 12.5% in 2019) and for gentamicin (from 13% in 2017 to 7.5% in 2019).
These percentages have been calculated from the data in Table S1, and the variations are represented in
terms of the numbers of isolates in Figure S1d.

Klebsiella pneumoniae (K. pneumoniae) represented 2.3% of all the bacteria and were mainly isolated
from genital samples (63.9%) (Figure 1). The number of isolated strains doubled in four years from 30
to 60 strains (Table 5). A large increase in the resistance level to all antimicrobial agents was observed
in 2017, especially for amoxicillin–clavulanic acid (from 12.9% to 42.4%), streptomycin (from 29.0% to
48.5%), tetracycline (from 25.8% to 48.5%) and sulphonamides (from 32.3% to 51.5%). Decreases were
then measured in 2018 and confirmed in 2019, except for cephalosporins (change from 5.4% to 10%).

Table 5. Percentage of resistant Klebsiella pneumoniae per year.

Antibiotic Category
Year 2016 2017 2018 2019

(Number of Strains) (31) (33) (56) (60)

Penicillins AMC
12.9 42.4 * 16.1 * 10.0

(p = 0.009) (p = 0.006)

Cephalosporins
3rd CEF

9.7 21.2 5.4 * 10.0
(p = 0.022)

4th CEQ 9.7 21.2 5.4 * 10.0
(p = 0.022)

Aminoglycosides
STR ** (p = 0.008) 29.0 48.5 25.0 * 13.3

(p = 0.024)
KAN 3.2 12.1 7.1 6.7
GEN 6.5 21.2 7.1 6.7

Tetracycline TET ** (p = 0.017) 25.8 48.5 25.0 * 13.3
(p = 0.024)

Sulphonamides SXT ** (p=0.006) 32.3 51.5 26.8 * 15.0
(p = 0.019)

Quinolones/Fluoroquinolones

NAL ** (p = 0.049) 19.4 21.2 8.9 8.3
FLU 12.9 21.2 8.9 8.3

ENO
9.7 18.2 3.6 * 5.0

(p = 0.02)

MAR
3.2 9.1 * 1.8 3.3

(p = 0.02)

AMC—amoxicillin-clavulanic acid; CEF—ceftiofur; CEQ—cefquinome; STR—streptomycin; KAN—kanamycin;
GEN—gentamicin; TET—tetracycline; SXT—-trimethoprim-sulfamethoxazole; ENO—enrofloxacin;
MAR—marbofloxacine; FLU—flumequine; NAL—nalidixic acid, marker of fluoroquinolone resistance.
* Chi-square test compared to the previous year, p < 0.05; ** Cochran–Armitage trend test, p < 0.05. The percentage
of resistance is categorised by cell colours: green for resistance ≤10%, yellow for resistance between 10% and 30%,
pink for resistance between 30% and 50%, and red for resistance >50%.

Genital samples contained most of the resistant strains, with 63.9%. After an important increase
in 2017, with 66.7% of genital strains resistant against tetracycline, 58.3% against amoxicillin with
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clavulanic acid and 50% against streptomycin and sulphonamides, the levels of strains resistant against
all antimicrobial agents were below 10% in 2019 (Figure S1e).

Enterobacter spp represented 2.1% of total bacteria and was mainly isolated from genital samples
(43.0%) (Figure 1). Only the evolution of strains resistant to streptomycin and kanamycin was significant
over the 4-year period (p = 0.022 and p = 0.044 respectively). The percentage of Enterobacter spp.
strains resistant to streptomycin increased significantly from 23.7% in 2016 to 50.0% in 2017 (p = 0.025)
and to 55.2% in 2019. Similar evolution was observed for kanamycin (p = 0.024) and gentamicin
(p = 0.008) resistance from 18.4% in 2016 to more than 41% in 2017. The frequency of strains resistant
to cephalosporins varied between 15.8% and 34.6% for ceftiofur and between 10.3% and 21.7% for
cefquinome. Strains resistant to tetracycline and sulphonamides increased from 21.1% to 37.9% and
48.3%, respectively. Concerning quinolone resistance, 27.6% of isolated strains were resistant to
flumequine, 10.3% to enrofloxacin and 6.9% to marbofloxacine in 2019 (Table 6).

Table 6. Percentage of resistant Enterobacter spp. per year.

Antibiotic Category
Year 2016 2017 2018 2019

(Number of Strains) (38) (46) (52) (29)

Cephalosporins 3rd CEF 15.8 30.4 34.6 27.6
4th CEQ 13.2 21.7 21.2 10.3

Aminoglycosides

STR ** (p = 0.022) 23.7 50.0 * 44.2 55.2
(p = 0.025)

KAN ** (p = 0.044) 18.4 41.3 * 36.5 44.
(p = 0.024) 8

GEN
18.4 45.7 * 42.3 41.4

(p = 0.008)
Tetracycline TET 21.1 32.6 36.5 37.9

Sulphonamides SXT 21.1 45.7 42.3 48.3

Quinolones/Fluoroquinolones

NAL 21.1 17.4 23.1 27.6
FLU 21.1 17.4 23.1 27.6
ENO 7.9 8.7 13.5 10.3
MAR 2.6 4.3 7.7 6.9

CEF—ceftiofur; CEQ—cefquinome; STR—streptomycin; KAN—kanamycin; GEN—gentamicin; TET—tetracycline;
SXT—trimethoprim-sulfamethoxazole; ENO—enrofloxacin; MAR—marbofloxacine; FLU—flumequine;
NAL—nalidixic acid, marker of fluoroquinolone resistance. * Chi-square test compared to the previous year,
p < 0.05; ** Cochran–Armitage trend test, p < 0.05. The percentage of resistance is categorised by cell colours: green
for resistance ≤10%, yellow for resistance between 10% and 30%, pink for resistance between 30% and 50%, and red
for resistance >50%.

The distribution of resistant strains according to sample origins revealed that genital samples
contained the largest number of resistant bacteria (43%). In 2019, 21.4 % of Enterobacter spp. isolated
from the genital tract were resistant to cefquinome and tetracycline, 42.9 % to streptomycin, 35.7% to
kanamycin, and 28.6% to gentamicin and sulphonamides (Figure S1f).

3.3. Multi-Drug Resistant (MDR) Bacteria

Table 7 shows the overall level and trend of MDR bacteria (defined as non-susceptible to at
least three different classes of antibiotic usually efficient) according to bacterial species. Because few
antimicrobial compounds have been tested against P. aeruginosa, this species was excluded from the
analysis. For group C Streptococci, the level of MDR increased from 2016 (10.7%) to 2017 (18.9%) before
decreasing to 0.5% in 2019. For S. aureus, the percentage of MDR increased from 24.5% in 2016 to
37.4% in 2019. For E. coli, the level of MDR remained similar during the 2016–2019 period (average of
resistance was 22.0%). For K. pneumoniae, the level of MDR, after an increase from 38.7% in 2016 to
51.5% in 2017, decreased to 11.7% in 2019. Finally, for Enterobacter spp., this level doubled from 26.3%
in 2016 to 51.7% in 2019.
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Table 7. Percentage of bacteria resistant to three or more antimicrobial classes.

Streptococcus
(Group C) **

(p < 0.001)

Staphylococcus
aureus **

(p = 0.029)
E. coli

Klebsiella
pneumoniae **

(p = 0.001)

Enterobacter
spp. **

(p = 0.048)

2016 10.7 24.5 22.7 38.7 26.3
2017 18.9 31.4 21.2 51.5 45.6
2018 3.1 33.1 21.8 26.8 44.2
2019 0.5 37.4 22.6 11.7 51.7

** Cochran–Armitage trend test, p < 0.05.

4. Discussion

Horses are now recognised to be potential reservoirs of antimicrobial resistance, which can
be transmitted to other animal and human pathogens [11,12,14–16]. Equine pathogens with
zoonotic potential should be carefully taken into account, especially Enterobacteriaceae producing
extended-spectrum beta-lactamases (ESBL), P. aeruginosa or methicillin-resistant Staphylococcus aureus
(MRSA), as described by the WHO [17].

Human infection with Group C Streptococci is not frequent but can lead to severe diseases,
such as septicemia, meningitis or arthritis [18–20]. In horses, Streptococcus equi subsp equi and
Streptococcus equi subsp zooepidemicus (Streptococcus zooepidemicus) are the most important bacterial
pathogens encountered, the causative agent of Strangles and the leading cause of bacterial infection,
respectively [21–23]. Only very few (less than 1%) strains resistant to penicillins and cephalosporins
were identified in the 4-year study, in agreement with other studies conducted in France [11,12] and
throughout the world [6–10]. However, a significantly increased resistance to tetracycline, macrolides,
rifampicin and sulphonamides was measured in 2017, followed by a significant decrease in 2018 and
2019. These results were well correlated with the trend of MDR Streptococci that represented 0.5% in
2019. Streptococcus zooepidemicus is frequently associated with uterine infections but can also induce
persistent subclinical infection of the mare due to the presence of “dormant” bacterial colonies in the
endometrium, with an impact on fertility. This stage of dormancy is often associated with an increased
resistance to penicillin (not linked to the acquisition of a resistance gene but due to the absence of
replication) [24]. The instillation of a bacterial growth medium (bActivate) in the uterus has been
shown to “reactivate” dormant Streptococcus zooepidemicus, which subsequently allows the efficient
use of antibiotics to clear the persistent infection [24]. It is also important to note that Streptococcus
zooepidemicus is often associated with secondary bacterial infections in horses after respiratory virus
infections [25]. The use of vaccination against the primary pathogen should also be considered as
an indirect way to reduce antibiotic use through the prevention of secondary bacterial infections, as
previously demonstrated for equine influenza vaccinations [26].

Concerning S. aureus, an increased frequency of MRSA strains was observed between 2016 and
2019. As shown in Table 2, the level of oxacillin-resistant strains (used as a methicillin resistance
marker) increased by more than 10% (from 15.8% in 2016 to 27.1% in 2019). More strains resistant
against aminoglycosides and tetracyclines were also isolated. In parallel, we showed that the level
of MDR S. aureus also increased during the same period. As the level of MRSA remained stable
between 2013 and 2016, the current result raises questions regarding long-term vigilance and the
correct use of antimicrobial compounds [11]. Moreover, in a previous study, we have demonstrated the
predominance of ST398 MRSA isolates since 2011. Since this ST398 type is known to cause outbreaks
in horses and to colonise/infect humans, hygiene measures and appropriate antimicrobial use should
be maintained and reinforced in order to limit the transmission of S. aureus between horses as well as
between horses and humans [27].

Concerning E. coli, resistance to cephalosporins and quinolones represented, in 2019, less than
10% of all isolated strains, as observed in previous years [11,12], which is well correlated with their
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limited use in the field because of their critical categorisation by authorities. Indeed, one study that
measured the trends in the antimicrobial susceptibility of several pathogens, such as Enterobacteriacae,
isolated between 1979 and 2010 from foals with sepsis highlighted a decrease in ceftiofur activity [28].
For other drugs, the resistance levels measured in this study were similar to the levels reported before
2016, with the exception of those for streptomycin, which reached 43.4% in 2019. Even if it was
significantly reduced two-fold compared to 2009 and 2010, where 94.8% and 90.4% were resistant,
respectively, this percentage remained high between 2016 and 2019 (26.2% in 2017 and 43.4% in
2019). This may be explained by the fact that E. coli strains were mainly isolated from the genital
tract and that streptomycin represents the main treatment for such infections, thereby promoting the
selection of streptomycin (STR)-resistant E. coli isolates. This again points to the necessity of performing
antimicrobial susceptibility testing before any antimicrobial treatment.

In a lower proportion than E. coli, two other Enterobacteria were also analysed, K. pneumoniae (2.3%
of isolated bacteria) and Enterobacter spp (2.1% of isolated bacteria). For K. pneumoniae, unexpectedly,
the frequency of strains resistant against all antimicrobial agents increased in 2017 before reaching
levels of resistance similar to those observed during 2006–2016 period. For Enterobacter spp., the same
observation was made in 2017, with a subsequent maintenance of high levels of resistance against
aminoglycosides, streptomycin and kanamycin especially, until 2019. The MDR proportion of
Enterobacter spp. also doubled between 2016 and 2019. As mentioned above, the increased resistance
of K. pneumoniae and Enterobacter spp. observed in 2017 could be linked to the transition between
the two French national programmes leading to reduced vigilance regarding the antimicrobials used.
However, although Enterobacter spp. represented the smallest sample of pathogens in this study (2.1%),
attention must be paid to multi-drug resistant strains whose levels remained very high until 2019.
Marbofloxacine appeared to be the compound against which few Enterobacter were resistant, and it
should be used with caution to avoid a therapeutic impasse.

As described in literature [9,11,29], only a few antimicrobial agents such as cefquinome, gentamicin
and marbofloxacine remained active against P. aeruginosa. Moderate levels of resistance (around
8.6%, 14.7% and 4.7% for cefquinome, gentamicin and marbofloxacine, respectively) were measured
between 2016 and 2019, as already observed in 2015 [11]. Pseudomonas aeruginosa strains were mainly
isolated from the respiratory and genital tracts, where antimicrobial drugs are more targeted because
of reproduction and horse racing, inducing less selective pressure.

Overall, the antimicrobial resistance of the bacteria studied here increased in 2017, which was
the pivotal year between the two governmental programmes implemented in France to counteract
antimicrobial resistance. A decrease was subsequently observed. Nevertheless, high levels of MDR
persist as of 2019, especially in more than 37% of S. aureus and 51% of Enterobacter spp. This situation
will have to be carefully monitored in the future. The use of these antimicrobials has to be moderated
in order to prevent the spread of resistance.

The majority of the bacterial collection analysed in this study was isolated from the genital
tract, which is linked to the primary diagnostic activity of the LABÉO Veterinary Microbiology unit.
Consequently, this study may lack representativeness regarding other compartments.To date, the use
of antimicrobials in equine veterinary medicine remains a necessity in many cases because the methods
for the prevention of bacterial infections in horses are limited, with few or no vaccines available.

In this context, antimicrobials are essential to equine health, and this study underlines the
importance of performing antimicrobial susceptibility testing in order to optimise antimicrobial therapy
in horses and to reduce the occurrence of resistance. Such studies are essential for evaluating the
evolution of antimicrobial resistance and its potential threat to public health. In addition, such data are
key indicators for the impact of national or international plans leading to a reduction in the spread
of multi-drug resistant bacteria and may help in drawing up new guidelines. The analysis of the
resistance mechanisms displayed by these major bacteria is warranted. The use of whole genome
sequencing of strains of interest will prove to be invaluable for investigating molecular epidemiology.
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5. Conclusions

During the 2016-2019 period, decreases in the resistance of group C Streptococci and Klebsiella
pneumoniae against at least four classes of antimicrobials, were observed. In addition, Staphylococcus
aureus, and Enterobacter spp. presented an increased resistance against all the classes tested. In this
context, the percentages of multi-drug resistant strains of these species increased from 24.5% to 37.4%
and from 26.3% to 51.7%, respectively. For E. coli, the situation was mixed with a decrease against
penicillins and an increase against streptomycin and sulphonamides. Our study indicates that horses
may be considerate as reservoirs of antimicrobial resistant pathogens and underlines the importance of
performing antimicrobial susceptibility testing in order to optimize antimicrobial therapy in horses
and to reduce the occurrence of these resistances.
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Simple Summary: Antimicrobial resistance has been recognised as a global threat by the WHO.
ESBL/AmpC genes, responsible for cephalosporin resistance, are particularly worrisome. Escherichia
coli is a ubiquitous bacterium. Most strains are commensal, although some can cause disease in
humans and animals. Due to its genome plasticity, it is a perfect candidate to acquire resistance
genes. We hypothesized that multidrug-resistant E. coli and E. coli resistant to cephalosporins are
present in the fecal microbiota of healthy horses in Quebec. We characterised antimicrobial resistance,
identified ESBL/AmpC genes and assessed potential risk factors for their presence. Fecal samples
from 225 horses, distributed in 32 premises, were cultured for indicator E. coli (selected without
enrichment) and specific E. coli (selected after enrichment with ceftriaxone). Of the 209 healthy horses
in which E. coli were detected, 46.3% shed multidrug-resistant (resistant to three or more classes
of antimicrobials tested) E. coli. Non-susceptibility was most frequently observed for ampicillin,
amoxicillin/clavulanic acid or streptomycin. ESBL/AmpC genes were detected in E. coli from 7.3% of
horses and 18.8% of premises. The number of staff and equestrian event participation within the last
three months were identified as risk factors for horses shedding multidrug-resistant E. coli isolates.
The horse intestinal microbiota is a reservoir for ESBL/AmpC genes. The presence of ESBL/AmpC
in horses is both a public and equine health concern, considering the close contact between horses
and owners.

Abstract: Although antimicrobial resistance is an increasing threat in equine medicine, molecular
and epidemiological data remain limited in North America. We assessed the prevalence of, and risk
factors for, shedding multidrug-resistant (MDR) and extended-spectrum β-lactamase (ESBL) and/or
AmpC β-lactamase-producing E. coli in healthy horses in Quebec, Canada. We collected fecal
samples in 225 healthy adult horses from 32 premises. A questionnaire on facility management and
horse medical history was completed for each horse. Indicator (without enrichment) and specific
(following enrichment with ceftriaxone) E. coli were isolated and tested for antimicrobial susceptibility.
The presence of ESBL/AmpC genes was determined by PCR. The prevalence of isolates that were
non-susceptible to antimicrobials and to antimicrobial classes were estimated at the horse and the
premises level. Multivariable logistic regression was used to assess potential risk factors for MDR and
ESBL/AmpC isolates. The shedding of MDR E. coli was detected in 46.3% of horses. Non-susceptibility
was most commonly observed to ampicillin, amoxicillin/clavulanic acid or streptomycin. ESBL/AmpC
producing isolates were detected in 7.3% of horses. The most commonly identified ESBL/AmpC
gene was blaCTX-M-1, although we also identified blaCMY-2. The number of staff and equestrian event
participation were identified as risk factors for shedding MDR isolates. The prevalence of healthy
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horses harboring MDR or ESBL/AmpC genes isolates in their intestinal microbiota is noteworthy.
We identified risk factors which could help to develop guidelines to preclude their spread.

Keywords: antimicrobial resistance; beta-lactamase; cephalosporinase; microbiota; North America;
equine

1. Introduction

Antimicrobial resistance was reported by the World Health Organization (WHO) in 2014 as the
largest current threat for global health [1]. Equine medicine is also involved, indeed, the first bacteria
resistant to antimicrobials in horses were reported in 1971, in Canada [2]. Subsequently, the number
of treatment failure reports due to antimicrobial resistance has increased [3–5]. In Europe, several
studies have reported that healthy horses can carry multidrug resistant (MDR) bacteria at a relatively
high prevalence (39% to 44%) [6,7] and some countries are setting up surveillance monitoring [8].
Nonetheless, molecular and epidemiological data in this species are still limited in North America.
In the global approach to antimicrobial resistance recommended by the WHO, horses have been
classified as companion animals, although they are also working animals and livestock and could
contaminate their owner through direct contact, or even the general population via the food chain.
Thus, horses have been overlooked in the general approach to antimicrobial resistance [9].

Escherichia coli is ubiquitous and mainly commensal in the intestinal microbiota of mammals.
However, pathogenic strains have been recognized, mostly in human and in food-producing animals,
and occasionally in horses [10]. Due to its ubiquity, recurrent exposure to systemic (oral, intramuscular
or intravenous) antimicrobial treatment and the fast evolution of its genome, this bacterium is
considered by the Canadian Integrated Program for Integrated Surveillance System (CIPARS) as an
excellent indicator for antimicrobial resistance surveillance [11].

One of the main mechanisms of resistance in E. coli is the production of extended spectrum
β-lactamases (ESBL) and/or AmpC cephalosporinases (AmpC) [12], resulting in the hydrolyzation
of the β-lactam ring, which is present in penicillins, cephalosporins and monobactams. β-lactamase
genes (bla) have spread very effectively among numerous species of Gram-negative bacteria over
the last 30 years [12], both in animals and in humans. In horses, phenotypic resistance to ceftiofur,
a third-generation cephalosporin, has been reported in many clinical situations [13]. blaCTX-M-1 is
the ESBL resistance gene variant most often detected [14]. However, other variants of CTX-M (i.e.,
blaCTX-M-2, blaCTX-M-9, blaCTX-M-14, blaCTX-M-15) have been recognized. blaCMY and blaSHV-12 have also
been identified [14]. All of these variants have also been found in other animal species [14] and in
humans [15]. These genes spread mainly through plasmids, carrying multiple resistance genes. Thus,
these plasmids convey resistance to other antimicrobial classes, promoting multidrug resistance [16].
However, the resistance gene dissemination can also be enhanced through “high-risk” clones [17].
An example of such a clone is the E. coli sequence-type ST410 [18], recently emerging as a public health
concern in the human population.

Moreover, owning a horse has been demonstrated as a risk factor for the carriage of ESBL in
people [19] in the Netherlands. Even though the author of this study nuanced these results by stating
that horse owners often own other pets, and the Netherlands has a high population density which
might not be representative of the situation of other countries, nevertheless, this study underlines
the potential concern for human health. The colonization with ESBL-producing Enterobacteriaceae,
in humans, has been associated with an increase in the length of hospitalization in ICU patients [20].
New regulations restricting the use of antimicrobials such as fluoroquinolones and cephalosporins,
classified as having the highest priority by the WHO and Health Canada [21,22], to cases where the
veterinarian can prove that there is no better alternative [23], came into effect in early 2019 in veterinary
medicine in Canada. Nevertheless, the use of ceftiofur will likely remain common in horses due to the
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lack of a better alternative, especially for neonatal sepsis and respiratory diseases in adults, possibly
enhancing the dissemination of ESBL/AmpC genes.

No data are available on the presence of MDR or ESBL/AmpC-producing isolates in the healthy equine
population in Quebec. Our objective was to estimate the prevalence of, and risk factors for, shedding
MDR- and/or ESBL/AmpC-producing E. coli isolates in horses. We characterized potential ESBL/AmpC
isolates for antimicrobial susceptibility and the presence of ESBL/AmpC-associated resistance genes.

2. Materials and Methods

2.1. Sampling and Data Collection

During the summer 2015, MDL sampled healthy horses from a convenience sample of premises
owned by clients and located within a one-hour drive from the CHUV, a university veterinary hospital
located in Saint Hyacinthe, Quebec, Canada. To increase the number of sampled horses, in April
2016, the 111 Quebec association of equine veterinary practitioners (AVEQ) members were invited to a
conference introducing the project. This event took place in Saint Hyacinthe, Quebec, and was also
given in a videoconference. The veterinarians were solicited to sample healthy horses in the stables
they visited as part of their veterinary practice. To evaluate the number of targeted horses sampled we
used the following equation

n = (Z2 × P(1 − P))/L2

where n = the number of targeted horses (n = 359 horses), Z = the value from the normal distribution
corresponding to the 95% confidence interval (Z = 1.96), and P = the expected prevalence of MDR E.
coli in the healthy horse population which we extrapolated from a previous article in Great Britain [6]
(P = 0.37), and L the desired precision (L = 0.05). Given the large size of the total horse population in
Quebec (estimated at 129,000 individuals by Equine Canada in 2010), we have not adjusted the number
of horses for a finite population. This figure does not consider the potential non-independence of the
status of horses in the same premises.

Every participating veterinarian receive d a sampling kit, including 100 rectal swabs (BBLTM

CultureSwabTM Plus, Becton Dickinson, France) and the material to ship the samples to the Ecl laboratory
at 4 ◦C, within 48 h of collection. Protocols were explained in detail in the kit. Each veterinarian could
sample up to 10 horses per premise up to a maximum of 10 premises, until the overall target sample
size was reached. Only horses over two years old and considered healthy by their owner were eligible
for the study. We focused our study on adult horses because breeding does not take a huge place in
equestrian activity in Quebec (around 1% of horse riders are interested in breeding in Quebec according
to the Cheval Quebec activity report in 2016 (https://cheval.quebec/Rapport-annuel)), therefore we
expect that most contacts between people and horses during these activities are with adult horses.
The sampled horses were not necessarily part of the veterinarian clientele. Each owner agreed to
participate on a voluntary basis. The protocol was approved by the Université de Montréal Ethic
Committee for use of animals (15-Rech-1800).

For each sampled horse, the owner and the recruiting veterinarian each completed a questionnaire
online, through the Surveymonkey web platform (https://www.surveymonkey.com). They were
available in both French and English and are found in the Supplementary Data of this article
(Supplementary Material Figures S1 and S2). Questions were based on previously reported and
suspected risk factors in the horse [24] and were related to the facility management and horse medical
history. Each premise was geocoded based on its 6-digit postal code, performed in GeoPinpoint suite
version 6.4 (DMTI Spatial).

2.2. Indicator Collection: Non-enriched Culture, Antimicrobial Susceptibility Testing, ESBL/AmpC Gene
Identification, and Prevalence Estimation

On reception at the Ecl Laboratory, rectal swabs were held in Luria-Bertani (LB) broth for a
maximum of 15 min at room temperature, then 100 μL of LB broth was transferred on MacConkey
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agar and incubated at 37 ◦C overnight. All lactose-positive colonies, up to a maximum of three,
were selected for each rectal sample and cultured in LB broth then plated on MacConkey agar to ensure
purity. Isolates were confirmed as E. coli by the presence of the uidA gene [25], as detected by PCR.
Each sample and isolate were stored in 15% glycerol at −80 ◦C.

Isolates were tested for susceptibility to the 14 antimicrobial agents examined in the CIPARS
using the disk-diffusion assay. We used the same disks and techniques as described for the indicator
collection of our previous work [7].

When isolates were non-susceptible (intermediate or resistant) to 3rd generation cephalosporins,
we looked for 5 β-lactamase resistance genes (blaSHV, blaTEM, blaCMY-2, blaOXA, blaCTX-M) by multiplex
PCR. We used the same DNA extraction, PCR protocols and CTX-M-variant identification protocols as
described for the indicator collection of our previous work [7].

We estimated the prevalence and 95% confidence intervals of (1) horses shedding non-susceptible
(i.e., resistant or intermediate) isolate(s) for each antimicrobial, and (2) horses shedding isolate(s)
non-susceptible to ≥ 1, 3, 5, 7 and 9 classes of antimicrobials. An isolate was considered MDR if
non-susceptible to at least one agent in three or more antimicrobial classes [26]. We used the same
method of calculation (with adjustment for sampling weights and clustering within premises) and the
same software as described for in the indicator collection of our previous work [7]. We also estimated
these prevalences and 95% confidence intervals at the premises level, as previously described [7];
for each outcome, a positive status was attributed when the premises housed at least one positive horse.

2.3. Potential ESBL/AmpC Producing E. coli Collection: Culture, Antimicrobial Susceptibility Testing,
ESBL/AmpC and Virulence Gene Identification and Descriptive Statistics

ESBL/AmpC-producing bacteria may be shed in small quantities in healthy individuals [27].
To improve detection sensitivity and allow for a more accurate estimation of the proportion of positive
horses, we carried out enrichment with ceftriaxone [8,27]. For each rectal swab suspension in LB broth,
1 mL was inoculated in 9 mL of MacConkey broth containing 1 mg/L of ceftriaxone and incubated
overnight at 37 ◦C. When bacterial growth was positive, 100 μL of MacConkey broth was inoculated
on MacConkey agar containing 1 mg/L of ceftriaxone and incubated at 37 ◦C overnight. All isolates
up to a maximum of five lactose-positive isolates per sample were selected. All isolates of this
collection were confirmed as E. coli by the presence of the uidA gene [25] as detected by PCR and were
tested for susceptibility to 14 antimicrobials, as described above. All isolates in this collection were
systematically examined for the presence of five β-lactamase resistance genes (blaSHV, blaTEM, blaCMY-2,
blaOXA, blaCTX-M) by multiplex PCR (PCR and gene identification protocols are described above).

Descriptive statistics were used to present the non-susceptibility patterns of isolates from this
collection. We estimated prevalence with 95% confidence intervals of horses shedding ESBL/AmpC
isolates and of the premises housing these horses, using the same calculation method described above.

2.4. MDR and ESBL/AmpC: Risk Factors

For the risk factor analyses, two outcome variables were investigated: MDR and ESBL/AmpC
status for each horse. A positive MDR or ESBL/AmpC status was defined as the detection of at
least one MDR or ESBL/AmpC isolate, respectively, for that horse. All potential risk factors from the
questionnaire were categorized. Putative risk factors with p < 0.20 (Wald test) in univariable multilevel
(facilities, horses) logistic regressions were selected for inclusion in a full multivariable multilevel
model for each outcome. Pairwise associations between these selected variables were assessed by χ2

test; in the presence of significant association (p < 0.05), only one of two correlated variables was kept
based on the biological relevance with the outcome. The final multivariable model was refined by
sequentially omitting variables with p > 0.05 (Wald test). Analyses were performed in MLwiN version
2.36 using 2nd order penalized quasi-likelihood estimation, with no extrabinomial variation permitted.
The fit of the final model was evaluated by visual assessment of standardized residuals at the premise
level against normal scores and against fixed part prediction.
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3. Results

In 2015, MDL sampled 67 horses distributed in 10 premises. Following the conference, in April
2016, 14 equine practitioners agreed to participate in the study. Although samples were collected one
year apart, the results are presented together as the sampling was similar and there was no modification
in the equine practice in Quebec from 2015 to 2016.

A total of 225 horses were sampled, distributed in 32 premises, as illustrated in Figure 1. Between
two and 12 horses were sampled in each premise, with a mean of seven horses sampled.

 

Figure 1. Geographical distribution of the sampled premises (based on center point of their 6-digit
postal code) over the administrative regions of the province of Quebec in a cross-sectional study of
209 healthy adult horses in 32 premises performed in 2015 and 2016. Two premises in Capitale-Nationale
and two premises in Monteregie were very close, and therefore are overlapping on the map. Mapping
was performed in ArcGIS version 10.6, using reference maps from Statistics Canada (2016 census).

Among the sampled horses, 48% were geldings, 49% were female and 3% were stallions. The mean
age was 12 years old with a range from 2 to 30 years old.

3.1. Indicator Collection

E. coli isolates were detected in 209 (93%) of the 225 rectal swabs. A total of 609 E. coli isolates
were selected from 209 samples, originating from the 32 premises.

The prevalence estimates of horses shedding non-susceptible isolates per antimicrobial and of
the premises housing those horses are shown in Figure 2. Over 40% of horses shed isolates that were
non-susceptible to ampicillin, streptomycin or amoxicillin + clavulanic acid. Over 60% of premises
housed horses that shed isolates non-susceptible to streptomycin, nalidixic acid, folate pathway
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inhibitors (trimethoprim-sulfamethoxazole and sulfisoxazole), ampicillin, amoxicillin + clavulanic
acid or tetracycline.

Figure 2. Prevalence estimates (%) of non-susceptibility (yellow and red) for each antimicrobial, at the
horse level (A), and at the premises level (B), in a cross-sectional study of 209 healthy adult horses,
in 32 premises, performed in 2015 and 2016, in Quebec. Bars represent 95% confidence intervals
for prevalence of non-susceptible isolates. The proportion of resistant isolates for each antimicrobial
is presented in red. A total of 609 isolates were tested. Abbreviations: AZY = azithromycin,
STR = streptomycin, GEN = gentamicin, CRO = ceftriaxone, XNL = ceftiofur, CEF = cefoxitin, CIP =
ciprofloxacin, NAL = nalidixic acid, SSS = sulfisoxazole, TMS = trimethoprim–sulfamethoxazole, AMP
= ampicillin, AMC = amoxicillin/clavulanic acid, CHL = chloramphenicol, TET = tetracycline.

As illustrated in Figure 2, in this collection, non-susceptibility to third generation cephalosporins
(ceftiofur and ceftriaxone), was observed in 12.8% of horses and 46.8% of premises. We did not identify
any bla genes as tested by PCR in these isolates.

The prevalence estimate of non-susceptibility to nalidixic acid, a first-generation quinolone,
was high (24.7% of horses and 59.4% of premises). In contrast, the estimated prevalence of
non-susceptibility to ciprofloxacin, a fluoroquinolone, was relatively low (1.0% of horses and 6.3%
of premises).

Prevalence estimates (%) of horses shedding isolates non-susceptible to ≥ 1, 3, 5, 7 or 9 classes
of antimicrobials and premises housing these horses, are summarized in Table 1. The prevalence of
horses shedding isolates non-susceptible to at least one antimicrobial and MDR isolates were high
(80.0% and 46.3%, respectively). Of the 32 premises, 81.3% housed at least one horse shedding MDR
isolates. In addition, 1.4% of horses shed isolates non-susceptible to nine classes of antimicrobials,
and therefore had a potential for extensive resistance [26].
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Table 1. Prevalence estimates (%) with 95% confidence intervals (95% CI) of healthy adult horses
shedding E. coli isolates that are non-susceptible to more than 1, 3, 5, 7 or 9 classes of antimicrobials
and premises housing these horses based on the indicator collection results in a cross-sectional study
of 209 horses in 32 premises in Quebec in 2015 and 2016. Abbreviations: CI = confidence interval,
MDR =multidrug-resistant.

Number of Resistant Antimicrobial Classes

Indicator Collection

Horse Level (n = 209) Premises Level (n = 32)

% 95% CI % 95% CI

≥1 80.0 69.8–90.2 96.9 90.5–100
≥3 (MDR) 46.3 34.5–58.0 81.3 67.0–95.5
≥5 15.3 8.5–22.3 53.1 34.8–71.4
≥7 3.9 1.5–6.2 25.0 9.1–40.9
≥9 1.4 0–3.2 9.4 0–20.1

3.2. ESBL/AmpC Collection

A total of 7.3% [95% CI 0–17.6] of the 209 horses shed ESBL/AmpC isolates non-susceptible
to ceftriaxone, therefore belonging to the ESBL/AmpC collection, and 18.8% [95% CI 4.5–33] of the
32 premises housed these horses.

Non-susceptibility pattern of the 74 isolates of this collection originating from the 17 positive
horses, found in six premises, is shown in Figure 3. All isolates were non-susceptible to ampicillin
and ceftriaxone, although three isolates presented susceptibility to ceftiofur and 60 isolates presented
susceptibility to cefoxitin, a cephamycin, also considered as a second-generation cephalosporin [28].

Figure 3. Susceptibility profiles of E. coli isolates in the ESBL/AmpC collection, in a cross-sectional study
performed on healthy adult horses, in Quebec in 2015 and 2016 (n = 74 isolates distributed in 17 horses
among 6 premises). Abbreviations: AZY = azithromycin, STR = streptomycin, GEN = gentamicin,
CRO = ceftriaxone, XNL = ceftiofur, CEF = cefoxitin, CIP = ciprofloxacin, NAL = nalidixic acid, SSS =
sulfisoxazole, TMS= trimethoprim–sulfamethoxazole, AMP= ampicillin, AMC= amoxicillin/clavulanic
acid, CHL = chloramphenicol, TET = tetracycline.
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Non-susceptibility to aminoglycosides (gentamicin and streptomycin), tetracycline, folate
inhibitors (trimethoprim-sulfonamides, sulfizoxasole) and chloramphenicol were present in over
60% of the isolates.

A total of 54.1% of isolates were non-susceptible to a first-generation quinolone (nalidixic acid)
and 20.3% of isolates were non-susceptible to ciprofloxacin, a fluoroquinolone, in this collection. These
isolates were therefore non-susceptible to two families of antimicrobial classified as having the highest
priority in human medicine by both Canadian Health and the WHO [21,22].

The main ESBL genes identified were blaCTX-M-1 (43/74 tested isolates) and blaSHV (15/74), four
isolates carried a combination of blaCTX-M-1 and blaSHV. Nine isolates carried the AmpC gene blaCMY-2.
In four isolates we could not detect tested ESBL/AmpC genes by PCR.

3.3. Risk Factors

A total of 13 potential risk factors were derived from the questionnaire (Table 2). Eleven were
considered at the individual level and two were considered at the premise level.

Table 2. Descriptive statistics and p-value (Wald test) from univariable multilevel logistic regression
analyses of potential risk factors for MDR status in horses in a cross-sectional study performed on
healthy adult horses, in Quebec, in 2015 and 2016. In bold are the factors that were retained for the
multivariable analysis.

Putative Risk Factors
Number

of Horses
% of MDR-Positive

Horses
p-Value

Horse-level
Transportation out of the horse’s

premises within the last 3 months
0.11

Yes 31 41.9
No 69 29.0

Participation to an equestrian event
within the last 3 months

0.13

- Yes 19 57.9
- No 92 29.3

Housing 0.28
- Stable 46 39.1
- Pasture 1 64 29.7

Activity 0.73
- Sport (competition) 39 43.6
- Leisure 66 30.3
- Reproduction 4 25.0

The horse presents a chronic disease 0.47
- Yes 18 22.2
- No 123 39.0

The horse presented an infection
(diagnosed by the veterinarian)

within the last 3 months
0.03

- Yes 12 75.0
- No 124 34.7

The horse presented diarrhea within
the last 3 months 0.91

- Yes 5 20.0
- No 61 23.0

The horse was hospitalized within the
last 3 months

The model did
not converge

- Yes 2 100
- No 137 37.2
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Table 2. Cont.

Putative Risk Factors
Number

of Horses
% of MDR-Positive

Horses
p-Value

The horse has undergone surgery
within the last 3 months

The model did
not converge

- Yes 1 100
- No 137 38.0

The horse has been medically
treated within the last three months

(all treatment considered)
0.02

- Yes 39 53.9
- No 94 30.9

The horse presented with colic within
the last 3 months 0.81

- Yes 5 40
- No 131 37.4

Premise-level
Total number of horses in the

premises 2 0.26

- Less than 15 101 45.5
- 15 and more 109 48.6

Number of staff taking care of
horses daily 3 0.01

- Less than 5 persons 68 23.5
- 5 persons and more 38 47.4

1 Defined as a horse that stays on pasture at night and has a shelter in the pasture. 2 Categorization was done a
posteriori, based on the mean of the number of horses in the premises we sampled. 3 This variable was already
categorized in the questionnaire.

Data with missing values, representing almost half of the dataset, were excluded from modeling.
A total of five risk factors were selected for multivariate modeling (all p < 0.20 in univariable

logistic regressions) for the MDR outcome. The variable “The horse presented an infection” was then
excluded as it was associated with “The horse has been medically treated within the last 3 months”.
The variable “Transportation within the last 3 months” was excluded because it was associated with
“Participating in an equestrian event within the last 3 months”.

According to the multivariate model, the odds of being an MDR horse were 3.5 times higher
(p = 0.03) among the horses that had participated to an equestrian event within the last three months
and 3.4 times higher (p = 0.01) if the horse was in a premise where the staffwere composed of more
than five persons (Table 3). Visual assessment of residuals at the premise level suggested that our
model fitted the data.

Table 3. Parameter estimates and odds ratios from a multivariable regression modeling MDR positive
status at the horse level, based on the results of a cross-sectional study performed on 32 premises and
209 healthy adult horses, sampled in Quebec, in summers 2015 and 2016. The estimated variance at the
premises level was 0.171 (standard error of 0.316).

Risk Factor for the Outcome
Odds Ratios

Estimate 95% CI p

The horse has participated in an equestrian event
within the last three months (yes vs. no) 3.5 1.1, 11.1 0.03

Number of staff taking care of horses daily (5 persons
and more vs. less than 5 persons) 3.4 1.3, 8.7 0.01

Interaction between the two variables of the final multivariable model were checked but were not
significant (p = 0.41, Wald test) and thus not kept in the model.
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For the ESBL/AmpC outcome, considering the high percentage of missing data and low number
of positive horses, no statistical modelling was performed.

4. Discussion

The present study illustrates that the fecal microbiota of healthy horses in Quebec, Canada,
harbor MDR and ESBL/AmpC E. coli isolates. The prevalence of horses shedding ESBL/AmpC E. coli
isolates (7.3%) is comparable to that which was detected phenotypically in the United Kingdom in 2012
(6.3%) [6]. Nevertheless, at the premise level, it seems that the prevalence in Quebec (18.8%) is inferior
to the prevalence reported in France (29.0%) [7]. However, these regional differences in apparent
prevalence might be related to a higher sensitivity in the detection of positive premises in the study in
France, considering that in France we tested more horses per premise (between six and 36 horses per
premises) and ESBL/AmpC isolates were detected by two enrichment methods. The prevalence we
found in horses in Quebec contrasts with the 1% prevalence observed in Ontario among 188 healthy
dogs in 2009 [29], although, even if the calculation methods are not the same, this is still lower than
the 26.5% of fecal carriage of ESC-resistant Enterobacteriaceae in healthy dogs in Ontario in 2018 [30].
The prevalence of horses shedding ESBL/AmpC E. coli isolates in Quebec is higher than that reported in
Sable Island horses, where 1/508 horses shedding an ESBL gene [31] (blaCTX-M-1) was found. This is not
surprising because our horse population is in contact with the populations of other species in which
ESBL/AmpC genes have been detected, such as pigs [32], poultry [33], cattle [34] and humans [35],
underlining the importance of the one health approach [1,36] to address the problem.

Our study reported the presence of isolates that are non-susceptible to nine classes of antimicrobial
in an indicator collection of E. coli from horses for the first time to our knowledge, which is worrisome.
Although these isolates may be commensals, it is possible that putative resistance genes are carried by
mobile genetic elements, such as plasmids, and are therefore transmissible to potential pathogenic
or zoonotic strains. The dissemination of extensive resistance to pathogenic strains could lead to an
increased risk of complications in the treatment of infections caused by these strains.

Enrofloxacin, a fluoroquinolone, is classified as having a very high importance in human
medicine [22] and is approved for veterinary use in equine medicine. Resistance to quinolones is
known to be acquired and is mostly due to the apparition of chromosomal mutations, although
resistance genes carried by plasmids have also been reported [37]. Often, the chromosomal mutations
appear consecutively and are localized on the genes gyrA and parC (coding for gyrase and topoisomerase,
respectively, both involved in the DNA synthesis). The number of mutations is proportionate to the
minimal inhibitory concentration (the more the higher). Hence, non-susceptibility to nalidixic acid is
generally precursory for fluoroquinolone treatment failure [38]. In the indicator collection, we detected
24.7% of horses and 59.4% of premises presenting a non-susceptibility to nalidixic acid, suggesting
that enrofloxacin should be used with caution, to maintain its efficacy in horses in Quebec. In the
ESBL/AmpC collection, we found 14 isolates presenting a non-susceptibility to both 3rd generation
cephalosporin and fluoroquinolones. Even though these isolates are unlikely to be pathogenic, they still
represent a risk of dissemination due to their high capacity to resist antimicrobial pressure. They could
acquire virulence genes through the transfer of plasmids thus becoming a threat for public and/or
equine health.

In our study, the predominant ESBL gene found was blaCTX-M-1. ESBL of the CTX-M family have
become a public health concern in the last two decades, their incidence and diversity having increased
dramatically during this time and have overridden other ESBL variants such as blaTEM and blaSHV in
gram negative bacteria [15]. The blaCTX-M encoded ESBL family is characterized by the ability to inhibit
3rd and 4th generation cephalosporins and monobactams, but not cephamycins and carbapenems.
These ESBLs are also known to be susceptible to β-lactam inhibitors. However, no cephamycin or
penicillin/β-lactam inhibitor combinations are approved or used off-label (to the authors’ knowledge)
to treat horses. The predominance of blaCTX-M-1 suggests a global dissemination of this gene in the
equine population both in Europe and in North America. The absence of other variants of blaCTX-M in
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the Quebec horse population contrasts with the high diversity of blaCTX-M found in the healthy equine
population in France and throughout Europe [7]. This suggests that the presence of this family of
genes may have occurred later in North America than in Europe, and that the genes may not yet have
had the time to diversify.

We detected the AmpC resistance gene blaCMY-2 in several horses. This gene has been frequently
found in poultry and pigs, including in Quebec [32,39]. Although this gene has previously been
identified in one healthy horse in France, the fact that we identified it in several healthy horses in
Quebec suggests the possibility of AmpC gene spread between animal species. Indeed, horses can be
in contact with other animal species, including dogs, cats, poultry among others, in the premises.

Even though we detected 12.8% of horses carrying isolates non-susceptible to 3rd generation
cephalosporins in the indicator collection, none of these isolates carried the tested ESBL/AmpC genes,
similar to what had been found in the indicator collection of our previous work [7]. These findings
suggest that other mechanisms of resistance to cephalosporins (for example, alteration of the protein
binding protein) may be present in the population. These alternative mechanisms are less likely to
spread through plasmids but could impact cephalosporin efficacy, and therefore could affect equine
welfare. We also found four isolates of the ESBL/AmpC collection in which we could not identify a bla
gene. This could indicate that other, less common, bla genes are present in the horse population.

Among the risk factors model selected for modeling, the correlation between the variable
“The horse presented an infection” and “The horse has been medically treated within the last 3 months”
was to be expected, because a horse with an infection is often treated for this infection. The medical
treatment of the horse was considered more biologically relevant to influence the shedding of MDR
E. coli rather than the infection itself. However, this variable was not retained in the final model,
perhaps because of the absence of specific information about the type of treatment, which could include
treatments other than antimicrobials.

A correlation between “Transportation within the last 3 months” and “Participating in an
equestrian event within the last 3 months” was also observed, which was not surprising, as horses
which participate in an equestrian event are often transported to the equestrian event. We chose to
consider participation in the equestrian event because of the possibility of transmission of antimicrobial
resistance genes inter- and intraspecies during the event.

To our knowledge, we demonstrated for the first time that participation in an equestrian event
was a risk factor for shedding MDR isolates at the horse level. Considering the correlation between the
horse participation in an equestrian event and transportation, this effect could also be driven by contacts
occurring during transportation. Based on this association, we could suggest isolating horses that are
participating in equestrian events or at least the implementation of appropriate biosecurity measures.
As an example, limiting contact between these horses and horses that stay at home or handling
horses that stayed at home before horses that travelled might be beneficial to limit antimicrobial gene
dissemination. However, more longitudinal studies are needed to establish the duration of shedding,
and therefore be more accurate in these recommendations.

Our results suggest that a higher number of persons taking care of horses daily increases the
risk of detecting MDR isolates in the horse’s intestinal microbiota. We previously documented that
this factor was associated with a higher risk of detecting ESBL/AmpC isolates in the healthy equine
population in France [7]. The fact that this variable was found to be significant in both studies is
noteworthy. Indeed, such information is easily obtained, and therefore could be helpful for elaborating
guidelines to improve equine health. It could help equine veterinarians in defining “at-risk” equine
populations and encourage the use of antimicrobial susceptibility testing in these populations.

The absence of a probability sampling method in our study might affect the representativeness
of our prevalence estimate. The extrapolation of such estimate to the general equine population
should be made cautiously, as the horses selected for our study are more likely representative of
a subpopulation of horses under regular veterinary follow-up examination. Another limitation of
our study is the recruitment of a smaller sample size of horses than planned, combined with a high
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percentage of missing data for the questionnaire among recruited horses (almost 50%), thus reducing
the precision of the prevalence estimates and statistical power of the risk factor analyses. The low
participation rate could be due to a lack of awareness of the importance of antimicrobial resistance in
the equine industry. A higher proportion of missing values were present in horses shedding MDR
isolates. This could be due to some regional differences and/or owner characteristics influencing both
the risk of MDR and interest to participate in our study. The validity of our results depends on the
absence of association between response rate and exposure to identified risk factors. Such association
seems unlikely considering that the MDR status and associated risk factors were unknown for both
horse owners and veterinarians at the time of data collection.

A valuable follow up to this study would be to sample the veterinarians and owners of these horses
and see if there is a correlation between horses and horse handlers for the carriage of ESBL/AmpC
producing E. coli. Another interesting follow up would be to repeat the study a few years after the
regulations (see introduction) have been set up and see if these have made a difference.

5. Conclusions

In conclusion, we found a noteworthy prevalence of ESBL/AmpC genes and MDR isolates in the
fecal microbiota of healthy horses in Quebec. Surveillance of ESBL/AmpC gene dissemination and the
quantification of MDR isolates would be beneficial to characterize the nature and the extent of the risk
they represent, with the aim of limiting their transmission between horses, but also to other species
including humans and to the environment. The detection of risk factors for MDR shedding could be
used to help equine veterinarians in managing at-risk populations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/3/523/s1,
Figure S1: Questionnaire in French, Figure S2: Questionnaire in English.
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Simple Summary: Extended-spectrum β-lactamases (ESBLs) and AmpC β-lactamases (AmpCs)
have been recognized as an emerging global problem in humans and animals. These enzymes
provide a mechanism of resistance by inactivating β-lactam antibiotics and are mostly encoded on
plasmids, which can be easily transmitted to other bacteria in humans, animals, and the environment.
Several clinical diseases caused by Klebsiella spp. infection have been confirmed in the horse
community. The emergence of antimicrobial resistance in Klebsiella spp. increases the risk of treatment
failure in infected horses. In this study, we investigated the presence of ESBL/AmpC-producing
Klebsiella spp. isolated from healthy Thoroughbred racehorses in Japan. The results showed that
ESBL/AmpC-producing Klebsiella pneumoniae (ESBL/AmpC-KP) isolated from horses have co-resistance
to other β-lactam antibiotics as multidrug-resistant (MDR) bacteria. Genetic relatedness analysis
suggested that plasmid-mediated AmpC-KP clones may spread between horses. This is the first study
to show K. pneumoniae carrying MDR plasmid-mediated AmpC isolated from racehorses. Continuous
monitoring antimicrobial resistance to this species is required in order to control the spread of MDR
ESBL/AmpC-KP in the racehorse community.

Abstract: Extended-spectrumβ-lactamase (ESBL)- and AmpCβ-lactamase (AmpC)-producing Klebsiella
spp. have become a major health problem, leading to treatment failure in humans and animals. This study
aimed to evaluate the presence of ESBL/AmpC-producing Klebsiella spp. isolated from racehorses in
Japan. Feces samples from 212 healthy Thoroughbred racehorses were collected from the Japan Racing
Association Training Centers between March 2017 and August 2018. ESBL/AmpC-producing Klebsiella
spp. were isolated using selective medium containing 1 μg/mL cefotaxime. All isolates were subjected
to bacterial species identification (MALDI-TOF MS), antimicrobial susceptibility test (disk diffusion test),
characterization of resistance genes (PCR), conjugation assay, and genetic relatedness (multilocus
sequence typing/MLST). Twelve ESBL/AmpC-producing Klebsiella pneumoniae (ESBL/AmpC-KP) were
isolated from 3.3% of horse samples. Antimicrobial resistance profiling for 17 antimicrobials showed all
ESBL/AmpC-KP were multidrug-resistant (MDR). Only 1 isolate was confirmed as an ESBL producer
(blaCTX-M-2-positive), whereas the other 11 isolates were plasmid-mediated AmpC (pAmpC) producers
(blaCMY positive). On the basis of MLST analysis, the ESBL-KP isolate was identified as sequence type
(ST)-133 and four different STs among AmpC-KP isolates, ST-145, ST-4830, ST-4831, and ST-4832, were
found to share six of the seven loci constituting a single-locus variant. This is the first study to show
K. pneumoniae carrying MDR pAmpC isolated from a racehorse.

Keywords: extended-spectrum β-lactamase; AmpC β-lactamase; Klebsiella pneumoniae; horse;
multidrug resistance
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1. Introduction

Klebsiella spp. is a normal intestinal bacteria in horses [1] and is ubiquitous in the environment [2].
However, some studies have reported Klebsiella spp. as a causal agent for infections in horses, such as
mares with metritis and cervicitis, foals with septicemia and pneumonia [3], and pneumonia in
adult horses [2], and disease severity depends on the pathogenicity of the strains [1]. In the horse
industry, about 25%–60% of economic losses are caused by endometritis, and Klebsiella pneumoniae
was reported as one of the causal infections that can be transmitted through the venereal route [4,5].
First-, second-, and third-generation cephalosporin has been used for treatment of bacterial infection
in equine medicine for several years. Ceftiofur, which belongs to third-generation cephalosporin,
is approved for used in horses and effective in treatment of Klebsiella infection. In special cases, such as
septicemia in foals and respiratory tract disease in horses, cefquinome, which is a fourth-generation
cephalosporin, is accepted for use in the United Kingdom [6]. However, the occurrence of antimicrobial
resistance (AMR) in Klebsiella spp. has increased the risk of treatment failure [7].

Extended-spectrum β-lactamases (ESBLs) and AmpC β-lactamases (AmpCs) have emerged
globally in humans and animals [8]. These enzymes can hydrolyze extended-spectrum cephalosporin [8],
whereas AmpCs have a broader resistance spectrum to cephalosporins, including cephamycins
(cefoxitin and cefotetan) [9]. ESBL and AmpC genes are mainly located on mobile genetic elements such
as plasmids, which can be transferred to other bacteria in humans, animals, or the environment [10].
Nonetheless, AmpC is less frequently reported than ESBL [11,12]. β-Lactamase inhibitors such as
clavulanic acid, sulbactam, and tazobactam have the effect of inhibiting the production of ESBL [9,13],
but these have much less effect on AmpC β-lactamase [12].

Extended-spectrum β-lactamase-producing Enterobacteriaceae have gained special attention on
AMR in horses due to their presence as a potentially zoonotic bacteria [14]. The CTX-M family of ESBL
have been reported as the predominant type of ESBL after the TEM and SHV types [15], and more
than 200 CTX-M variants have been identified worldwide [16]. On the other hand, some species of
Enterobacteriaceae (such as Enterobacter cloacae, Enterobacter aerogenes, Aeromonas sp., Citrobacter freundii,
Providencia sp., Serratia marcescens, Hafnia alvei, Morganella morganii, and Pseudomonas aeruginosa) have
resistance to extended-spectrum cephalosporin, which may be caused by inducible chromosomal
AmpC. Furthermore, plasmid-mediated AmpC (pAmpC) were identified from Enterobacteriaceae such as,
Klebsiella spp., Escherichia coli, Salmonella spp., and Proteus mirabilis [17]. The distribution of pAmpC
seems to be more frequent in animals than in humans [16]. Although ESBL/AmpC-producing Klebsiella
spp. (ESBL/AmpC-K) are considered a major global concern, information is still lacking for AMR in
horses [1]. Moreover, information on ESBL/AmpC-K in horses is unavailable in Japan. This study aimed
to evaluate the presence of ESBL/AmpC-K isolated from healthy Thoroughbred racehorses in Japan.
In addition, although carbapenems are rarely used in pet animals, these antimicrobials are frequently
considered as the last option of treatment for ESBL/AmpC-producing bacteria infection [18,19]. In this
work, all ESBL/AmpC-positive isolates were also tested for carbapenemase production.

2. Materials and Methods

2.1. Isolation of ESBL/AmpC-K

Feces samples from 212 healthy Thoroughbred racehorses were collected by veterinarians at
the Japan Racing Association (JRA) between March 2017 and August 2018. Sampling locations were
the Miho Training Center (103 samples) and Ritto Training Center (109 samples). No samples were
from horses under treatment with antibiotics. Fresh feces samples from each individual horse were
collected and stored in sterile plastic bags. Samples were sent immediately to our laboratory in a
cooling box. ESBL/AmpC-K was screened on the basis of the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) guideline by using MacConkey agar (Nissui Pharmaceutical Co.,
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Ltd., Tokyo, Japan) supplemented with 1 μg/mL cefotaxime (CTX; Duchefa Biochemie B.V. Haarlem,
North Holland, the Netherlands) [20]. One to three colonies with pink, mucoid, and lactose fermented
appearance were selected for species identification by using MALDI-TOF MS (Bruker, Billerica, MA,
USA). All presumptive ESBL/AmpC-K isolates were stored frozen in trypticase soy broth (Nissui
Pharmaceutical Co., Ltd., Tokyo, Japan) with 20% glycerol at −80 ◦C for further analysis. Klebsiella
pneumoniae ATCC 700603 and E. coli ATCC 25922 were used as positive and negative control type
strains, respectively.

All presumptive isolates were confirmed for ESBL and AmpC production by using the AmpC and
ESβL Detection Set (D68C). All ESBL/AmpC positive isolates were further tested for carbapenemase
production by Mastdiscs Combi Carba Plus (D73C), and the results were interpreted based on
manufacturer guidelines (Mast Diagnostics, Merseyside, United Kingdom).

2.2. Antimicrobial Susceptibility Test

The antimicrobial susceptibility testing of all isolates were performed by disk diffusion assay to
17 antimicrobial agents belonging to 8 classes of antimicrobial, β-lactam (ampicillin 10 μg (ABPC),
cefuroxime 30μg (CXM), cefotaxime 30μg (CTX), ceftazidime 30μg (CAZ)), aminoglycoside (gentamicin
10 μg (GM), kanamycin 30 μg (KM), streptomycin 10 μg (SM), tetracycline (tetracycline 30 μg (TC),
oxytetracycline 30 μg (OTC), doxycycline 30 μg (DOXY)), amphenicol (chloramphenicol 30 μg
(CP)), polypeptide (colistin 10 μg (CL)), quinolone (nalidixic acid 30 μg (NA), norfloxacin 10 μg
(NFLX), marbofloxacin 5 μg (MAR)), fosfomycin 200 μg (FOM), and folate antagonist-sulfonamide
(trimethoprim/sulfamethoxazole 1.25/23.75 μg (STX)). Minimum inhibition zones were interpreted
using the Clinical Laboratory Standard Institute (CLSI) criteria [21]. Multidrug-resistant (MDR) bacteria
were termed to isolates that had resistance to at least three or more classes of antimicrobials [22]. E. coli
ATCC 25922 strain was used for quality control.

2.3. Molecular Characterization of ESBL/AmpC-K

DNA from ESBL/AmpC-K isolates was extracted on the basis of the previously described
method [23]. All ESBL/AmpC-positive isolates, the CTX-M-type β-lactamase and pAmpC genes were
detected by multiplex PCR [24,25]. The blaTEM and blaSHV genes were identified by PCR and directly
sequenced to confirm the type of β-lactamase [24]. Chromosomal AmpC, blaCMY, strA, strB, aphA1,
tetA, tetB, cat, and floR genes were identified by PCR [26–28], then one positive sample for each gene
was selected for DNA sequencing to confirm the expected size, which was used as a positive control
for other samples [24]. The results were analyzed with MEGA 7.0 (https://www.megasoftware.net/)
and were examined with the National Center for Biotechnology Information, Basic Local Alignment
Search Tool (NCBI BLAST) program (http://www.ncbi.nlm.nih.gov/blast/). The sequence types (STs)
of K. pneumoniae were identified by multilocus sequence typing (MLST) on the basis of a previous
report [29]. Novel STs were submitted to Klebsiella pneumoniae PubMLST and were termed as new STs
(https://bigsdb.pasteur.fr/klebsiella/klebsiella.html).

2.4. Conjugation Assay

Transfer of antibiotic resistance was studied using conjugation for all ESBL/AmpC-K isolates.
A plasmid-free and nalidixic acid-resistant (F−, Nar) of E. coli DH5α (Takara Bio Inc., Shiga, Japan) was
used as a recipient strain, whereas all ESBL/AmpC-K resistant to NA served as donors. Conjugation
was performed on the basis of our previous study [24].

2.5. Statistical Analysis

The antimicrobial susceptibility profile and the efficiency of conjugation were analyzed by
descriptive statistics using Excel 2017 (version 15.40; Microsoft, Redmond, WA, USA).
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3. Results

3.1. Resistance Phenotype

In this study, 12 ESBL/AmpC-producing K. pneumoniae (ESBL/AmpC-KP) were isolated from
7 (3.3%; 7/212) healthy Thoroughbred racehorse feces samples. Phenotypically, 11 isolates were
confirmed as AmpC producers from 6 samples (2.8%; 6/212) that came from the Ritto Training Center,
and only 1 sample from the Miho Training Center was confirmed as an ESBL producer. All ESBL/AmpC
isolates were not identified as carbapenemase producers. All samples were resistant to ABPC, CXM,
CTX, TC, OTC, DOXY, and FOM, followed by CAZ (83.3%; 10/12), GM (75.0%; 9/12), KM (66.7%; 8/12),
SM (8.3%; 1/12), and CP (8.3%; 1/12). All isolates (100%; 12/12) were defined as MDR, meaning that
they were resistant to at least three classes of antimicrobial. ESBL, AmpC, and resistance phenotype
patterns are shown in Figure 1.

 

Figure 1. Characteristics of extended-spectrum β-lactamase/AmpC β-lactamase-producing Klebsiella
pneumoniae (ESBL/AmpC-KP) isolated from Thoroughbred racehorses in Japan. 1 Miho, Miho Training
Center, Japan Racing Association, Ibaraki; Ritto, Ritto Training Center, Japan Racing Association,
Shiga. 2 ABPC, ampicillin; CXM, cefuroxime; CTX, cefotaxime; CAZ, ceftazidime; GM, gentamicin;
KM, kanamycin; SM, streptomycin; TC, tetracycline; OTC, oxytetracycline; DOXY, doxycycline; CP,
chloramphenicol; CL, colistin; NA, nalidixic acid; NFLX, norfloxacin; MAR, marbofloxacin; FOM,
fosfomycin; STX, trimethoprim/sulfamethoxazole; red, resistance; yellow, intermediate; green, susceptible.

3.2. Molecular Characteristic of ESBL/AmpC-KP

The presence of SHV-1 β-lactamase genes (non-ESBL) were detected in all (100%; 12/12)
ESBL/AmpC-KP isolates, and CTX-M-2 was only detected from one isolate that showed an ESBL
phenotype. None of the isolates were positive for chromosomal AmpC genes, whereas CMY, which
belonged to the CIT family of pAmpC, was detected in all AmpC phenotype isolates. The strA,
strB, and tetA, genes were detected in nearly all (91.7%; 11/12) ESBL/AmpC-KP isolates, followed
by floR (75.0%; 9/12) and tetB, which was only detected in one isolate (8.3%; 1/12). All isolates were
subjected to MLST analysis. As a result, ESBL-KP isolate was identified as ST-133, and four different STs
among AmpC-KP isolates, ST-145 (54.5%; 6/11), ST-4830 (27.3% 3/11), ST-4831 (9.1%; 1/11), and ST-4832
(9.1%; 1/11), shared six of the seven loci constituting a single-locus variant (SLV). In these results,
AmpC-KP ST-4830, ST-4831, and ST-4832 were termed as new STs. Characteristic ESBL/AmpC-KP and
other resistance genes are summarized in Figure 1.

3.3. Conjugation Assay

Conjugation assay was only successful in ESBL-KP ST-133. Horizontal transmission was confirmed
by detection of blaCTX-M-2 in the transconjugant strain with the frequency of transfer 2 × 10−4 per
donor cell.
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4. Discussion

In this study, 3.3% of samples from racehorse feces were confirmed as having ESBL/AmpC-KP.
Interestingly, 91.7% of total isolates were AmpC producers, which were only isolated from the Ritto
Training Center. One isolate (8.3%) was identified as ESBL-KP, derived from the Miho Training Center.
ESBL-KP isolated from horses was reported at 0.2% (3/1347) in the Netherlands [13]. In Germany and
other European countries, 3.1% (5/160) of ESBL-KP was reported among clinical horse samples [30].
Another study showed that ESBL-KP was isolated from 1.8% (1/55) of foals on admission to hospital,
and the shedding rate increased during hospitalization in Israel [31]. The selection of ESBL producers
among Enterobacteriaceae is expected as the impact of cephalosporin antibiotics used for medical
treatment in horses [24].

In our results, all ESBL/AmpC-KP isolates were detected as carrying blaSHV-1, which is resistant
to penicillin and early generation cephalosporin but not resistant to third-generation cephalosporin.
SHV-1 is mainly reported in K. pneumoniae and may be due to the gene encoded SHV-1, which was
located on the chromosome of this species. SHV-1 β-lactamase has also been reported for up to
20% of plasmid-mediated ampicillin K. pneumoniae [32]. Our study also confirmed that ESBL-KP
isolate was carried the blaCTX-M-2 gene. CTX-M-2-producing E. coli were also detected from the
same horse feces sample (data not shown), as reported in our previous study [33]. Conjugation
assay showed that blaCTX-M-2 was transferred with the frequency of transfer 2 × 10−4 per donor cell.
This finding suggests that horizontal transmission among bacterial species in horse intestine occurred.
In Japan, CTX-M-2-producing K. pneumoniae have been confirmed in dogs [7], humans [34,35], and
broiler chickens [36]. In addition, conjugative plasmids carrying blaCTX-M-2 have been reported in
K. pneumoniae isolated from dairy cows with clinical mastitis [37]. In contrast to ESBL-KP, the presence
of AmpC-KP in horses is less well documented, but our study identified them as a dominant
β-lactamase producer.

The screening test for detection of AmpC-producing bacteria can be performed by the same
protocol for ESBL screening test, and multiplex PCR has been developed to identify pAmpC [17].
All AmpC phenotype isolates in our study contained blaCMY belonging to the blaCIT type of the
pAmpC gene. CMY-2 is prevalent among AmpC enzymes in the animal sector [38]. None of
the pAmpC-KP isolates were conjugative under our experimental conditions. To our knowledge,
no previous studies have been published describing the rate of K. pneumoniae carrying pAmpC isolated
from horses. Plasmid-mediated AmpC has been reported worldwide from enterobacteria not predicted
to produce AmpC β-lactamases [12]. In equine medicine, previous studies have shown that pAmpC
genes belonging to blaCMY-2 were detected from extended-spectrum cephalosporin-resistant (ESCR)
E. coli isolated from diseased horses in the Netherlands (0.1%; 1/1347) and the United Kingdom
(3.8%; 2/52) [13,39]. The blaCMY was also identified from Salmonella spp. isolated from horses in the
United States and Ireland [8]. The blaEBC (5.8%; 3/52) identified from ESCR E. coli has been reported in
the United Kingdom [39]. Plasmid-mediated AmpC-KP has been isolated from dogs and/or cats in
South Korea [10], China [40,41], Japan [7], Switzerland [42], and Italy [3], and most of these belong to
the CMY and DHA groups. In this work, no AmpC-KP isolates were also confirmed as ESBL producers,
and vice versa. This might be related to the antimicrobials used in the treatment of animals [43].
In a previous study, CTX-M-2- and CMY-2-producing E. coli were reported in broiler chickens in
Japan [44]. In addition, the susceptibility to carbapenems could be decreased by combination of
AmpC production and porin deficiency [18]. Nevertheless, no ESBL/AmpC-KP showed activity as
carbapenemase producers in this study.

ESBL and pAmpC-producing bacteria mostly have co-resistance with other antimicrobials [3,38].
The ESBL/AmpC genes are frequently located on an MDR plasmid, which plays a key role in their
dissemination [45]. Our results showed the occurrence of MDR ESBL/AmpC-KP isolated from horses
(3.3%; 7/212) was lower than from dogs and cats (30.1%; 31/103) in Japan [7]. Most MDR ESBL/AmpC-KP
isolates showed co-resistance with aminoglycoside (strA- and strB-positive), tetracycline (tetA- and/or
tetB-positive), and FOM. Only ESBL-KP isolates showed resistance to CP, but the floR gene, which is
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responsible for CP resistance, was detected in most CP non-susceptible AmpC-KP isolates. Similar to our
results, MDR ESBL/AmpC-KP against aminoglycosides, tetracyclines, and amphenicol-mediated strA/B,
tet, and cat genes have also been confirmed from dogs and cats in Italy [3]. Co-selection, when using
antimicrobials other than ESCs for therapy, may maintain the existence of MDR ESBL/AmpC-producing
bacteria in animals [38]. Treatment options for MDR ESBL/AmpC-KP infection might be limited when
considering that several clinical cases have been reported from this species in horses.

MLST analysis showed that K. pneumoniae ST-133 was identified as an ESBL producer in this study.
Previously, ESBL-KP ST-133 has been reported in humans in Japan [46]. Four different STs of AmpC-KP
(ST-145, ST-4830, ST-4831, and ST-4832) in this study have not been reported between humans and
animals in Japan. AmpC-KP ST-145 and three new STs, which are SLV of ST-145, were only distributed
at the JRA Ritto Training Center. Further investigation is needed to confirm whether the dissemination
of ESBL/AmpC-KP occurred inside or outside the training center.

5. Conclusions

In conclusion, this is the first study that has shown K. pneumoniae carrying MDR pAmpC isolated
from racehorses. Interestingly, our results showed that the percentage of pAmpC-KP is higher than
ESBL-KP, as compared with other previous reports. Dissemination of MDR ESBL/AmpC-KP through
fecal material in the training centers requires special attention among the racehorse community, as
indirect transmission may occur in the environment. Risk of infection by MDR ESBL/AmpC-KP may
occur in people who work in close contact with racehorses (e.g., veterinarians, caretakers, and owners).
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Simple Summary: Broad-spectrum cephalosporin-resistant Klebsiella pneumoniae is considered as a
serious problem for public human health. To date, only a few broad-spectrum cephalosporin-resistant
Klebsiella have been isolated from horses. Considering the zoonotic potential of the Klebsiella spp.,
and the close relationship between man and horse, this study intended to generate data on the
genetic background of broad-spectrum cephalosporin-resistant Klebsiella spp. isolated from horses in
Austria. Overall, samples isolated between 2012 and 2019 from 1541 horses underwent bacteriological
testing, resulting in 51 specimens tested positive for Klebsiella ssp. Antimicrobial susceptibility
tests revealed that seven Klebsiella ssp. isolates were not only cefotaxime-resistant but also showed
resistance against other classes of antibiotics so that they were considered to be multidrug-resistant.
Data from whole genome sequencing and mating experiments strongly suggest that the majority of
antibiotic resistance genes is encoded on plasmids in these seven multidrug-resistant Klebsiella ssp.
Considering the potential threat when commensal Klebsiella inhabiting a healthy human gut acquire
new antibiotic resistances due to the exchange of plasmids with multidrug-resistant Klebsiella ssp. from
horses, further monitoring of horses and other domestic animals for the presence of broad-spectrum
cephalosporin-resistant Klebsiella, not only in Austria but worldwide is therefore advisable.

Abstract: The aim of the present study was to investigate the diversity of broad-spectrum
cephalosporin-resistant Klebsiella spp. isolated from horses in Austria that originated from diseased
horses. A total of seven non-repetitive cefotaxime-resistant Klebsiella sp. isolates were obtained
during diagnostic activities from autumn 2012 to October 2019. Antimicrobial susceptibility testing
was performed. The isolates were genotyped by whole-genome sequencing (WGS). Four out of
seven Klebsiella isolates were identified as K. pneumoniae, two as K. michiganensis and one as K. oxytoca.
All isolates displayed a multi-drug resistant phenotype. The detection of resistance genes reflected
well the phenotypic resistance profiles of the respective isolates. All but one isolate displayed the
extended-spectrum β-lactamases (ESBL) phenotype and carried CTX-M cefotaximases, whereas one
isolate displayed an ESBL and AmpC phenotype and carried cephamycinase (CMY)-2 and sulfhydryl
variable (SHV)-type b and Temoniera (TEM) β-lactamases. Among Klebsiella pneumoniae isolates, for
different sequence types (ST) could be detected (ST147, ST307, ST1228, and a new ST4848). Besides
resistance genes, a variety of virulence genes, including genes coding for yersiniabactin were detected.
Considering the high proximity between horses and humans, our results undoubtedly identified a
public health issue. This deserves to be also monitored in the years to come.

Keywords: AmpC; ESBL; Klebsiella pneumoniae; antibiotic-resistance; β-lactamases; horses

Animals 2020, 10, 332; doi:10.3390/ani10020332 www.mdpi.com/journal/animals41
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1. Introduction

Among the member of the genus Klebsiella, broad-spectrum cephalosporin-resistant Klebsiella
(K.) pneumoniae is frequently associated with severe nosocomial infections in humans, and due to its
antibiotic-resistant traits, infections leave limited therapeutic options [1,2]. In early 2017, the World
Health Organization (WHO) listed carbapenem-resistant and 3rd generation cephalosporin-resistant
Enterobacteriales (including, e.g., K. pneumoniae, Escherichia coli, Enterobacter spp., Serratia spp., Proteus
spp., Providencia spp., Morganella spp.) “Priority 1: Critical group” bacterial pathogens. These bacteria
are in focus on the discovery and development of new antibiotics [2,3].

Today, broad-spectrum cephalosporin-resistant K. pneumoniae is recognized as a serious public
health problem in human medicine [4,5]. Contrarily, there is still a scarcity of information
on broad-spectrum cephalosporin-resistant K. pneumoniae and members of the genus Klebsiella
isolated from horses and other domestic animals. To date, only a few equine broad-spectrum
cephalosporin-resistant Klebsiella have been isolated and characterized [4,6–10]. Recent studies reported
that some of the characterized resistant K. pneumoniae isolates of equine origin were human-associated
multidrug-resistant (MDR) K. pneumoniae [4,8]. At present, there are no published data on the genetic
background of broad-spectrum cephalosporin-resistant Klebsiella spp. isolated from horses in Austria.
Therefore, there is a need to generate such data to understand the molecular epidemiology of these
particular pathogens.

In the present study, we have characterized a collection of equine broad-spectrum
cephalosporin-resistant Klebsiella sp. from clinical samples by multiphasic approach, including
whole-genome sequencing (WGS).

2. Materials and Methods

At the Institute of Microbiology, University of Veterinary Medicine, Vienna, approximately 350
susceptibility tests are performed on clinical isolates from horses each year. During the study period
(2012 until October 2019), samples of 1541 horses underwent bacteriological testing. In 51 specimens,
Klebsiella sp. was detected, wherefrom a total of seven non-repetitive cefotaxime-resistant isolates,
which were identified to the species level by matrix-assisted laser desorption/ionization-time-of-flight
(MALDI-TOF) mass spectrometry (Bruker Daltonik, Heidelberg, Germany), and were further analyzed.
They originated from lavage (isolates 1505 and 2826), wound (isolates 2668 and 2742), fistula (isolate
1635), trachea (isolate 2341b), and feces (isolate 4545). All isolates were stored in glycerol stocks at
−80 ◦C. All samples originated from non-food producing horses. All these clinical samples were
received from third parties and, therefore, not subject to reporting obligations of the Ethics and Animal
Welfare Commission of the University of Veterinary Medicine in Vienna.

Antimicrobial susceptibility testing was performed by agar disk-diffusion according to
standards of the Clinical and Laboratory Standards Institute (CLSI) [11]. Escherichia coli ATCC®

25922 served as quality control strains. The following antimicrobials were used: cefotaxime,
ceftazidime, aztreonam, imipenem, meropenem, gentamicin, amikacin, tobramycin, ciprofloxacin,
trimethoprim-sulfamethoxazole, tetracycline, chloramphenicol, and fosfomycin (Becton Dickinson,
Heidelberg, Germany). In addition, isolates were checked for extended-spectrum β-lactamase (ESBL)
production by ESBL-test via agar disk diffusion [11]. Furthermore, cefoxitin (30 μg) was added to this
test to detect AmpC phenotypes.

Whole-genome sequencing (WGS) was performed by isolating and sequencing bacterial DNA, as
previously described [12]. De novo assembly of raw reads, whole genome sequencingt (WGS) data
analysis, including multi-locus sequence typing (MLST) and core genome multi-locus sequence-based
typing (cgMLST), were performed, as previously described [13,14].
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Species identification was conducted with the JSpecies workspace using the ANIb (average
nucleotide identity via Basic Local Alignment Search Tool (BLAST) analysis tool [15]. The identification
of acquired resistance genes and chromosomal mutations was performed using the Comprehensive
Antibiotic Resistance Database (CARD; https://card.mcmaster.ca/home) [16], as well as ResFinder 3.2
(https://cge.cbs.dtu.dk/services/ResFinder/) [17] were used. eBURST (Based Upon Related Sequence
Types) analysis (a plugin at https://bigsdb.pasteur.fr/) was conducted to identify clonal complexes
(CCs), defined as groups of two or more independent isolates sharing identical alleles at six or more loci.

The presence of plasmids was determined using PlasmidFinder 1.3 available from the Center
for Genomic Epidemiology web server (http://www.genomicepidemiology.org/) [18]. Probability
Prediction of the location of a given antibiotic resistance gene was achieved by applying mlplasmids
trained on K. pneumonia [19]. Posterior probability scores >0.7 and a minimum contig length of 1000 bp
indicate that a given contig is plasmid-derived.

Mating experiments were conducted by conjugation as well as transformation, as previously
described [20]. Variable regions of class 1 and class 2 integrons were determined by PCR [20].
The quinolone resistance-determining regions (QRDR) of gyrA and parC in ciprofloxacin-resistant
isolates were amplified by PCR and sequenced [21].

The presence of virulence genes was examined by using the virulence allele library from the
Institute Pasteur BIGSdb database for K. pneumoniae (http://bigsdb.pasteur.fr/klebsiella).

This whole-genome shotgun project has been deposited in DDBJ/EMBL/GenBank under the
project number PRJNA600879. Raw sequence data for each strain were deposited under Sequence
Read Archive (SRA) accession numbers SRR10899218 to SRR10899224.

3. Results

Four out of seven cefotaxime-resistant Klebsiella isolates were identified as K. pneumoniae, two as
K. michiganensis, and one as K. oxytoca (Table 1). All but one isolate displayed the ESBL phenotype,
whereas one isolate displayed an ESBL and AmpC phenotype. Besides cefotaxime, all K. pneumoniae
isolates were resistant to ceftazidime, and one isolate additionally to aztreonam. All examined isolates
were resistant to gentamicin and tobramycin. None of the analyzed isolates was resistant to carbapenems
and amikacin. Five isolates were resistant to tetracycline, doxycycline, and chloramphenicol, whereas
six were resistant to trimethoprim-sulfamethoxazole. All K. pneumoniae isolates were resistant to
ciprofloxacin, and one isolate to fosfomycin (Table 1). Hence, all examined isolates were considered to
be multidrug-resistant [22]. The detection of resistance genes reflected well the phenotypic resistance
profiles of the examined isolates (Table 1). In two ciprofloxacin-resistant K. pneumoniae isolates, beside
fluoroquinolone resistance genes oqxA, oqxB, qrnB1, and aac(6′)-Ib-cr, mutations in the quinolone
resistance-determining regions (QRDRs) of the genes gyrA and parC were observed (Table 1). Three
isolates, both K. michiganensis isolates and the K. oxytoca isolate contained a class 1 integron with a
variable part of ca. 1.7 kb in size, which harbored an aadA5 and a dfr17 cassette.

In total, ten different plasmids IncFIA(HI1), IncFIB(K), IncFIB(pHCM2), IncHI1A, IncHI1B(R27),
IncI1, IncN, IncQ1, IncR, and Col440l were identified (Table 2). They shared between 92.11 and
100% DNA similarity with corresponding reference sequences. A K. michiganensis isolate and two
K. pneumoniae isolates carried IncFIA(HI1), IncFIB(pHCM2), IncHI1A, IncHI1B(R27), and IncQ1. The
K. oxytoca isolate carried IncI1 and IncN, whereas a K. pneumoniae carried IncN and IncR and another
K. michiganensis IncFIB(K). According to mlplasmids analyses, the majority of resistance genes might
be located on plasmids, especially all blaCTX, blaTEM, and blaOXA genes as well as all detected genes for
resistance against aminoglycosides, trimethoprim/sulfamethoxazole, or chloramphenicol (Table 1).

Among virulence factors, K. pneumoniae type 3 fimbriae encoded by mrk operon genes as well iutA
(aerobactin siderophores receptor) were detected in all K. pneumoniae isolates, whereas genes coding
for yersiniabactin (ybt) were detected in only one isolate (Table 3).
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Table 2. Identified plasmids in Klebsiella isolates.

ID Plasmid Identity Accession Number

1505

IncFIA(HI1) 100.0 AF250878
IncFIB(pHCM2) 96.49 AL513384
IncHI1A 99.52 AF250878
IncHI1B(R27) 100.0 AF250878
IncQ1 100.0 M28829.1

1635

IncFIA(HI1) 100 AF250878
IncFIB(pHCM2) 96.49 AL513384
IncHI1A 99.52 AF250878
IncHI1B(R27) 100 AF250878
IncQ1 100 M28829.1

2341b
IncI1 100 AP005147
IncN 99.61 AY046276

2668
IncN 100 AY046276
IncR 100 DQ449578

2742 Col440I 92.11 CP023920.1

2826

IncFIA(HI1) 100 AF250878
IncFIB(pHCM2) 96.49 AL513384
IncHI1A 99.52 AF250878
IncHI1B(R27) 100 AF250878
IncQ1 100 M28829

4545
IncFIB(K) 98.93 JN233704
Col440I 94.74 CP023920.1

Table 3. Identified virulence factors in four K. pneumoniae isolates. Numbers correspond to the exact
alleles detected.

Virulence Gene 2341b 2668 2742 4545

iutA new allele new allele new allele new allele aerobactin transport

mrkA 2 2 6 12

type 3 fimbrial gene
cluster

mrkB 33 2 3 2
mrkC new allele 2 2 new allele
mrkD 1 12 12 8
mrkF new allele 8 8 4
mrkH 10 7 7 2
mrkI 7 15 15 4
mrkJ 19 12 12 2

ybtA 1

yersiniabactin

ybtE 4
ybtP 4
ybtQ 22
ybtS 6
ybtT 1
ybtU 14
ybtX 15
fyuA 17
irp1 44
irp2 37

All four K. pneumoniae isolates belonged to different sequence types (ST) and cgMLST complex
type (CT) (ST147-CT1202, ST307-CT4645, ST1228-CT4644 and a new ST4848-4643). These ST belonged
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to 4 clonal complexes: CC147 (ST147), CC37 (ST1228), CC307 (ST307) and CC702 (new ST4848). The
minimum number of allelic differences between the isolates was 3686.

4. Discussion

The present study demonstrates that broad-spectrum cephalosporin-resistant members of the
genus Klebsiella are present in the Austrian horse population, although the prevalence in clinical samples
seems to be low. These findings are in accordance with previous studies describing the presence of
these particular bacteria in horse populations of other countries [4,6–10]. Moreover, a previous study
carried out in 2018 on clinical samples from Austrian patients reported 8.4% of K. pneumoniae isolates
as resistant to third-generation cephalosporins [23].

In the present study, the most prevalent cefotaximase type was CTX-M-1 carried by all three
Klebsiella species identified; this β-lactamase is commonly associated with Enterobacteriales from
livestock [24]. CTX-M-15, the dominating cefotaximase, is considered the most common ESBL in
K. pneumoniae from humans and animals worldwide [4]. To the best of our knowledge, the present
study describes for the first time CTX-M-1 producing K. michiganensis, a close relative of K. oxytoca.
One K. pneumoniae isolate that displayed both the AmpC and ESBL phenotype carried three different
β-lactamases, blaCMY2, blaSHV11, and blaTEM-1. blaCMY2 was carried by an IncI1 conjugative plasmid.
K. pneumoniae carrying plasmid-borne AmpC cephalosporinases (pAmpC) is a rare observation [6,25].

Another important observation is the co-existence of an arsenal of virulence factors and antibiotic
resistance characters in one K. pneumoniae isolate (ST1228-CT4644). This isolate carried the yersiniabactin
locus. Yersiniabactin is a siderophore, which is strongly associated with invasive clinical manifestations
in humans [26]. Another siderophore, aerobactin, as well as type 3 fimbriae, which were detected in
all K. pneumoniae isolates, may enhance colonization and adherence to host cells, invasiveness, and
biofilm formation [27].

Among K. pneumoniae isolates examined, four different sequence types belonging to four different
clonal complexes were identified. Two of these STs, ST147, and ST37, have been recognized as high-risk
epidemic multiresistant human-associated clonal lineages [5]. ST147-CC147 is a human-related clone
notorious for its multi-drug resistant character and harboring different β-lactamases, including
carbapenemases [5]. Recently, this particular clone has emerged in companion animals [5,28].
In contrast, ST1228 has only one entry in the Institut Pasteur MLST database (http://bigsdb.pasteur.fr)
and to our knowledge, had never been associated with horses. ST1228 belongs to CC37 whose predicted
founder is ST37. K. pneumoniae ST37 isolates have been associated with different resistance properties,
including carbapenem and colistin resistance, and were isolated from humans and animals [5,29].
One fecal isolate analyzed in the present study belonged to ST307-CC307. ST307 is a relatively
new but highly successful pandemic clone, which was previously recovered from human patients,
and recent data suggest a multi-drug resistant character of this clone [30]. β-lactamase producing
K. pneumoniae ST307 has also been detected among different animals [31]. In the present study, a
new sequence type, ST4848, belonging to the clonal complex CC702 (predicted founder ST702), has
been identified by eBURST analysis. CC702 is a rare clone that has never been associated with
broad-spectrum cephalosporin-resistant K. pneumoniae of equine origin. Data generated in this study
(mating experiments, PlasmidFinder analysis, posterior probability plasmid analysis) strongly suggest
that the majority of resistance genes are plasmid-borne. All identified replicons (IncFIA(HI1), IncFIB(K),
IncFIB(pHCM2), IncHI1A, IncHI1B(R27), IncI1, IncN, IncQ1, IncR) are considered as vehicles of
blaCTX-M-15 and blaCTX-M-1 dissemination in humans and animals [5,32].

5. Conclusions

Even though the overall prevalence of broad-spectrum cephalosporin-resistant Klebsiella sp.
among specimens of equine origin in Austria appears to be low, the proportion of broad-spectrum
cephalosporin-resistant Klebsiella spp. vs. non-resistant Klebsiella spp. is worth mentioning, since
commensal Klebsiella spp. can acquire antimicrobial resistance. As such, the broad-spectrum
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cephalosporin-resistant Klebsiella spp. especially in combination with other resistance properties, are of
special clinical importance because of dramatically narrowing the possibility of antibiotic treatment.
Due to the regular contact and proximity between horses and humans monitoring horses for the
presence of cephalosporin-resistant Klebsiella spp. is advisable in order to prevent further spread of
these zoonotic agents.
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Simple Summary: This prospective study investigated the prevalence, molecular characteristics
and risk factors of extended-spectrum β-lactamase (ESBL)-producing Enterobacteriaceae (ESBL-E)
shedding in three equine cohorts: (i) farm horses (13 farms, n = 192); (ii) on admission to a hospital
(n = 168) and; (iii) horses hospitalized for ≥72 h re-sampled from cohort (ii) (n = 86). Bacteria were
isolated from rectal swabs, identified, antibiotic susceptibility patterns were determined, and medical
records and owners’ questionnaires were analyzed for risk factor analysis. ESBL shedding rates
significantly increased during hospitalization (77.9%, n = 67/86), compared to farms (20.8%, n =
40/192), and horses on admission (19.6%, n = 33/168). High bacterial species diversity was identified,
mainly in cohorts (ii) and (iii), with high resistance rates to commonly used antimicrobials. Risk
factors for shedding in farms included horses’ breed (Arabian), sex (stallion), and antibiotic treatment.
Older age was identified as a protective factor. We demonstrated a reservoir for antibiotic-resistant
bacteria in an equine hospital and farms, with a significant ESBL-E acquisition. In light of our findings,
in order to control ESBL spread, we recommend conducting active ESBL surveillance programs
alongside antibiotic stewardship programs in equine facilities.

Abstract: We aimed to investigate the prevalence, molecular characteristics and risk factors of
extended-spectrum β-lactamase (ESBL)-producing Enterobacteriaceae (ESBL-E) shedding in horses.
A prospective study included three cohorts: (i) farm horses (13 farms, n = 192); (ii) on hospital
admission (n = 168) and; (iii) horses hospitalized for ≥72 h re-sampled from cohort (ii) (n = 86).
Enriched rectal swabs were plated, ESBL-production was confirmed (Clinical and Laboratory
Standards Institute (CLSI)) and genes were identified (polymerase chain reaction (PCR)). Identification
and antibiotic susceptibility were determined (Vitek-2). Medical records and owners’ questionnaires
were analyzed. Shedding rates increased from 19.6% (n = 33/168) on admission to 77.9% (n = 67/86)
during hospitalization (p < 0.0001, odds ratio (OR) = 12.12). Shedding rate in farms was 20.8%
(n = 40/192), significantly lower compared to hospitalized horses (p< 0.0001). The main ESBL-E species
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(n = 192 isolates) were E. coli (59.9%, 115/192), Enterobacter sp. (17.7%, 34/192) and Klebsiella pneumoniae
(13.0%, 25/192). The main gene group was CTX-M-1 (56.8%). A significant increase in resistance rates
to chloramphenicol, enrofloxacin, gentamicin, nitrofurantoin, and trimethoprim-sulpha was identified
during hospitalization. Risk factors for shedding in farms included breed (Arabian, OR = 3.9), sex
(stallion, OR = 3.4), and antibiotic treatment (OR = 9.8). Older age was identified as a protective
factor (OR = 0.88). We demonstrated an ESBL-E reservoir in equine cohorts, with a significant
ESBL-E acquisition, which increases the necessity to implement active surveillance and antibiotic
stewardship programs.

Keywords: equine; ESBL-E; antibiotic resistance; shedding; risk factors; farm; ESBL-E acquisition

1. Introduction

Extended-spectrum beta-lactamase (ESBL)-producing Enterobacteriaceae (ESBL-E) poses a clinical
challenge to both human and veterinary clinicians. ESBLs confer resistance to penicillins,
cephalosporins, and aztreonam and are often accompanied by fluoroquinolone resistance, which even
further narrows antibiotic treatment options [1]. Moreover, many ESBL genes are encoded on large
plasmids, which enables lateral transfer between different bacterial species, within the same host
and between different hosts [2]. In human medicine, ESBL production is associated with increased
morbidity, higher overall and infection-related mortality, increased hospital length of stay, delay of
targeted appropriate treatment, and higher costs [3,4]. Risk factors for colonization and infection in
humans include severe illness with prolonged hospital stays, the presence of invasive medical devices
for a prolonged duration and antibiotic use [2].

Within the last decade, a growing burden of ESBL-E in companion animals is being observed,
both as gut colonizing bacteria and as infecting pathogens, causing wounds, respiratory, urogenital,
gastro-intestinal, umbilical infections, and bacteremia [5–8]. Horses were described as carriers, as well
as infected by ESBL-E, in equine clinics and in farm settings [9,10]. Prevalence of ESBL-producing E. coli
carriage in horses varies between 4–44% in different European countries [11–13], with a lower carriage
prevalence in equine riding centers in comparison with equine clinics [10]. In equine community
settings, being stabled in the same yard with a recently hospitalized horse was identified as a risk
factor for ESBL-producing E. coli carriage [14]. Risk factor analysis in the level of the farm revealed that
the odds of being an ESBL/AmpC-producing E. coli premises were higher among riding schools than
breeding premises, if premises housed a horse that had been medically treated with antibiotics within
the last three months, and also in premises where the staff consisted of more than five persons [13].
However, risk factors for shedding of different ESBL-E species within horses were not yet reported.

We aimed to investigate and compare ESBL-E shedding in different equine cohorts, including farm
horses, horses on admission to an equine hospital and during hospitalization, as well as to determine
risk factors for shedding. We hypothesized that shedding rates increase during hospitalization,
that previous antibiotic treatment is a risk factor for shedding and that shedding on admission and
during hospitalization is associated with clinical signs, prolonged hospitalization, and severe outcome.

2. Materials and Methods

2.1. Equine Study Cohorts, Study Design, and Sampling Methods

This prospective study was performed on 13 farms throughout Israel and in the Koret School of
Veterinary Medicine—Veterinary Teaching Hospital (KSVM-VTH). The study was approved by the
Internal Research Review Committee of the KSVM-VTH (Reference numbers: KSVM-VTH/15_2015,
KSVM-VTH/23_2015). Rectal swabs were collected from the horses with owner consent. On admission,
sampling was performed prior to any medical treatment in the hospital. When horses survived and
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were not discharged, a second sample was taken 72 h post-admission. Farm horses were located in
different regions of Israel to roughly represent the population.

2.2. Demographic and Medical Data

For farm horses (cohort (i)), owners’ questionnaires were reviewed for data regarding individual
horses, including the originating farm, signalment (age, sex, and breed), duration of the horse’s
accommodation in the farm, hospitalization and antibiotic treatments within the previous year.

For hospitalized horses (cohort (ii)), medical records were reviewed for the following information:
signalment (age, sex, and breed), geographic origin, previous admission to the hospital within the
previous year (yes/no), clinical signs, duration of illness before admission, antibiotic therapy before
and during hospitalization, surgical procedures, other medications, hospitalization length, short-term
outcome, and admission charge.

2.3. ESBL-E Isolation and Species Identification

Rectal specimens [14] were collected using bacteriological swabs (Meus s.r.l., Piove di Sacco, Italy)
and were inoculated directly into a Luria Bertani infusion enrichment broth (Hy-Labs, Rehovot, Israel)
to increase the sensitivity of ESBL-E detection [15]. After incubation at 37 ◦C (18–24 h), enriched
samples were plated onto Chromagar ESBL plates (Hy-Labs, Rehovot, Israel), at 37 ◦C for 24 h. Colonies
that appeared after overnight incubation at 37 ◦C were recorded, and one colony of each distinct color
was re-streaked onto a fresh Chromagar ESBL plate to obtain a pure culture. Pure isolates were stored
at −80 ◦C for further analysis.

Isolates were subjected to Vitek-MS (BioMérieux, Inc., Marcy-l’Etoile, France) for species
identification or to Vitek-2 (BioMérieux, Inc., Marcy-l’Etoile, France) for species identification and/or
antibiotic susceptibility testing (AST-N270 Vitek 2 card). Chloramphenicol, enrofloxacin, and imipenem
were analyzed using disc diffusion assay (Oxoid, Basingstoke, UK). ESBL-production was confirmed by
combination disk diffusion using cefotaxime and ceftazidime discs (Oxoid, Basingstoke, UK), as well
as cefotaxime and ceftazidime with clavulanic acid (Sensi-Discs BD, Breda, The Netherlands). Results
were interpreted according to the Clinical and Laboratory Standards Institute (CLSI) guidelines [16].
Multidrug-resistant (MDR) bacteria were defined as such due to their in vitro resistance to three or
more classes of antimicrobial agents [17].

2.4. Molecular Characterization of ESBL-E

Isolates were examined for the presence of the blaCTX-M group using a multiplex polymerase
chain reaction (PCR) from ESBL-E DNA lysates, as previously described [18]. Isolates that were
found to be blaCTX-M PCR negative were further examined for the presence of blaOXA-1, blaOXA2,
blaOXA10 [19], blaTEM, and blaSHV groups [20]. ESBL-producing E. coli isolates were subjected to
PCR for the detection of mdh and gyrB genes in order to determine the presence of the worldwide
pandemic E. coli ST131 lineage [21].

2.5. Sample Size and Statistical Analysis

The minimal sample size (number of animals sampled) for farm horses was calculated using
WinPepi, based on an estimated shedding rate of 25% for ESBL-E in equine community livery
premises [22] and on the fact that Israel is endemic for ESBL-E [23], with a confidence level of 95% and
an acceptable difference of 7%, resulting in n = 147.

The minimal sample size for horses on admission to hospital was based on the expected difference
between ESBL-E shedding and non-shedding horses and the percentage of admitted horses that were
treated with antibiotics before admission since antibiotic treatment was assumed to be a risk factor
for shedding [12]. Since there is no previous study revealing percentages of antibiotic-treated horses
and ESBL shedding, data for this calculation was based on a human study [24]. Estimating that
25% of horses on admission are ESBL shedders (representing the equine community) and that 72%
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and 44% of horses were treated with antimicrobials within shedders and non-shedders, respectively,
with a 5% significance level and power of 80%, the total required sample size is 145 horses, including
116 non-shedders and 29 shedders.

Risk assessment was performed using Chi-square or Fisher’s exact tests for association between
individual variables, shedding and ESBL-E acquisition. Descriptive statistics were used to describe
shedding rates. Continuous variables were analyzed using t-tests or Mann–Whitney U-tests. p ≤ 0.05
was considered statistically significant. For risk factor analysis of farm horses, a logistic regression
model (multivariable analysis) was conducted using all the significant variables in the univariable
analysis at a significance level of p < 0.2 using the ENTER method (IBM SPSS Statistics 25). Categorical
data were summarized by the number of cases (percentage) and confidence intervals (95%) were
calculated by Fisher’s (WinPEPI 11.15 Describe A).

In order to compare between shedding rates and antibiotic resistance rates within horses on admission
and during hospitalization (cohorts (ii) and (iii), respectively), a mixed effect logistic regression model was
conducted (STATA version 13). Resistance was defined as complete resistance (not including “intermediate
resistance”). Odds ratio (OR) for a significant change in antibiotic resistance rates is defined as OR
for a change in one resistance category (e.g., a change from “susceptible” to “intermediate” or from
“intermediate” to “resistant”). A comparison between shedding rates and antibiotic resistance rates
between farm horses (cohort (i)) and horses on admission (cohort (ii)) was performed using Chi-square.

3. Results

3.1. Characterization of the Equine Study Populations (Table 1)

Overall, 192 horses were sampled, originating from 13 farms across Israel (June 2016–September
2018). The average number of sampled horses per farm was 15 (range: 3–26 horses).

On admission, 168 horses were sampled (November 2015 to April 2016). Horses were admitted to
hospitalization due to the following reasons: gastro-intestinal pathologies (33%, n = 55/168), orthopedic
disorders (17%, n = 29/168), healthy (mares of sick neonatal foals or foals of sick mares, 17%, n = 29/168),
reproduction disorders (12%, n= 20/168), neonatology disorders (12%, n= 20/168), respiratory disorders
(4%, n = 7/168), and others (including ophthalmic, hematology, endocrine, teeth disorders, and tumors,
5%, n = 8/168). The median length of illness before admission was one day (range: several hours–750 d).
Horses hospitalized for ≥72 h were re-sampled (n = 86).

Table 1. Characterization of farm horses versus horses on admission to hospital.

Equine Cohort Breeds 1 Median Age 2 (Years ± SD) Sex Distribution 3

Farm horses (n = 192)

41.1% Arabians (n = 79/192)
25% pacers (n = 48/192)

15.1% Quarter horses (n = 29/192)
9.9% Warmbloods (n = 19/192)
5.2% local breed (n = 10/192)

3.7% ponies (n = 7/192)

8 ± 5.3
mares (72.4%, n = 139/192)

geldings (12.5%, n = 24/192)
stallions (11.5%, n = 22/192) 4

Horses on admission
(n = 168)

49.4% Arabians (n = 83/168)
19.6% Quarter horses (n = 33/168)

14.3% pacers (n = 24/168)
7.7% Friesians (n = 13/168)

4.8% Warmbloods (n = 8/168)
4.2% others (n = 7/168)

4.5 ± 5.2
mares (68.5%, n = 115/168)

geldings (16.1%, n = 27/168)
stallions (15.4%, n = 26/168)

1 Breed distribution was not significantly different for Arabians, Quarter horses, and Warmbloods in comparison
to farm horses, and was significantly different for the pacers horses (significantly higher in farms, p = 0.012) and
Friesians (significantly higher on admission, p < 0.001); 2 Median age of horses on admission was significantly lower
than the median age of farm horses (p < 0.0001); 3 Sex distribution was not significantly different between farm
horses and horses on admission; 4 Data was not available for seven horses.

3.2. Antibiotic Therapy, Surgical Procedures, Length of Stay, and Outcome

A proportion of 8.3% (n= 16/192) of farm horses was hospitalized within the previous year, ranging
from 0–30% between farms. A proportion of 19.8% (n = 38/192) of horses were treated with antibiotics
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within the previous year, ranging from 0–61% between farms. On admission, 9.5% (n = 16/168) of
horses were reported to be previously hospitalized (within a year period), and 16.1% (n = 27/168) of
horses were treated with antibiotics within the previous year. Previous hospitalization and antibiotic
treatment prevalence rates were not significantly different in comparison with farm horses.

During hospitalization, 50.6% of horses (n = 85/168) were treated with antibiotics, a proportion
which is significantly higher than antibiotic treatment in farms and prior to admission (p < 0.0001).
Surgical procedures were performed in 36.9% of horses (n = 62/168). The median length of stay was
three days (range: several hours-21 d). Out of all horses admitted to hospitalization, 84.4% survived to
discharge (n = 142/168).

3.3. Prevalence of ESBL-E Shedding

Within farm horses, shedding rate was 20.8% [n = 40/192, 95% Confidence interval (CI) 15.3–27.3%,
Table 1]. Shedding rate on admission was 19.6% (n = 33/168, 95% CI: 13.9–26.5%), which was not
statistically different from shedding rate in farms (p = 0.79). Shedding rate of hospitalized horses
(re-sampled) was 77.9% (n= 67/86, 95% CI 67.7–86.1%), which was significantly higher than the shedding
rate on admission and in farms (p<0.001, OR = 12.12, 95% CI 3.92–37.49). Out of 67 hospitalized
shedding horses, 77.6% (n = 52/67, 95% CI 65.8–86.9%) did not shed ESBL-E on admission.

3.4. Distribution of ESBL-E Species and ESBL Genes

Overall, 192 ESBL-E isolates were analyzed (Table A1). Fourteen bacterial species were identified
of which three were identified in all cohorts—E. coli, Klebsiella pneumoniae, and Enterobacter cloacae
(Figure 1). The most prevalent bacterial species in all cohorts was E. coli, consisting of 79.2% of isolates
from farms, 66.7% from horses on admission, and 49.0% from hospitalized horses. However, the
prevalence of E. coli decreased in horses on admission and in hospitalized horses, as the diversity of
other ESBL-E species increased, from four species in farms to five species on admission and twelve
species in hospitalized horses. Nosocomial ESBL-E species that were not identified in farms and on
admission included Citrobacter freundii (n= 3/105), Salmonella spp (n= 3/105), K. oxytoca, Citrobacter brakii,
E. vulneris, Pantoea spp, Proteus mirabilis, and Raoultella ornithinolytica (n = 1/105 each). The pandemic
hypervirulent E. coli ST131 [25] was identified in three horses: two horses on admission and one horse
during hospitalization. The main ESBL gene was the blaCTX-M-1 group in all cohorts (total 56.8% of
all isolates, Table 2).

 

Figure 1. ESBL-E species distribution isolated from cohort (i) farm horses ((A), n = 48 isolates), cohort
(ii) horses on admission to the hospital ((B), n = 39 isolates) and cohort (iii) 72 h post-admission ((C),
n = 105 isolates).
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Table 2. Shedding rates of extended-spectrum beta-lactamase-producing Enterobacteriaceae (ESBL-E) in
farm horses, on admission, and during hospitalization.

Equine Cohort Shedding (%)
Total No. of

ESBL-E Isolates
MDR Isolates (%) blaESBL Gene Group (%)

Farm horses 40/192 (20.8)
(95% CI: 15.3–27.3%) 48 43/48 (89.6)

(95% CI: 77.3–96.5)

CTX-M-1: 35/48 (72.9)
CTX-M-9: 1/48 (2.1)

CTX-M-25: 1/48 (2.1)
SHV-12: 5/48 (10.4)

Horses on admission 33/168 (19.6)
(95% CI: 13.9–26.5%) 39 28/39 (71.8)

(95% CI: 55.1–85.0%)

CTX-M-1: 24/39 (61.5)
CTX-M-9: 1/39 (2.5)
SHV-12: 3/39 (7.7)
SHV-2: 1/39 (2.5)

SHV-28: 1/39 (2.5)

Hospitalized horses
(72 h post admission) 1

67/86 (77.9) 2

(95% CI 67.7–86.1%)
105 99/105 (94.3)

(95% CI: 87.9–97.9%) 3

CTX-M-1: 50/105 (47.6)
CTX-M-2: 8/105 (7.6)
CTX-M-9: 7/105 (6.7)

CTX-M-25: 1/105 (0.95)
OXA-1: 2/105 (1.9)

SHV-12: 26/105 (24.7)
SHV-228: 1/105 (0.95)

1 Horses re-sampled from cohort “horses on admission”; 2 Shedding rate in hospitalized horses is significantly
higher than shedding rate on admission and in farms (p < 0.0001, OR=12.12, 95% CI 3.92–37.49); 3 Prevalence of
multidrug-resistant (MDR) isolates is significantly higher in isolates originated from hospitalized horses compared
to isolates originated from horses on admission (p < 0.001).

3.5. Antibiotic Susceptibility Profiles

Antibiotic resistance rates varied between cohorts, with a significant increase during hospitalization.
All isolates from all cohorts were susceptible to imipenem (Table 3).

Table 3. Antibiotic 1 resistance rates (percentage) of ESBL-E isolates shed by farm horses, horses on
admission, and hospitalized horses.

Equine Cohort AMP AMC 2 LEX CAZ IMP CHL 3 ENR 4 AMK GEN 5 NIT 6 TMS 7

Farms 100 41.7 100 100 0 66.6 6.3 0 75 4.2 89.6

On admission 100 82.1 100 85.0 0 46.2 17.9 2.6 48.7 5.3 76.3

During
hospitalization 96.0 32.0 99.0 90.0 0 85.3 51.5 10.8 84.3 11.0 95.0

1 Abbreviations: ampicillin (AMP), amoxicillin-clavulanate (AMC), cephalexin (LEX), ceftazidime (CAZ), imipenem
(IMP), chloramphenicol (CHL), enrofloxacin (ENR), amikacin (AMK), gentamicin (GEN), nitrofurantoin (NIT), and
Trimethoprim- sulpha (TMS); 2 An increase in resistance rates for AMC on admission compared to farms (p = 0.001)
and a decrease during hospitalization compared to admission (p < 0.001, OR = 0.1, 95% CI 0.04, 0.26); 3 An increase
in resistance rates for CHL during hospitalization compared to admission (p < 0.001, OR = 6.5, 95% CI 2.8, 15); 4 An
increase in resistance rates for ENR during hospitalization compared to admission (p < 0.001, OR = 4.2, 95% CI 1.9,
9.5); 5 An increase in resistance rates for GEN during hospitalization compared to admission (p < 0.001, OR = 12.3,
95% CI 2.9, 52.5); 6 An increase in resistance rates for NIT during hospitalization compared to admission (p < 0.001,
OR = 3.7, 95% CI 1.4, 9.5); 7 An increase in resistance rates for TMS during hospitalization compared to admission
(p < 0.01, OR = 6, 95% CI 1.9, 19.4).

Among bacteria that grew on Chromagar ESBL plates, the prevalence of MDR bacteria was 89.6%,
71.8%, and 94.3% in farms, horses on admission, and hospitalized horses, respectively. The prevalence
rate was significantly higher in isolates originated from hospitalized horses compared to horses on
admission (p = 0.001, Table 2).

3.6. Risk Factor Analysis for ESBL-E Shedding

3.6.1. Farm Horses

In univariable analysis, horses’ breed, sex, hospitalization in the previous year, antibiotic treatment
in the previous year, and age were significantly associated with ESBL-E shedding (Table 2). Since the
Arabian breed was the most prevalent breed sampled, we clustered all other breeds as one category in
the multivariable analysis. In a logistic regression model, the breed (Arabian), sex (stallion versus mare,
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which was the reference in this category), and antibiotic treatment in the previous year were identified
as risk factors for shedding. Age greater than one year was identified as a protective factor (Table 4).

Table 4. Risk factor analysis for ESBL-E shedding by farm horses (logistic regression model).

Variable p-value Odds Ratio (95% CI)

Breed (Arabian versus non-Arabian) 0.006 3.9 (1.5–10.4)

Sex (reference: mare) 0.079 -

Stallion 0.029 3.4 (1.1–12.2)

Gelding 0.744 0.7 (0.07–6.4)

Age 0.008 0.9 (0.8–0.97)

Hospitalization within the previous year 0.194 2.9 (0.6–14.8)

Antibiotic treatment within the previous year <0.0001 9.8 (3.6–26.8)

3.6.2. Horses on Admission

Signalment (age, sex, and breed), geographic origin, prior hospitalizations in the last year, clinical
signs, length of illness before admission, antibiotic therapy before and during hospitalization, surgical
procedures, other medications, hospitalization length, short-term outcome, and admission charge were
not associated with ESBL-E shedding on admission (Table 2). Sex, hospitalization length, and admission
charge resulted in p < 0.2, therefore, were analyzed via a logistic regression model, which did not yield
any significant associations (Table 3).

3.6.3. Horses During Hospitalization

There was no association between ESBL shedding 72 h post-admission and on admission,
clinical signs on admission, antibiotic treatment during hospitalization, surgical procedures during
hospitalization, length of stay, admission charge and outcome (Table 2).

4. Discussion

This study investigates ESBL-E shedding in three equine cohorts, including farm horses,
representing community equine, as well as horses on admission to the hospital and during
hospitalization. Studies regarding antibiotic-resistant pathogens shedding, either in farm horses
or in hospitalized horses were reported previously from different European countries [13,22,26,27].
Our study compares different equine cohorts within the same country. Both community and hospital
cohorts are of great interest, from a veterinary and a ‘one health’ perspective, therefore it is highly
valuable to compare these cohorts.

We found high ESBL-E shedding rates (Table 2), an increased bacterial species diversity (Figure 1)
as well as in the ESBL-E genes variety (Table 2). An increase in shedding rates may be due to the
acquisition of bacteria, plasmids or resistance genes. The main bacterial species in all cohorts was
E. coli, with decreased incidence on admission and during hospitalization, due to increased incidence of
other nosocomial ESBL-producing bacterial species. The main ESBL gene group was CTX-M-1, as was
previously reported in community horses [26]. However, on admission and during hospitalization,
CTX-M-1 incidence decreases, alongside an increase in the number of ESBL genes. A study conducted
in an equine hospital in the UK demonstrated the emergence of ESBL-producing E. coli during a
decade [26], whereas we demonstrated a significant increase in ESBL-E shedding during individual
horses’ hospitalization. These findings support an urgent necessity in active surveillance and infection
control programs in veterinary facilities and hospitals.

In addition, there is a need to set strict antibiotic stewardship programs in veterinary medicine,
specifically in companion animals’ facilities, with specific guidance and enforcement. According to
a recommendation published by the Committee for Medicinal Products for Veterinary Use (CVMP)
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of the European Union, there is a need to reserve fluoroquinolones, third and fourth generation
cephalosporins for treatment when other options are likely to fail, and whenever possible, treatment
should be supported by an antimicrobial susceptibility testing [28]. In practice, fluoroquinolones
and cephalosporins are in use in equine medicine, sometimes as a first-line choice [29,30]. In our
study, ESBL-E shedding as well as resistance rates for chloramphenicol, enrofloxacin, gentamicin,
nitrofurantoin, and trimethoprim-sulpha increased significantly during hospitalization, resulting in a
significant increase in MDR bacterial species shedding (Tables 2 and 3). In light of our findings, as
well as increasing resistance rates in other equine studies, we recommend implementing antibiotic
stewardships in equine clinics and hospitals [31,32].

We also aimed to determine risk factors for shedding. We did not find significant associations
between shedding on admission and during hospitalization to medical data. During the study period,
we sampled all horses on admission, which represented a heterogeneous population, including critically
ill horses alongside healthy mares, which were hospitalized together with their sick foals. Therefore,
the lack of significant risk factors may be due to high variation in the equine population. Many of
the pathologies on admission were attributed to the gastro-intestinal system, which might influence
the intestinal microbiome. However, clinical signs on admission and during hospitalization were
not associated with shedding. In farm horses, we detected several risk factors for ESBL-E shedding
(Table 4). The Arabian breed was the main breed within farm horses and horses on admission to
hospital. These horses in Israel are used mainly for breeding and shows and are held under intensive
management, which may explain the risk for ESBL shedding. Interestingly, we detected the ‘stallion’
sex as a risk factor. In human medicine, it is reported that males are more susceptible to diverse
bacterial illnesses than females, including an ESBL-E infection [33], presumably related to hormonal
influences [34]. This may explain also our findings in veterinary medicine, however, it requires further
investigation. Previous antibiotic treatment was identified as a risk factor as well, in agreement with
other human and veterinary studies [2,13]. Age older than one year was identified as a protective
factor, which may be due to the maturation of immunity. In a national survey of cattle farms in Israel,
the prevalence of ESBL-E was higher in calves versus adult cows, where the use of antimicrobial
prophylaxis was more common [35]. In human medicine, elderly age is associated with ESBL-E
infections [33]. However, in our study, elderly horses older than 20 years old [36] were not prevalent
and consisted of 3% (n = 12/360) of the study population. Therefore, elderly age may not be identified
as a risk factor.

Our results should also be addressed from a ‘one health’ perspective. We detected resistant zoonotic
bacteria both in farms and in hospital settings, which underlines the necessity for awareness and
improved management. The human-animal interaction has great psychological and physical established
benefits, with a great emphasis on equine-assisted therapy [37–39]. Therefore, there is pronounced
importance in establishing safety policies involving therapists, physicians, and veterinarians, in order
to ensure safe human-equine interactions in community settings [40]. This also applies to veterinary
hospital staff. In a longitudinal study involving veterinary hospital staff and students, a higher level of
ESBL-producing E. coli carriage was observed longitudinally [41], which underlines the necessity to
implement gold standards biosecurity programs in veterinary hospitals.

5. Conclusions

Multi-drug resistant potentially zoonotic bacteria were detected both in farm horses and in
hospitalized horses, with a significantly increased shedding during hospitalization. Therefore,
we recommend implementing active surveillance programs alongside with infection control
and antibiotic stewardship policies, in order to decrease resistance burden and to allow safe
human-equine interactions.
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Table 2. Results of univariable analysis of variables gleaned from the medical records (horses on
admission and during hospitalization) and owners’ questionnaires (farm horses). Variables were
evaluated for association with the outcome of ESBL-E shedding status of the individual animal.

Population Studied Variable Classification p-Value

Farm horses

Breed

Quarter Horse
Arabian

Pacer
Warmblood

Pony
Local

<0.0001

Sex
Female
Male

Gelding
0.027

Farm Numbered 1–13

Hospitalization within the
previous year Yes/No 0.018

Antibiotic treatment within the
previous year Yes/No <0.0001

Age Ranged from 0.1–23 y <0.0001

Time in farm Ranged from 0–23 y 0.36

On admission

Breed

Quarter Horse
Arabian

Tennessee Walking horse
Friesian

Mangalarga Marchador
Warmblood

Thoroughbred
Miniature horse

Haflinger
Hannoverian

Single footed horse
Missouri Fox Trotter

0.394

Age Years 0.259

Sex
Female
Male

Gelding
0.117

Geographical origin (within the
country)

North
South
Center

0.879

Hospitalization within the
previous year Yes/No 0.295

Clinical signs on admission

Gastro-intestinal disorder
Neonatology disorder
Ophthalmic disorder

Reproduction
Orthopedic disorder

Hematological disorder
Respiratory disorder
Endocrine disorder

Healthy (mares of sick
hospitalized foals)

0.587

69



Animals 2020, 10, 282

Table 2. Cont.

Population Studied Variable Classification p-Value

Length of illness before
admission Days 0.618

Antibiotic treatment within the
previous year Yes/No 0.587

Length of stay Days 0.169

Admission charge - 0.056

During
hospitalization

Shedding on admission Yes/No 0.9

Clinical signs on admission

Gastro-intestinal disorder
Neonatology disorder
Ophthalmic disorder

Reproduction
Orthopedic disorder

Hematological disorder
Respiratory disorder
Endocrine disorder

Tumor
Teeth lesion

Healthy (mares of sick
hospitalized foals)

0.428

Antibiotic treatment during
hospitalization Yes/No 0.841

Outcome Discharged/Died 0.174

Length of stay Days 0.29

Admission charge - 0.69

Table 3. Risk factor analysis for ESBL-E shedding by horses on admission to hospital (logistic regression).

Risk Factor p-Value OR

Sex (reference: mare) 0.647
Stallion 0.409 0.571 (95% CI 0.151–2.162)
Gelding 0.639 0.765 (95% CI 0.25–2.34)

Length of stay 0.766 1 (95% CI 0.997–1)

Admission charge 0.184 1 (95% 1–1)
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Simple Summary: The spread and development of extended spectrum beta-lactamase (ESBL)-mediated
antimicrobial resistance is a significant concern in healthcare with impacts to animal and public
health alike. While the occurrence of the ESBL phenotype in Escherichia coli has been investigated in
depth by numerous studies, there is still a lack of information regarding ESBL-producing bacterial
isolates from clinical specimens of equine origin. In this study, we investigated the incidence of
ESBL-producing E. coli in hospitalized horses. Overall, 207 E. coli isolates were analyzed for their
antimicrobial susceptibility and 13 ESBL-producing E. coli isolates were genotypically characterized.
Seven out of the 13 E. coli isolates were found to harbor the resistance genes blaCTX-M-1 or blaSHV-1

and a novel beta-lactamase TEM gene variant, blaTEM-233 was discovered. Furthermore, despite
being phenotypically susceptible to tested carbapenems, 1 out of 13 E. coli isolates was PCR-positive
for the carbapenemase gene, blaIMP-1. The latter is an alarming finding because the presence of
carbapenemase resistance genes in equine pathogens is extremely rare. In conclusion, equines can be
reservoirs for ESBL-producing Enterobacteriaceae, and further investigation into this species group is
necessary to understand their impact in the spread and development of antibiotic resistance genes.

Abstract: Escherichia coli isolates were recovered from clinical specimens of equine patients admitted
to the Texas A&M Veterinary Medical Teaching Hospital over a five-year period. Ceftiofur resistance
was used as a marker for potential extended-spectrum beta-lactamase (ESBL)-activity, and of the 48
ceftiofur-resistant E. coli isolates, 27.08% (n = 13) were phenotypically ESBL-positive. Conventional
PCR analysis followed by the large-scalebla Finder multiplex PCR detected the ESBL genes, CTX-M-1
and SHV, in seven out of the 13 isolates. Moreover, beta-lactamase genes of TEM-1-type, BER-type
(AmpC), and OXA-type were also identified. Sequencing of these genes resulted in identification of
a novel TEM-1-type gene, called blaTEM-233, and a study is currently underway to determine if this
gene confers the ESBL phenotype. Furthermore, this report is the first to have found E. coli ST1308 in
horses. This subtype, which has been reported in other herbivores, harbored the SHV-type ESBL gene.
Finally, one out of 13 E. coli isolates was PCR-positive for the carbapenemase gene, blaIMP-1 despite
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the lack of phenotypically proven resistance to imipenem. With the identification of novel ESBL
gene variant and the demonstrated expansion of E. coli sequence types in equine patients, this study
underscores the need for more investigation of equines as reservoirs for ESBL-producing pathogens.

Keywords: equine; ESBL; Escherichia coli; Enterobacteriaceae; antimicrobial resistance; CTX-M-1; SHV

1. Introduction

In 2014, the World Health Organization (WHO) released a review that affirmed antimicrobial
resistance as a major global threat, with a predicted impact of 100 trillion dollars in economic
losses and 10 million deaths attributable to resistant bacteria by 2050 [1,2]. The production of
beta-lactamases, a rapidly evolving class of hydrolytic enzymes that inactivate beta-lactam antibiotics,
is a significant mechanism of antimicrobial resistance against penicillins and cephalosporins [3–
5]. The wide application of beta-lactam antibiotics has been considered as a driving factor in
the development and spread of extended-spectrum beta-lactamase (ESBL)-conferred resistance in
Gram-negative bacterial pathogens such as Escherichia coli, Klebsiella spp., and Salmonella [4–7].
The ESBL-encoding genes (e.g., blaCTX-M, blaSHV) allow these pathogens to produce enzymes that
hydrolyze the beta-lactam ring of penicillins, first-, second-, and third-generation cephalosporins,
and aztreonam, although ESBL-positive pathogens still remain susceptible to carbapenems and
cephamycins [8,9]. To date, ESBL-positive bacteria are rapidly emerging in a variety of host species
worldwide and pose a serious threat to public health [1,4,10,11].

Analogous with human medicine, ESBL-production is a pronounced concern in the veterinary
field [12–15]. Specifically, ESBL-producing E. coli have been reported as a cause of severe infections in
horses [14,16]. Moreover, nosocomial transmission of ESBL-positive pathogens of the Enterobacteriaceae
family between horses has also been discussed [13,14]. Of additional importance, the possibility of
cross-species transmission of ESBL-positive bacterial strains directly represents a health hazard for
humans, especially equine handlers and veterinary staff [15,17,18]. Despite this significant problem,
however, information on the occurrence and genetic characterization of ESBL-positive E. coli isolated
from horses is lacking [3,19,20]. Of the studies that have investigated ESBL-positive E. coli in equines,
the isolates were predominantly originated from fecal samples. To date, very few studies have
thoroughly evaluated the occurrence of ESBL-positive E. coli in diagnostic specimens (other than feces)
from equine patients [14,19]. As such, the objective of the present work was to examine the proportion
and genetic diversity of ESBL-positive E. coli in clinical specimens of equine origin.

2. Materials and Methods

2.1. Sample Collection and Bacterial Identification

A total of 207 E. coli isolates were recovered from equine clinical diagnostic specimens submitted to
the Texas A&M Veterinary Medical Teaching Hospital (VMTH) between January 1, 2009 and December
31, 2014. Diagnostic specimens fell into the following categories: abscess (e.g., pus, draining tract
swabs), abdominal cavity (e.g., peritoneal fluid), blood, colon, ear, liver, spleen, female and male
reproductive systems (e.g., cervix, clitoral sinus, uterus, semen, prepuce), lower and upper respiratory
tract (e.g., guttural pouch, transtracheal wash, lung), skeletal system (bone/bony sequestrum, hoof,
and joint), surgical site (e.g., incision swab, screw), thoracic cavity (e.g., pleural fluid), urinary system
(e.g., bladder, urine), and wound.

All samples were processed immediately after they were submitted to the VMTH Clinical
Veterinary Microbiology Laboratory (CVML). The isolates were identified as E. coli based on Gram
stain, colony morphology, and biochemical analyses that included triple sugar agar, lysine iron agar,
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motility agar, citrate, indole, and urease tests [21]. Where identification was still in question, the
RapIDTM One System (Remel, Lenexa, KS, USA) was utilized.

2.2. Antimicrobial Susceptibility Testing

E. coli isolates were tested for antimicrobial susceptibility via broth microdilution using
commercially available TREK Sensititre™ Systems (Trek Diagnostic Systems, Inc, Oakwood Village, OH,
USA). Since the clinical isolates were tested for their susceptibility against various antimicrobial classes
as part of veterinary diagnostic service, and that this service was provided over the five-year period,
minimum inhibitory concentration (MIC) data were derived from different antimicrobial susceptibility
panels and hence the numbers of isolates tested per panel varied. In addition to Sensititre™ COMEQ3F
Plate and Sensititre™ Equine EQUIN1F AST Plate (Trek Diagnostic Systems, Thermo Fisher Scientific,
Lenexa, KS, USA), some isolates were tested by a newer panel, Sensititre™NARMS Gram Negative
Plate (Trek Diagnostic Systems, Thermo Fisher Scientific, Lenexa, KS, USA). Breakpoints from the
most current Clinical and Laboratory Standards Institute (CLSI) guideline M100 were applied to
interpret the MIC results [22]. The E. coli isolates that were resistant to ceftiofur were also tested using
TREK Sensititre™ ESBL Plate (Trek Diagnostic Systems, Thermo Fisher Scientific, Lenexa, KS, USA).
The confirmatory testing included both cefotaxime and ceftazidime. E. coli isolates were considered
ESBL-positive if there was a 3 or greater two-fold concentration decrease in the MIC for cefotaxime or
ceftazidime with clavulanic acid as compared to the MIC for the respective antimicrobial agent when
tested alone. E. coli (ATCC® 25922™) obtained from the American Type Culture Collection (Old Town
Manassas, VA, USA) was used as a CLSI control strain.

2.3. Detection and Characterization of Bla Genes

Genomic DNA was isolated from ESBL-positive E. coli using QIAprep Spin™Miniprep kit (Qiagen,
Valencia, CA, USA) according to the manufacturer’s instruction. Beta-lactamase genes, blaSHV, blaTEM,
and blaCTX-M of groups 1, 2, 8, 9, and 10 were then screened by PCR as previously described [23,24].
The primer sequences are provided in Table S1. The amplicons of expected sizes were further sequenced
at Molecular Cloning Laboratories (San Francisco, CA, USA) and the sequence results were verified
via BLASTn [25].

In addition, a recently developed detection method, large-scalebla Finder (large-scalebla Finder, Dr.
ProLab, Inc., Yongin, South Korea) was also utilized [26]. Specifically, a colony of a fresh overnight
culture from LB medium plate was inoculated in 20 μL 0.1% Triton X-100 and then heated at 100 ◦C
for 10 min. After centrifugation at 18,000× g for 1 min, the supernatant was used as a DNA template
for the multiplex PCR. The multiplex mixture containing 1X SolgTM Multiplex PCR Smart mix and 1
Unit of Uracil-DNA glycosylate (SolGent Co., Ltd., Daejeon, South Korea) was mixed with RNase-free
water and primer mixture [26]. The final concentration of each primer was 0.2143 μM. Template DNA
was then added to the mixture. Amplification was performed under the following thermal cycling
conditions: initial denaturation at 95 ◦C for 5 min; 30 cycles of 95 ◦C for 30 s, 64 ◦C for 40 s, and 72 ◦C
for 50 s; and a final elongation step at 72 ◦C for 7 min. After amplification samples were stored at 4 ◦C
until further analysis. Resultant amplicons were analyzed by electrophoresis on a 2% agarose gel at
100 V for 1 h and with ethidium bromide staining and then sequenced (Molecular Cloning Laboratories,
San Francisco, CA, USA).

2.4. Multi-Locus Sequence Typing (MLST)

To determine the sequence type (ST) of each isolate, seven housekeeping genes, adk, fumC, gyrB, icd,
mdh, purA, and recA were PCR amplified as described [27]. Specifically, amplification was performed
under the following conditions: initial denaturation at 95 ◦C for 2 min; 30 cycles of 95 ◦C for 2 min,
52 ◦C for 1 min, and 72 ◦C for 2 min; and a final elongation step at 72 ◦C for 5 min. Resulting sequenced
amplicons were used to determine bacterial STs by using the E. coli MLST Database [28]. All the primer
sequences are provided in Table S2.
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2.5. E. coli Phylogroup Identification

E. coli phylogroup identification of ESBL-positive isolates was performed as described [29] and
PCR conditions were as follows: initial denaturation at 95 ◦C for 5 min; 30 cycles of 95 ◦C for 30 s,
55 ◦C for 30 s, and 72 ◦C for 30 s; and a final elongation step at 72 ◦C for 7 min. All the primers are
provided in Table S3.

2.6. Ethics

In the present study, all the bacterial isolates that were phenotypically and genotypically
characterized had been recovered from clinical specimens of equine origin submitted to the VMTH.
Since the clinical specimens were analyzed as part of veterinary diagnostic service, no specific approval
on the animal subject was required for phenotypical or genotypical characterization of E. coli isolates.

3. Results

3.1. Phenotypic Analysis

Antimicrobial susceptibility testing detected resistance to ampicillin in 28.07% of the E. coli isolates
(48/171; the number of resistant isolates/the total number of isolates tested; Table 1). Among the
third-generation cephalosporins, the lowest proportion of resistance was observed for the E. coli isolates
tested against ceftazidime, with only 3.25% (4/123) of the isolates being resistant to this antimicrobial.
In contrast, when tested against ceftriaxone and ceftiofur, the numbers of resistant isolates were
significantly higher, 29.17% (14/48) and 27.08% (13/48), respectively. Resistance to cefpodoxime was
observed in 13.89% of the isolates tested (5/36). Lastly, resistance to cefoxitin, a second-generation
cephalosporin, was only detected in 4.76% of the E. coli isolates (4/84; Table 1).
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Resistance against chloramphenicol was identified in 21.64% of the equine isolates (37/171). Of note,
100% of the E. coli isolates were susceptible to amikacin (0/36), whereas 37.50% (18/48) and 20.83%
(10/48) of the isolates were resistant to gentamicin and streptomycin, respectively (Table 1). Resistance
to tetracycline was detected in 50.0% of the E. coli isolates (24/48), which was approximately twice as
high when compared to resistance of the isolates against doxycycline (26.02%; 32/123). Resistance to
ciprofloxacin and enrofloxacin was found in 29.17% (14/48) and 13.89% (5/36) of the equine isolates,
respectively. Against nalidixic acid, 29.17% of the isolates (14/48) were resistant. Importantly, none of
the isolates (0/159) were resistant to imipenem, the carbapenem antimicrobial, which is commonly
used as a reserve drug to treat serious infections by ESBL-positive pathogens in humans [30]. When
the isolates were tested against trimethoprim-sulfamethoxazole, resistance was observed in 37.43%
of the isolates (64/171; Table 1). It is important to note that while the 207 isolates were tested for
their antimicrobial susceptibility in total, some drugs that had breakpoints outside of the range of
the susceptibility panels were excluded from the analysis despite their respective MIC data are still
presented in Table 1.

Resistance to ceftiofur, which was detected in 13 out of 48 E. coli isolates tested, was an indicator
of potential ESBL activity and prompted further susceptibility testing to confirm the ESBL phenotype
(Table 1). All 13 ceftiofur-resistant isolates displayed the ESBL phenotype: three or greater two-fold
concentration decrease in an MIC for cefotaxime or ceftazidime in combination with clavulanic acid
compared to the MIC of the respective antimicrobial when tested alone [18,26]. Moreover, 46.15% (6/13),
76.92% (10/13), and 84.62% (11/13) of the isolates were resistant to cefepime, ceftriaxone, and cefpodoxime,
respectively (Table 2). Testing against cefoxitin showed that two of the 13 isolates were resistant to this
cephamycin. This finding suggested that these two isolates also harbored a cephamycinase gene that
would confer resistance to cefoxitin while sustaining the ESBL phenotype–susceptibility in the presence
of clavulanic acid to the third-generation cephalosporins. Consistently, all of the ESBL-positive isolates
exhibited full susceptibility to imipenem and meropenem (Table 2).

Table 2. Antimicrobial susceptibility of Extended-Spectrum Beta-Lactamase (ESBL)-positive Escherichia
coli isolates of equine origin.

Antimicrobial
MIC (μg/mL)

E1A E2A E3A E4A E4B E4C E5A E6A E7ARL E7ADS E8A E8B E9A

Cefazolin a >16 >16 16 >16 16 >16 >16 >16 >16 >16 >16 >16 >16

Cefepime 16 2 ≤1 16 ≤1 >16 16 8 2 4 16 >16 ≤1

Cefotaxime 64 16 0.5 >64 1 >64 >64 >64 8 16 >64 >64 1

Cefotaxime/Clavulanic acid ≤0.12 ≤0.12 ≤0.12 ≤0.12 ≤0.12 0.25 ≤0.12 ≤0.12 ≤0.12 ≤0.12 ≤0.12 8 ≤0.12

Cefoxitin 16 ≤4 ≤4 16 ≤4 32 8 8 ≤4 ≤4 8 >64 8

Cefpodoxime >32 >32 8 >32 4 >32 >32 >32 >32 >32 >32 >32 4

Ceftazidime 8 4 4 16 16 16 64 0.5 2 2 16 64 16

Ceftazidime/Clavulanic acid 0.25 ≤0.12 ≤0.12 0.25 ≤0.12 0.5 0.5 ≤0.12 0.50 0.25 0.25 16 ≤0.12

Ceftriaxone 128 32 ≤1 128 ≤1 >128 >128 32 64 32 128 128 2

Cephalothin >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16

Ciprofloxacin >2 >2 ≤1 >2 >2 >2 >2 >2 ≤1 ≤1 >2 >2 >2

Imipenem ≤0.5 ≤0.5 ≤0.5 ≤0.5 ≤0.5 ≤0.5 ≤0.5 ≤0.5 ≤0.5 ≤0.5 ≤0.5 ≤0.5 ≤0.5

Meropenem ≤1 ≤1 ≤1 ≤1 ≤1 ≤1 ≤1 ≤1 ≤1 ≤1 ≤1 ≤1 ≤ 1

Piperacillin-Tazobactam 8 ≤4 ≤4 16 ≤4 16 16 ≤ 4 ≤4 ≤4 16 16 ≤ 4
a The CLSI breakpoint for oral cefazolin was used to interpret the MIC.

3.2. Genetic Characterization of ESBL-Positive E. coli Isolates

In order to detect ESBL and other beta-lactamase genes in the 13 ESBL-positive E. coli isolates, in
addition to conventional PCR [23,24], a more comprehensive multiplex PCR-based detection method,

large-scalebla Finder [26] was used in the present study. Moreover, multilocus sequence typing (MLST)
analysis was also utilized to determine sequence types of the 13 E. coli isolates. As a result, a total of six
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distinct bla gene types were identified: TEM, BER, SHV, CTX-M-1, OXA-1, and IMP (Table 3). Of these,
the AmpC beta-lactamase gene, blaBER, was most represented among the isolates, with its proportion
being 84.62% (11/13). A variant of previously characterized blaBER gene (GenBank accession number:
EF125541) was detected in one of the 13 isolates. This BER-type bla variant had five silent mutations,
T375C, G378A, C387T, T477G, and T576A. Moreover, additional BER-type mutations were observed
in blaBER of another E. coli isolate. In addition to the five silent mutations of the original BER variant
(GenBank accession number: EF125541), this BER variant 1 (BER-v1) had two additional nucleotide
substitutions, G469A and G1012A, which translated into their respective amino-acid substitutions,
A157T and G338S, in BER (GenBank accession number: ABM69263). Also, the study detected another
BER-type variant (BER-v2), whose mutations were also consistent with the 5 silent mutations of the
original BER variant (GenBank accession number: EF125541; Table 3). Yet, this BER-v2 had also four
additional nucleotide substitutions, G245A, G313A, G469A, and G1012A (GenBank accession number:
EF125541), which, respectively, translated into 4 amino-acid substitutions, S28N, A105T, A157T, and
G338S (GenBank accession number: ABM69263). The second most commonly identified bla gene
was TEM-1, which was found in 69.23% (9/13) of the E. coli isolates. Two silent mutations, C228T
and G396T, in TEM-1 were consistently found in the nine isolates. CTX-M-1 was detected in 30.77%
(4/13) of the E. coli isolates. Furthermore, SHV-12 and OXA-1 were detected in 23.07% (3/13) of the
isolates each. Alarmingly, the metallo-beta-lactamase IMP-1 was detected in one out of the 13 isolates
(Table 3). Lastly, a novel TEM-1-type beta-lactamase gene, designated as blaTEM-233, was detected in
isolate E9A52022 (GenBank accession number: MH270416; Table 3).

Table 3. The bla genes detected in ESBL-positive Escherichia coli isolates of equine origin.

Isolate ID
bla Gene Type Detected

Using large-scalebla Finder Kit

bla Gene Name by Sequencing of Simplex PCR Products Using
Long-Length Primer Pairs of large-scalebla Finder Kit to Detect Each ORF

(GenBank Accession No. of Gene)
Phylogroup MLST

E1A17025 TEM type Two silent mutations (C228T and G396T) in blaTEM-1 (J01749) D 648

E2A28099DS

TEM type Two silent mutations (C228T and G396T) in blaTEM-1 (J01749)

B1 167BER type blaBER
a (EF125541)

BER type blaBER
a (EF125541)

E3A31074
TEM type Two silent mutations (C228T and G396T) in blaTEM-1 (J01749)

B1 1308SHV type blaSHV-12
a (AY008838)

BER type Five silent mutations (T375C, G378A, C387T, T477G, and T576A) in blaBER
(EF125541)

E4A39024 BER type blaBER
a (EF125541) B2 648

E4B39025
TEM type Two silent mutations (C228T and G396T) in blaTEM-1 (J01749)

B1 224
BER type blaBER

a (EF125541)

E4C44009
CTX-M-1 type blaCTX-M-3

a (AB976577)
D 648

BER type blaBER
a (EF125541)

E5A41032

TEM type Two silent mutations (C228T and G396T) in blaTEM-1 (J01749)

B2 410

SHV type blaSHV-12
a (AY008838)

BER type

blaBER-v2 (blaBER variant 2) with five silent mutations (T375C, G378A,
C387T, T477G, and T576A) and four nucleotide substitutions (G245A,
G313A, G469A, and G1012A) in blaBER (EF125541), which caused four

amino acid substitutions (S82N, A105T, A157T, and G338S) in BER
(ABM69263) and was called as BER-v2 (BER variant 2)

OXA-1 type blaOXA-1
a (GU119958)

E6A43048

TEM type Two silent mutations (C228T and G396T) in blaTEM-1 (J01749)

D 648
BER type

blaBER-v1 (blaBER variant 1) with five silent mutations (T375C, G378A, C387T,
T477G, and T576A) and two nucleotide substitutions (G469A and G1012A)
in blaBER (EF125541), which caused two amino acid substitutions (A157T

and G338S) in BER (ABM69263) and was called as BER-v1 (BER variant 1)

E7A44050DS

CTX-M-1 type blaCTX-M-3
a (AB976577)

A 10IMP type blaIMP-1
a (AB472901)

BER type blaBER
a (EF125541)

E7A44050RL BER type blaBER
a (EF125541) A 10

E8A49072

TEM type Two silent mutations (C228T and G396T) in blaTEM-1 (J01749)

A 410
CTX-M-1 type blaCTX-M-3

a (AB976577)

BER type blaBER
a (EF125541)

OXA-1 type blaOXA-1
a (GU119958)
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Table 3. Cont.

Isolate ID
bla Gene Type Detected

Using large-scalebla Finder Kit

bla Gene Name by Sequencing of Simplex PCR Products Using
Long-Length Primer Pairs of large-scalebla Finder Kit to Detect Each ORF

(GenBank Accession No. of Gene)
Phylogroup MLST

E8B49043

TEM type Two silent mutations (C228T and G396T) in blaTEM-1 (J01749)

A 410
CTX-M-1 type blaCTX-M-3

a (AB976577)

BER type blaBER
a (EF125541)

OXA-1 type blaOXA-1
a (GU119958)

E9A52022
TEM type blaTEM-233

a (MH270416)
B1 156

SHV type blaSHV-12
a (AY008838)

a 100% nucleotide sequence identity to each gene described as GenBank accession number.

3.3. Phylogenetic Grouping

The 13 ESBL-positive E. coli isolates belonged to four phylogenetic groups that were represented
by a total of seven distinct sequence types (Table 3). Four isolates of ST10 (n = 2) and ST410 (n = 2)
belonged to phylogroup A. Phylogroup B1 was most diverse and included four equine isolates with
distinct sequence types: ST167, ST1308, ST224, and ST156. Phylogroup B2 had only two clinical isolates,
ST168 and ST410. Lastly, phylogroup D was uniformly represented by three ST648 isolates (Table 3).

4. Discussion

In the present study, a total of 207 E. coli isolates were cultured from clinical diagnostic specimens
collected from equine patients, which were admitted to the Texas A&M Veterinary Medical Teaching
Hospital from 2009 through 2014. The results of the present study demonstrated that 27.08% of the
isolates screened with ceftiofur expressed the ESBL-positive phenotype. Recent studies have reported
the occurrence of ESBL-producing E. coli isolates recovered from equines to range from as low as 0.2%
(one out of 508 isolates tested) in feral horses living on an isolated Canadian island [31], to 84% in
equine patients at a veterinary teaching hospital in the Netherlands [19]. Additional studies detected
ESBL-producing E. coli in 6.3% of fecal samples from equine patients across various veterinary practices
in the United Kingdom [12], 10.1% of equine patients at a veterinary clinic in Germany [20], and 32%
of equine patients at a veterinary clinic in the Czech Republic [3].

Resistance to chloramphenicol was present in a high proportion of the E. coli isolates (21.64%;
37/171). Due to its negative side effects, chloramphenicol is banned in human medicine and is considered
a last choice drug to treat gastrointestinal disease (e.g., abdominal abscesses and salmonellosis) in
horses [32]. Thus, the usage of chloramphenicol in equine medicine may explain the high proportion
of resistance detected in the tested isolates.

Overall, the 13 ESBL-positive E. coli isolates represented a total of seven sequence types: ST648,
ST410, ST10, ST224, ST167, ST1308, and ST156. Of these, ST648, ST167, ST410, ST224, and ST10 have
been described as extended host spectrum genotypes [13]. ST648 was the most prevalent sequence type
isolated in this study and encompassed a total of four ESBL-positive E. coli isolates that were recovered
from three equine patients. E. coli ST648 is associated multi-drug resistance and high virulence, drawing
comparisons with ST131, which is recognized as an internationally relevant high-risk E. coli [13,33]. E.
coli ST648 was recovered from a variety of animals including canines, felines, horses, livestock, wild
birds, and humans [34–36]. ST410, which was identified in 3 of the 13 E. coli isolates, has also been
described as an emerging high-risk E. coli with potential international implications [37]. ST410 was
previously isolated from humans [38,39], canines, felines [40], swine, poultry, cattle [41–43], as well
as birds [44]. E. coli ST10, identified in two of the 13 isolates, was recovered from humans, turkey
meat, chickens, swine, cattle [45,46], and horses [19,20]. Lastly, ST224, ST167, ST1308, and ST156 were
detected in one isolate each. Notably, both ST10 and ST224 previously demonstrated their capacity
for nosocomial infections and the spread of these sequence types between horses and potentially, to
their human handlers [14,18,19]. In addition to being recovered from horses [14], ST224 was isolated
from humans [11], swine [42], bovines [47], birds [44], and in this study, from a donkey. ST167 E.
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coli was isolated from humans, cattle, swine, wild birds [34,46,48], turkey meat [43], and horses [49].
Furthermore, this sequence type has been associated with the global carriage of ESBL-producing E.
coli [13,34,48]. E. coli ST156 was identified in fish [50], canines, felines, horses [51], chickens, and other
avian species [52,53]. Lastly, this study is the first demonstration of ST1380 E. coli being isolated from
equines, the sequence type that was previously isolated from swine and bovine species [54,55].

Phylogenetic analysis showed that the 13 ESBL-positive E. coli isolates belonged to four
phylogroups: A, B1, B2, and D. The most represented phylogroups were A and B1, with each
encompassing 4 of the 13 ESBL-positive E. coli isolates. The phylogroup A, which commonly includes
commensal strains of E. coli [29], was composed of the ST410 and ST10 isolates. The sequence types,
ST224, ST167, ST1308, and ST156 belonged to phylogroup B1. Furthermore, three of the 4 ESBL-positive
E. coli ST648 isolates fell into phylogroup group D. One of the ESBL-positive E. coli ST648 isolates
belonged to phylogroup B2, which, in addition to phylogroup D, is most often associated with virulent
extraintestinal infections [56]. Finally, phylogroup B2 included one ESBL-positive E. coli isolate with the
sequence type ST410 [57]. It should be emphasized that despite the fact that phylogroups A and B1 are
associated with commensal E. coli, which are considered harmless, these organisms can act as reservoirs
for ESBL gene-carrying plasmids and, therefore, may contribute to the spread of resistance among
pathogenic bacteria [57–59]. This, in turn, puts both humans and animals at risk for the nosocomial
spread and cross-species transfer of ESBL resistance genes [13,15,17,18].

The 13 ESBL-positive E. coli isolates were screened for blaSHV, blaTEM, and blaCTX of groups 1, 2, 8, 9,
and 10. In addition to the conventional PCR-based approach [23,24], the recently developed large-scalebla
Finder detection method was utilized to more thoroughly examine the isolates for the presence of
most clinically relevant beta-lactamase genes [26]. As a result, a novel TEM-1-type beta-lactamase
gene, designated as blaTEM-233, was detected in one E. coli isolate. Further investigation is needed to
determine whether or not this newly identified variant is functional. Moreover, the TEM-1-type bla
gene with two silent mutations at C228T and G396T was consistently detected in eight out of the 13
ESBL-positive isolates of the following sequence types: ST648, ST167, ST1308, ST224, and ST410. Of
these TEM-1 harboring isolates, the most represented phylotype was B1, which included three of the 8
isolates. One E. coli isolate represented group B2 and the other four isolates belonged to groups A and
D (two in each group). Furthermore, a variant of the AmpC beta-lactamase producing gene [60] was
detected in one of the 13 isolates. This BER-type bla variant fell within phylogroup B1 and belonged to
E. coli of ST1308. Additionally, BER-v1 (BER variant 1) was observed in one isolate of phylogroup D
and ST648. Lastly, BER-v2 was of ST410 and belonged to phylogroup B2.

It should be noted that despite all 13 isolates that exhibited the ESBL phenotype, only seven
isolates were genotypically confirmed to harbor ESBL-resistance genes. While the large-scalebla Finder
method identifies a much wider array of clinically relevant bla genes compared to the conventional
PCR approach, it does not detect all the existing ESBL genes. As such, it is well possible that some ESBL
genes remained undetected in the other six isolates. Additionally, the carbapenemase gene, blaIMP-1,
was found in isolate E7A44050DS despite the lack of detectable carbapenem resistance when tested
phenotypically. The latter was a surprising finding because this carbapenemase gene had no mutations,
which was determined through three independent sequencing runs. Previously, it was shown that MICs
of carbapenem-producing Enterobacteriaceae may vary greatly and even be below the CLSI-established
carbapenem breakpoints [61]. Moreover, two out of the seven genotypically-confirmed ESBL-positive
isolates were also resistant to cefoxitin, a second-generation cephalosporin, which is not typical of
ESBL-producing E. coli and is more commonly associated with AmpC beta-lactamase-producing
bacteria [8,26,62]. Together, these interesting results warrant further genetic testing (e.g., via whole
genome sequencing) for a more thorough analysis of these E. coli isolates.
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5. Conclusions

In summary, this study demonstrated the first occurrence of E. coli ST1380 recovered from clinical
specimens of equine origin, a finding that indicates a wider host-range for this E. coli ST than was
previously reported. This ST1308 E. coli isolate harbored the blaSHV-12 ESBL gene, highlighting the
necessity of studying the spread and development of ESBL genes in equines. Alarmingly, one E. coli
isolate was PCR-positive for the carbapenemase gene, blaIMP-1 despite this isolate was phenotypically
susceptible to imipenem. Lastly, as a result of genetic characterization of beta-lactamase-positive
equine isolates, a novel TEM-1-like gene was identified and a study is currently underway to test if
this novel ESBL gene is fully functional.
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Simple Summary: Staphylococci are opportunistic pathogens which colonize humans and animals.
Zoonotic transfer of staphylococcal species between domestic animals and humans is common and can
occur through direct contact, the environment, and animal-derived food processing, implying a risk
of the spread of antimicrobial resistance mechanisms and virulence factors into different ecosystems.
Our work aimed at studying the diversity of staphylococcal species in nasal and faecal samples of
healthy horses intended for human consumption and their resistance and virulence determinants.
Staphylococci were detected in 90% and 66% of nasal and faecal samples tested, respectively.
Eight staphylococcal species were detected, with the most prevalent ones being Staphylococcus
aureus (all isolates were methicillin-susceptible), Staphylococcus delphini, and Staphylococcus sciuri.
The predominant S. aureus lineage, ST1640, is associated with horses for the first time in this study.
S. aureus isolates, except those of lineage ST1640, produced equid-adapted leukocidin (LukPQ) and
blocker of equine complement system activation (eqSCIN). The toxic shock syndrome toxin-encoding
gene was also detected in some S. aureus isolates. Multidrug resistance was observed among S. sciuri
isolates, but not among S. aureus. Measures of hygiene and control should be implemented during
horse slaughter and meat processing.

Abstract: This work aimed to determine the frequency and diversity of Staphylococcus species carriage
in horses intended for human consumption, as well as their resistance and virulence determinants.
Eighty samples (30 nasal; 50 faecal) were recovered from 73 healthy horses in a Spanish slaughterhouse.
The samples were cultured for staphylococci and methicillin-resistant staphylococci (MRS) recovery.
The phenotype/genotype of antimicrobial resistance was analysed for all isolates. The spa-type
and sequence-type (ST) were determined in Staphylococcus aureus strains; moreover, the presence of
virulence and host-adaptation genes (tst, eta, etb, pvl, lukPQ, scn-eq, and scn) was studied by PCR.
Staphylococcus species were detected in 27/30 (90%) and 33/50 (66%) of nasal and faecal samples,
respectively. Ninety isolates belonging to eight species were recovered, with predominance of
S. aureus (n = 34), Staphylococcus delphini (n = 19), and Staphylococcus sciuri (n = 19). S. aureus
strains were all methicillin-susceptible (MSSA), 28/34 were susceptible to all the antibiotics tested,
and the remaining six showed resistance to (gene-detected) streptomycin (ant (6)-Ia), penicillin (blaZ),
and trimetroprim/sulphametoxazole (SXT) (dfrA, dfrG). The lineage ST1640/t2559 was predominant
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(n = 21). The genes lukPQ and scn-eq were present in all but the ST1640 isolates. Three S. sciuri isolates
were multidrug-resistant. Healthy horses in Spain seem to be a reservoir for virulent MSSA and the
lineage ST1640, although the presence of the latter in horses is described for the first time in this study.
Moreover, the equine-adapted leukocidin gene lukPQ is frequent among S. aureus strains. A large
variety of staphylococcal species with low antibiotic resistance rate were also observed.

Keywords: healthy horses; staphylococci; MSSA; ST1640; lukPQ

1. Introduction

Staphylococci are commensal bacteria that generally colonize nares, skin, and mucous membranes
of humans and of wild and domestic animals, although some species are opportunistic pathogens [1–6].
Horses have been described as carriers of staphylococcal species and methicillin-resistant staphylococci
(MRS) [7–10]. Coagulase-positive staphylococci (CoPS) such as Staphylococcus aureus, Staphylococcus
intermedius, Staphylococcus delphini, and Staphylococcus pseudintermedius are frequently reported as
colonizers or infectious agents in horses [8–12]. Coagulase-negative staphylococci (CoNS) have been
described as causative agents of mastitis, wound infections, and skin abscesses in various animals,
including horses [13].

Staphylococcal infections are a major issue in both human and veterinary medicine, and their role
in severe diseases has increased with the acquisition of antimicrobial resistance mechanisms [11,13].
Moreover, S. aureus has a large variety of virulence factors, such as staphylococcal enterotoxins,
toxic shock syndrome toxin (TSST-1), or leukocidins, among others [14]. Leukocidins are a family of
bicomponent pore-forming toxins involved in S. aureus pathogenicity [15]. To date, six leukocidins
have been identified, including Panton Valentine leukocidin (lukF/lukS-PV), LukMF’, and the novel
equid-adapted leukocidin LukPQ, which are related to phage-encoded genes mainly found in humans,
ruminants, and equines, respectively [15,16]. LukPQ, encoded by the 45-kb prophageϕSaeq1, was found
to be strongly associated with S. aureus from horses and donkeys. This leukocidin preferentially
destroys neutrophils with higher efficiency than its closest fellow, LukED [15]. It was recently revealed
that the prophage ϕSaeq1 also encodes a novel variant of staphylococcal complement inhibitor SCIN-A
(termed eqSCIN, encoded by scn-eq) which shares 57.8% amino acid identity with SCIN-A (encoded by
scn) from human S. aureus [17]. eqSCIN is a potent blocker of equine complement system activation,
which plays an important role in S. aureus host adaptation. Whereas SCIN-A isolates exclusively
inhibit human complement, eqSCIN represents the first animal-adapted SCIN variant that functions in
a broader range of hosts (horses, humans, and pigs) [17].

The presence of staphylococcal species in horses is of public health concern since the potential
transfer of Staphylococcus spp. and their resistance and virulence genes between healthy humans and
domestic animals has been evidenced [18–20]. Direct contact may be a way of transmission, but other
vehicles, such as the environment and food, should be taken into consideration. In Spain, horse meat is
used for human meat consumption; hence, it is important to determine the diversity of staphylococcal
species colonizing the mentioned animal species. In that context, this work aimed to identify the
different species of staphylococci present in nares and faeces of healthy horses destined to human
consumption, as well as the antimicrobial resistance phenotype and genotype of the recovered isolates,
and the virulence traits for S. aureus species.

2. Material and Methods

2.1. Sample Recovery

A total of 80 samples (nasal: n = 30 and faecal: n = 50) were recovered with sterile swabs
from 73 healthy horses intended for human consumption and kept in Amies transport medium
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(Copan, Murrieta/USA). Seven animals were tested for both types of samples. Animals came from
19 Spanish regions before they were transported to a slaughterhouse located in Northern Spain,
where samples were taken in February 2012.

2.2. Staphylococcus spp. Isolation, Identification, and DNA Extraction

The samples were first inoculated in Brain Heart Infusion (BHI, supplemented with NaCl 6.5%)
broth (Conda, Madrid/Spain) and incubated at 37 ◦C for 24 h. After growth, the bacterial culture was
distributed on plates of mannitol–salt–agar (Conda, Madrid/Spain) and oxacillin resistance screening
agar base (Oxoid, Hampshire/England) for staphylococci and MRS recovery, respectively. Up to
four colonies/plate with staphylococcal morphology were isolated and subjected to the DNase agar
test (Conda, Madrid/Spain). Identification was performed by PCR (for CoPS isolates) [21] and by
matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass spectrometry (Bruker, MA,
USA) (for all the staphylococci).

The DNA extraction was performed as follows: one colony was resuspended in 45 μL of milli-Q
water and 5 μL of lysostaphin (1 mg/mL). The suspension was warmed in a water bath at 37 ◦C during
10 min. Then 45 μL of milli-Q water, 150 μL of Tris (0.1 M, pH 8.5), and 5 μL of proteinase K (2 mg/mL)
were added to the suspension before it was heated again in a water bath at 60 ◦C for 10 min and at
100 ◦C for 5 min. Finally, centrifugation was performed at 12,000 rpm for 3 min and the supernatant
was kept for further experiences.

2.3. Antimicrobial Susceptibility and Resistance Genes

Susceptibility testing to penicillin, cefoxitin, gentamicin, tobramycin, tetracycline, erythromycin,
clindamycin, chloramphenicol, ciprofloxacin, linezolid, and trimethoprim/sulfamethoxazole (SXT)
was performed by disk-diffusion method according to the Clinical Laboratory Standards Institute
recommendations [22]. Susceptibility to streptomycin was also tested (CASFM 2018). The presence
of the following antimicrobial resistance genes was determined by PCR, in accordance with the
identified resistance phenotypes: beta-lactams (mecA, blaZ), tetracycline (tet(K), tet(L), and tet(M)),
macrolides-lincosamides (erm(A), erm(B), erm(C), erm(T), msr(A), lnu(A), lnu(B), and vgaA), streptomycin
(str and ant(6)-Ia), chloramphenicol (fexA and fexB), and SXT (dfrA, dfrD, dfrG and dfrK) [23–27].

2.4. Molecular Typing

For the S. aureus isolates, spa-typing was performed as previously described [28].
Multilocus sequence typing (MLST) was determined for representative isolates (one isolate of each
spa-type, except for the spa-type t2559 for which three associated isolates were chosen). For this purpose,
PCR and sequencing of seven housekeeping genes (www.pubmlst.org) were performed to define the
sequence type (ST) and the clonal complex (CC). Additionally, detection of agr allotypes was carried
out by two multiplex PCRs in all isolates [29]. For S. delphini isolates, a PCR with specific primers was
performed to classify them in two groups (A or B) as previously described [30].
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2.5. Virulence Genes

For S. aureus isolates, the presence of the genes encoding the toxic shock syndrome toxin (tst)
and exfoliative toxin A (eta) and B (etb) was studied by PCR [26]. In addition, the genes encoding the
leukocidins of Panton-Valentine (lukF/lukS-PV) and LukPQ were studied by PCR and sequencing [15,26].
The presence of scn (gene for SCIN-A) [31] and scn-eq (gene for eqSCIN) was analysed by PCR and
sequencing. The scn-eq PCR was performed using a pair of primers designed in this study (eqSCN-F:
TGCTGCTTTTGCTTTGTATCC and eqSCN-R: TGCAGGAGTTTTAGTTGCAGTTTT) and the following
conditions: 94 ◦C for 3 min, followed by 30 cycles of 1 min at 94 ◦C, 2 min at 61.5 ◦C, and 3 min at
72 ◦C, with a final extension at 72 ◦C for 10 min.

3. Results

Staphylococcus isolates were detected in 27/30 (90%) of nasal samples and in 33/50 (66%) of faecal
samples. The seven animals tested for both types of samples were positive for staphylococcal species
in both cases.

A total of 90 isolates of eight species were detected in the positive nasal/faecal samples: S. aureus
(n = 34), S. delphini (n = 19), Staphylococcus sciuri (n = 19), Staphylococcus simulans (n = 4), Staphylococcus
fleurettii (n = 2), Staphylococcus lentus (n = 2), Staphylococcus saprophyticus (n = 2), Staphylococcus xylosus
(n = 2), Staphylococcus haemolyticus (n = 2), Staphylococcus schleiferi (n = 2), Staphylococcus vitulinus (n = 1),
and Staphylococcus hyicus (n = 1) (Tables 1 and 2). Twenty-four samples harboured at least two isolates
of either distinct species, distinct antibiotic resistance phenotypes or different spa-types.

3.1. S. aureus Isolates: Molecular Characteristics, Antimicrobial Resistance, and Virulence Determinants

S. aureus was detected in 17/30 (56.6%) and 16/50 (32%) of the nasal and faecal samples, respectively.
The 34 isolates recovered (nasal origin: n = 18; faecal origin: n = 16) were ascribed to five spa-types
(t2559, t3269, t127, t1294 and t549), four STs (ST1640, ST1, ST816 and ST1660), and four agr-types (I, II,
III and IV) (Table 1). One isolate per sample was detected except for one nasal sample which harboured
two S. aureus isolates of different spa-types (t2559 and t1294). Most of the isolates were susceptible to
all the antimicrobials tested (n = 28; 82.4%), while the remaining six showed the following resistance
phenotypes (number of isolates; genes detected): streptomycin (3; ant(6)-Ia), penicillin+streptomycin (1;
blaZ, ant(6)-Ia, str), and penicillin + SXT (2; blaZ, dfrA, dfrG). In addition, three nasal isolates (all ST816)
hosted the gene tst. Moreover, all isolates but those of the lineage ST1640 harboured the genes lukPQ
and scn-eq. The isolates of lineage ST1640 were collected from animals which came from six regions,
most of them of Southern Spain.

The major S. aureus lineage in horses found in this study was the ST1640 associated to nine and
12 strains of nasal and faecal origins, respectively. In addition, the antimicrobial resistance rates,
phenotypes and genotypes are similar in isolates of both origins (Table 1). Concerning the virulence
genes, the isolates of the lineage ST1640 were the only ones which lacked the LukPQ determinants.
None of the isolates of this study harboured the scn gene, a marker of the human immune evasion
cluster (IEC).
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3.2. Non-aureus Staphylococcus Species: Molecular Characteristics, and Antimicrobial Resistance

Among the other species identified, one belonged to Staphylococcus intermedius group (SIG),
S. delphini, and was present in 11 (36.6%) of the nasal samples and in eight (16%) of the faecal samples.
Nineteen S. delphini isolates were detected in total (type B: n = 17; type A: n = 2). All isolates were
susceptible to the antimicrobials tested (Table 2).

The 37 remaining isolates belonged to coagulase-negative staphylococci (CoNS) group. CoNS were
present in 16 (53.3%) of the nasal samples and 15 (30%) of the faecal samples. One isolate per sample was
recovered except for five samples which harboured two or three isolates of distinct species. Resistance
to at least one antimicrobial agent was detected in 52.6% and 44.4% of the nasal and faecal isolates,
respectively. Seventy percent of the nasal resistant isolates and 100% of the faecal resistant isolates
belonged to the predominant species S. sciuri. The other species with resistant isolates were S. lentus
and S. xylosus. Moreover, three S. sciuri isolates showed a multidrug resistance (MDR) phenotype,
meaning that they were resistant to one agent in three or more antimicrobial categories (Table 2).
Globally, the following rates, phenotypes, and genotypes of antimicrobial resistance were reported
among CoNS isolated from horses (detection rate; resistance genes detected): penicillin and cefoxitin
(37.8%; mecA), erythromycin (5.4%; erm (A), erm (B), erm (C) or msr (A)), clindamycin (10.8%; lnu (A)),
tetracycline (10.8%; tet (K) and tet (L)), streptomycin (13.5%; str), and chloramphenicol (2.7%; fexA).

3.3. Comparison of Nasal and Faecal Samples of Seven Healthy Horses

Seven animals could be tested for both nasal and faecal samples. The results are displayed in
Table 3. All the animals that carried S. aureus in their nostrils also had this microorganism in their faeces
(n = 5). In 3/5 cases, the S. aureus isolates belonged to the same genetic lineage ST1640. More than one
staphylococcal species was detected in five of seven nasal samples, while faecal samples predominantly
carried a single staphylococcal species (S. aureus in 5/7 cases). The lineage ST1640 was predominant in
both nasal and faecal samples.

Table 3. Comparison of staphylococci recovered from nasal and faecal samples from seven
healthy horses.

Animal Nasal Samples Faecal Samples

Animal
Code

Species Detected
(Number of

Strains)

Type A/B or
spa-type /ST

Antimicrobial
Resistance

Phenotype a

Species Detected
(Number of

Strains)

Type A/B or
spa-Type/ST

Antimicrobial
Resistance

Phenotype a

1
S. delphini (1) Type B SUSCEPTIBLE S. simulans (1) - SUSCEPTIBLE

S. haemolyticus (1) - SUSCEPTIBLE

25 S. aureus (1) t2559/ST1640 SUSCEPTIBLE S. aureus (1) t2420/ST133 SUSCEPTIBLE

26
S. aureus (1) t2559/ST1640 SUSCEPTIBLE S. aureus (1) t2559/ST1640 SUSCEPTIBLE
S. sciuri (1) - PEN, FOX, STR,

TET

27
S. aureus (1) t549/ST1660 PEN, STR S. aureus (1) t127/ST1 PEN, SXT

S. delphini (1) Type A SUSCEPTIBLE S. delphini (1) Type B SUSCEPTIBLE

28 S. aureus (1) t2559/ST1640 SUSCEPTIBLE - - -

29
S. aureus (1) t2559/ST1640 SUSCEPTIBLE S. aureus (1) t2559/ST1640 SUSCEPTIBLE

lentus (1) - PEN, FOX, STR

30
S. aureus (1) t2559/ST1640 SUSCEPTIBLE S. aureus (1) t2559/ST1640 SUSCEPTIBLE
S. sciuri (1) - SUSCEPTIBLE

a PEN: penicillin; FOX: cefoxitin; TET: tetracycline; STR: streptomycin; SXT: trimetroprim-sulphametoxazole.
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4. Discussion

High S. aureus occurrence has been detected among both nasal and faecal samples of healthy
horses destined for human consumption (56.6% and 32%, respectively). According to previous works
on healthy horses from various farms in Germany and Denmark, the occurrence of S. aureus in nasal
samples was much lower (6.7% and 13.5%, respectively) [32,33]. Alternatively, a recent Italian study
showed that the prevalence of methicillin resistant S. aureus (MRSA) in horses tested in slaughterhouses
(7%) was significantly higher than those tested on farms and racecourses [34]. In our study, however,
no MRSA was detected among the population tested. Islam and collaborators observed that 63.3% of
the S. aureus strains recovered were MSSA strains, mostly assigned to ST1/t127 and ST1660/t549 [33].
However, the lineages ST1, ST1660, and ST133 are also frequent among MSSA from horses [32,33,35].
Our strains were mostly associated to ST1640/t2559 (n = 21), although ST1 (n = 8), ST1660 (n = 1),
and ST133 were also detected. To our knowledge, the lineage ST1640/t2559 is here detected for the
first time among horse samples. Nonetheless, the spa-type t2559 was previously found (associated
to CC5/CC30) in the nostrils of patients of general practitioners with no sign of infections in the
Netherlands [36]. The lack of the scn gene suggests that none of the strains were of human origin.

Interestingly, all strains but those of the lineage ST1640/t2559 harboured the equine-adapted
leukocidin determinant lukPQ (prevalence of 38%) and the scn-eq gene. These findings suggest that the
ST1640 might have jumped recently from another source to the equine environment. On the other hand,
an international equid collection study reported lukPQ values ranging from 0% to 50%, indicating
either (1) the absence of these genes may also be a common feature among horse isolates or, again, (2)
a reflection of an early phase of those isolates in the adaptation to this host [15]. Otherwise, it was
revealed that lukPQ and scn-eq, both encoded by the prophage ϕSaeq1, are prone to occur together
and were associated with the clonal complexes CC1, CC133, CC1660, CC350, and CC522 [15,17].
These findings are confirmed by our results (lukPQ and scn-eq genes associated with CC1, CC133,
CC1660, and ST816). The phage-encoded leukocidin LukPQ displays a high toxicity towards equine
neutrophils, while the eqSCIN blocks complement activity in equine serum, which implies an important
role in the evasion of S. aureus of the equid host defence mechanism [15,17]. Moreover, LukPQ has a
broad host range as at high concentrations it is capable of lysing bovine and to some extent human
neutrophils. Its transmission to human S. aureus strains could enhance its pathogenicity. The toxic
shock syndrome gene tst was detected in strains of ST816, even though tst is generally observed among
small ruminant isolates [4,35,37]. The presence of these virulence factors in healthy horses destined
for human consumption might be of concern for food security and public health since it can spread
through handling and processing.

Regarding the antimicrobial resistance, a low prevalence of resistant strains among S. aureus
isolates was observed (17.6%, n = 4). They showed resistance to penicillin, streptomycin, and SXT,
which are antibiotics frequently used in veterinary medicine [38].

Other staphylococcal species were identified from the horses studied, with predominance of
S. delphini and S. sciuri. S. delphini is described as a colonizer of a wide variety of animal species
(Equidae, Mustelidae, dolphins, pigeons, cinerous vulture, among others) [9,39–41]. Here, the S. delphini
group B revealed a predominance in horses. A similar trend was observed by Stull and collaborators
in Canada [9], as well as in wild birds in Spain [40]. The high susceptibility to the antibiotics observed
among our strains was in accordance with previous results in donkeys and might be due to a lower
selective pressure exerted on these animal species [9,41]. Unfortunately, data on antimicrobial therapy
or exposure level of these animals were not available.

S. sciuri was the predominant species with resistance to methicillin, as previously reported among
equine staphylococcal isolates [42]. This species hosts a native mecA homologue (mecA1) estimated
to be the origin of the mecA gene for MRS [42]. Three of our strains showed an MDR phenotype.
Those resistance genes could be disseminated among horses and humans through contact and derived
food manipulation, which would be a risk for animals and human health. In fact, CoNS and methicillin
resistant CoNS of the species detected in this study (S. epidermidis, S. haemolyicus, S. sciuri, S. xylosus,
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or S vitulinus among others) are frequently isolated from healthy and infected horses and, sometimes,
among equine personnel [13,32,42,43].

On the other hand, comparison of staphylococcal carriage between the nostrils and the faeces
among several animals in this study indicate a higher carriage rate in nasal samples. These results are
in agreement with former data, which describe human and animal skin and mucosa, especially the
nares, as the most frequent carriage site for staphylococci [3,44]. Remarkably, our results indicate that
the gut and nasal microbiota of these animals is similar when referring to staphylococcal species.

5. Conclusions

This study provides data on the staphylococcal carriage of healthy horses. A high prevalence of
MSSA, mostly susceptible to the antibiotics tested but carrying important virulence genes (lukPQ, scn-eq,
and tst), is highlighted. The detection and predominance of the S. aureus lineage ST1640 in horses is
noteworthy, as it represents its first description in horses. Furthermore, a high diversity of species
among non-S. aureus isolates was observed, including CoPS and MRCoNS. Due to current evidence on
the influence of animal-derived food in the dissemination of staphylococci and their resistance and
virulence genes, strict measures of hygiene and control must be taken for horses at slaughter and for
meat processing.
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Simple Summary: Multidrug-resistant (MDR) Enterobacteriaceae are becoming a major worldwide
concern in human and veterinary medicine, mainly due to the production of extended-spectrum
β-lactamases (ESBLs). These bacteria have been investigated in adult horses, but not in neonatal foals.
In this study, we investigated extended-spectrum β-lactamase Enterobacteriaceae (ESBL-E) shedding
and infection in hospitalized mares and their neonatal foals. Overall, we sampled rectal swabs
from 55 pairs of mares and their foals on admission, and 33 of them were re-sampled on the
3rd day of hospitalization. We also collected clinical samples, when available. We found that
shedding rates and bacterial species diversity increased significantly during hospitalization, both in
mares and foals. On admission to hospital, foals’ shedding was associated with umbilical infection.
During hospitalization, it was associated with ampicillin treatment. Foals’ shedding was independent
of their mares’ shedding. Four foals were infected with ESBL-E strains, including umbilical infections
and wounds. We suggest further investigation and surveillance of ESBL-E in neonatal foals, in order
to reduce resistance rates and infections.

Abstract: Extended-spectrum β-lactamase Enterobacteriaceae (ESBL-E) have been investigated in
adult horses, but not in foals. We aimed to determine shedding and infection in neonatal foals and
mares. Rectal swabs were sampled from mare and foal pairs on admission and on the 3rd day of
hospitalization; enriched, plated, and bacteria were verified for ESBL production. Identification and
antibiotic susceptibility profiles were determined (Vitek2). Genotyping was performed by
multilocus sequence typing (MLST). Genes were identified by PCR and Sanger sequencing.
Medical data were analyzed for risk factors (SPSS). On admission, 55 pairs were sampled, of which
33 pairs were re-sampled. Shedding rates on admission in foals and mares were 33% (95% CI 21–47%)
and 16% (95% CI 8–29%), respectively, and during hospitalization, these increased significantly to
85% (95% CI 70–94%) and 58% (95% CI 40–73%), respectively. Foal shedding was associated with
umbilical infection on admission (P = 0.016) and with ampicillin treatment during hospitalization
(p = 0.011), and was independent of the mare’s shedding. The most common ESBL-E was
Escherichia coli. During hospitalization, species diversity increased. Four foals were infected
with ESBL-E strains, including umbilical infections and wounds. This study substantiates an alarming
prevalence of shedding in neonatal foals, which should be further investigated in order to reduce
resistance rates.

Keywords: equine; foal; ESBL-E; antibiotic resistance; shedding; umbilical infection; risk factors
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1. Introduction

Multidrug-resistant (MDR) Enterobacteriaceae are becoming a major worldwide concern in
veterinary medicine, mainly due to the production of extended-spectrum β-lactamases (ESBLs) [1].
These widespread enzymes confer resistance to all the extended-spectrum cephalosporins and
aztreonam, but not to cephamycins or carbapenems, and are usually inhibited by β-lactamase
inhibitors [2]. ESBL genes are mainly plasmid-encoded and may co-carry additional antimicrobial
resistances, including aminoglycosides, sulfa-derivatives, trimethoprim and quinolone resistance [3].
Therefore, treatment options of infections caused by ESBL-producing bacteria are limited. In human
medicine, ESBL-E infection is associated with increased morbidity, mortality, length of hospital stay,
delay of targeted appropriate treatment and higher costs [4,5]. Moreover, ESBL-E colonization has
been identified as a risk factor for ESBL-E infection [6].

In horses, penicillin and cephalosporins are commonly prescribed [1], and antimicrobial resistance
is of concern in a wide range of equine pathogens, including Enterobacteriaceae [7]. Reports of wounds,
as well as respiratory and urinary tract infections, caused by ESBL-E are increasing in equine clinics [8,9].
Neonatal foals are considered as high-risk population due to their high-susceptibility and incomplete
maturity of their immune system [10]. Although antibiotic resistance patterns in neonatal foals have
been described [11], data on ESBL-E colonization and infections is still scarce. The motivation for
this prospective study was the increasing prevalence of antibiotic resistant Gram-negative bacterial
infections in hospitalized foals and the necessity to understand their origin. We hypothesized that foal
ESBL-E shedding would be associated with mare shedding, as well as with specific clinical presentations
and prior antibiotic treatment. We aimed to determine shedding prevalence among foal and mare
pairs admitted to our hospital, to elucidate risk factors, and to determine clinical consequences.

2. Materials and Methods

2.1. Equine Study Population, Study Design and Sampling Methods

This prospective study was performed in the KSVM-VTH (Koret School of Veterinary
Medicine—Veterinary Teaching Hospital). The study was approved by the Internal Research Review
Committee of the KSVM-VTH (Reference number: KSVM-VTH/15_2015). Rectal swabs were collected
from mares and their neonatal foals (pairs) on admission to the hospital over the course of one foaling
season (November 2015–June 2016) [12]. Pairs of mares with foals under 30 days of age were included.
Rectal sampling was performed immediately upon admission, prior to any medical treatment in
the hospital. Rectal swabs were collected with owner consent. When both mare and foal survived
and were not discharged, a second sample was taken on day 3 post admission. Overall, 55 pairs
were sampled on admission, of which 33 (60%) pairs were re-sampled. When infection was detected
clinically, as in umbilical infections for example, clinical samples were collected from the infection sites
and Enterobacteriaceae isolates were tested for ESBL production. Sepsis was defined as a sepsis score
greater than 11 [13], and umbilical infection was based on ultrasound and gross appearance [14].

2.2. Demographic and Medical Data

Medical records were reviewed for the following information: signalment (age, sex and breed)
of mares and foals, parity, weight of foals, white blood cell count on admission, clinical signs on
admission and during hospitalization, antibiotic therapy before and during hospitalization, surgical
procedures, hospitalization length, short-term outcome and re-hospitalization.
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2.3. ESBL-Producing Enterobacteriaceae (ESBL-E) Isolation and Species Identification

Rectal specimens were collected using bacteriological swabs (Meus s.r.l., Piove di Sacco, Italy) and
were inoculated directly into a Luria Bertoni infusion enrichment broth (Hy-Labs, Rehovot, Israel) to
increase sensitivity of ESBL-E detection [15]. After incubation at 37 ◦C (18–24 h), enriched samples
were plated onto Chromagar ESBL plates (Hy-Labs, Rehovot, Israel), at 37 ◦C for 24 h. Pure isolates
were stored at −80 ◦C for further analysis.

All isolates, from both rectal and clinical samples, were subjected to Vitek-2 (BioMérieux, Inc.,
Marcy-l’Etoile, France) for species identification and antibiotic susceptibility testing (AST-N270 Vitek
2 card). Chloramphenicol and doxycycline susceptibilities were analyzed using disc diffusion assay
(Oxoid, Basingstoke, UK). ESBL-production was confirmed by combination disk diffusion using
cefotaxime and ceftazidime discs (Oxoid, Basingstoke, UK), as well as cefotaxime and ceftazidime with
clavulanic acid (Sensi-Discs BD, Breda, the Netherlands). Results were interpreted according to the
Clinical and Laboratory Standards Institute (CLSI) guidelines [16]. Multidrug-resistant bacteria were
defined as such due to their in vitro resistance to 3 or more classes of antimicrobial agents [17].

2.4. Molecular Characterization of ESBL-E

Isolates were examined for presence of the blaCTX-M group using a multiplex polymerase
chain reaction (PCR) from ESBL-E DNA lysates, as previously described [18]. Isolates that were
found to be blaCTX-M PCR negative were further examined for blaOXA-1, blaOXA2, blaOXA10 [19],
blaTEM and blaSHV groups [20]. ESBL-producing Escherichia coli isolates were subjected to PCR
in order to determine the presence of the pandemic E. coli ST131 strain [21]. All clinical isolates,
as well as the additional fecal isolates from the same foals and their mares, were genotyped using an
enterobacterial repetitive intergenic consensus (ERIC) PCR amplification using the following primer:
5′– AAGTAAGTGACTGGGGTGAGCG – 3′ [22]. Results were analyzed using GelJ software [23],
and representative strains of each ERIC type were further analyzed by MLST for E. coli, Klebsiella
pneumonia and Klebsiella oxytoca, as described before [24–26].

2.5. Statistical Analysis

Descriptive statistics were used to describe the shedding rates on admission and during
hospitalization. Confidence intervals (95%) were calculated by Fisher’s (WinPEPI 11.15 Describe A).
Risk assessment was performed using Chi square or Fisher’s exact tests for association between
individual variables and shedding. Distribution of continuous parameters was evaluated by
Shapiro-Wilk test and all were subsequently analyzed for statistical significance between two groups
by Mann-Whitney U test due to non-parametric distribution. The agreement between mare and foal
shedding status was analyzed by Cohen’s kappa for agreement beyond chance using the on-line
Vassarstat Kappa Calculator (http://vassarstats.net/kappa.html). The McNemar test was used to
examine the significance of matched pairs (shedding on admission and during hospitalization). p <
0.05 was considered statistically significant. A logistic regression model (multivariable analysis) was
conducted using variables with p < 0.10, using the ENTER method (IBM SPSS Statistics 23).

3. Results

3.1. Characterization of Equine Study Population

The 55 mare–foal pairs included in this study represent 83% of the total number of mare–foal
pairs admitted to the large animal department during the study period (other pairs were not sampled
for logistical reasons). Out of nine pairs that were re-hospitalized, two were re-sampled on second
admission, due to suspected infections (a dermal abscess in foal #1 and an umbilical infection in
foal #2). Out of the sampled foals, n = 41 (74.5%) were fillies. Horses represented diverse breeds
(Supplementary Information Table S1), including 60% Arabian horse (n = 66), 14.5% Tennessee walker
(n = 16), 13.6% Quarter Horse (n = 15), 3.6% Single Footing (n = 4), 2.7% Appaloosa (n = 3), as well as
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one pair each of Missouri Fox Trotter, Friesian and Miniature breeds. Mares’ median age was 6 years,
and foals’ median age was 3 days. Signalment was not consistent with the general hospital population,
as these mares represent the brood mare population, along with their foals.

Admission to the hospital was due to disease of the foal, in most instances (n = 53/55, 96%).
Two foals (n = 2/55, 4%) were healthy and were referred to the hospital due to disease of the mare.
The pathologies were diverse (Table 1). One third of foals (n = 18/55, 33%) received antibiotics prior to
hospital admission. As for the mares, 87% (n = 48/55) were healthy on arrival. One mare (n = 1/55, 1.8%)
received antibiotics prior to hospitalization. For 43% of mares (n = 24/55), this was the first parturition.

Table 1. Pathologies of foals and mares on admission and during hospitalization.

Pathology
No. of Horses (%)

On Admission Developed during Hospitalization

Foals n = 55 n = 33

Diarrhea 13 (24) 4 (12)

Umbilical infection 13 (24) 0

Sepsis 12 (22) 0

Prematurity 10 (17) 0

Septic polyarthritis 9 (16) 0

Orthopedic problems (other than septic polyarthritis) 9 (15) 1 (3)

Perinatal Asphyxia Syndrome (PAS) 8 (13) 0

Respiratory problems 6 (11) 0

Colic 6 (10) 1 (3)

Injury 3 (5) 0

Neurological signs (other than PAS) 1 (2) 4 (12)

Uroperitoneum 1 (2) 1 (3)

Phlebitis 0 1 (3)

Uveitis 0 2 (6)

Peritonitis 0 1 (3)

Other (hernia, guttural pouch tympany and piroplasmosis) 3 (5) 0

Mares n = 55 n = 33

Colic 2 (4) 2 (6)

Retained placenta 2 (4) 0

Injury 1 (2) 0

Orthopedic syndromes 1 (2) 0

Placentitis 1 (2) 0

Colitis 0 1 (3)

3.2. Hospital Procedures, Antibiotic Therapy and Outcome

During hospitalization, 95% of foals (n = 52/55) and 5% of mares (n = 3/55) were treated with
antibiotics. Empirical antibiotic treatment of the foals included a combination of ampicillin and
amikacin [11,27] for broad-spectrum coverage. Forty percent (n = 22/55) of foals underwent a surgical
procedure and 25% (n = 14/55) had a urinary catheter inserted during hospitalization. Two thirds of
foals (n = 36/55, 66%) were discharged, 27% (n = 15/55) died or were euthanized, and 7% (n = 4/55)
were discharged contrary to medical advice. The median hospitalization duration was 3 days (range,
0–32 days). Nine foals (25%) that were discharged were re-admitted to the hospital within one month
of discharge.
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3.3. Prevalence of ESBL-E Shedding among Foals and Mares

Shedding rates of ESBL-E in foals and mares on admission were 33% (95% CI 21–47%) and 16%
(95% CI 8–29%), respectively, and were not different (p = 0.075). Most of the shedding foals (n = 13/18)
upon admission were accompanied by a non-shedding mare. In both populations, shedding rates
increased significantly during hospitalization from 33% to 85% (95% CI 70–94%) in foals and from 16%
to 58% (95% CI 40–73%) in mares (Table 2). The difference in shedding rates between mares and foals
during hospitalization was significant (p = 0.028). Nineteen out of 22 non-shedding foals on admission
(86%) were re-sampled and acquired ESBL-E during hospitalization. Ten of 18 shedding foals on
admission (56%) remained hospitalized and were re-sampled. Nine of them (90%) remained positive
and one turned negative. As for mares, five of nine that shed on admission remained hospitalized and
remained positive during hospitalization. Fourteen mares, out of 28 negative mares on admission that
were re-sampled, acquired ESBL-E (50%). Therefore, shedding rates increased significantly during
hospitalization in both mares and foals (p < 0.01 for both populations).

Table 2. Shedding rates of ESBL-E in mares and foals on admission and during hospitalization.

on Admission 1 ≥ 72 h of Hospitalization 2

Horses Shedding (%)
Total No. of

ESBL-E Isolates
blaESBL

Genes (%) 3 (%)Shedding
Total No. of

ESBL-E Isolates
blaESBL Genes (%) 3

Foals 18/55 (33)
(95% CI 21–47) 18

BlaCTXM-1:
14/19 (74)

BlaCTXM-9:
2/19 (11)

28/33 (85) 7

(95% CI
70–94)

46 4
CTX-M-1: 31/46 (67)

CTX-M-2: 1/46 (2)
OXA-1: 3/46 (7)

Mares 9/55 (16)
(95% CI 8–29) 115 BlaCTXM-1:

6/11 (55)

19/33 (58) 8

(95% CI
40–73)

27 6

CTX-M-1: 16/27 (59)
CTX-M-2: 1/27 (4)
CTX-M-9: 2/27 (7)
TEM-163: 2/27 (7)

1 Rectal swabs were collected immediately on admission. 2 A second rectal swab was collected from all foals and
mares that remained hospitalized. 3 ESBL genes were not identified in all ESBL-E. 4 Ten foals shed one ESBL-E;
15 shed two ESBL-E; two shed three ESBL-E isolates. 5 Eight mares shed one ESBL-E and one mare shed three
ESBL-E isolates. 6 Eleven mares shed one ESBL-E; five shed two ESBL-E; two shed three ESBL-E isolates. 7 Foal
shedding rates increased significantly following hospitalization and were significantly higher compared to mare
shedding rates during hospitalization. 8 Mare shedding rates increased significantly following hospitalization.

3.4. Species Distribution of ESBL-E Shedding Isolates

Overall, 127 ESBL-E bacterial isolates were analyzed (Supplementary Information Table S2).
The major fecal bacterial species on admission was E. coli (88% and 73% in foals and mares, respectively,
Figure 1A,B). During hospitalization, the diversity of ESBL-E species increased in both populations
(Figure 1C,D), with the following species distribution in foals and mares: E. coli—44% and 52%,
respectively; Klebsiella pneumoniae—30% and 22%, respectively; and Enterobacter cloacae—13% and 11%,
respectively. During hospitalization, ESBL-Salmonella enterica isolates were identified, consisting of 7%
(3/46) and 7% (2/27) of ESBL-E shed by foals and mares, respectively. In addition, 25% (5/20) and 29%
(4/14) of foals and mares, respectively, that shed ESBL-E. coli during hospitalization initially shed the
same species on admission.
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Figure 1. Species distribution of ESBL-E shedding on admission; foals (A, n = 18 isolates) and mares
(B, n = 12 isolates); and 72 h post admission, foals (C, n = 46 isolates) and mares (D, n = 27 isolates).

The main blaESBL gene group identified in ESBL-E isolates was CTX-M-1 (Table 2).
Molecular screening for the presence of pandemic E. coli sequence type ST131 genetic lineage among
all ESBL-E. coli isolates (n = 66) was negative.

3.5. Antibiotic Susceptibility Profiles of ESBL-E Fecal Isolates

3.5.1. ESBL-E Isolates on Admission

Antibiotic resistance rates within foal and mare populations varied, mainly with respect to
ciprofloxacin, ofloxacin (27% and 25% in foals vs. 0% in mares), amikacin (0% in foals vs. 8% in mares)
and gentamicin (33% in foals vs. 50% in mares), with significantly higher resistance rates to gentamicin
compared to amikacin in foals (p < 0.05) (Figure 2A,B).

3.5.2. ESBL-E Isolates during Hospitalization

ESBL-E isolates recovered from hospitalized animals showed higher resistance rates compared
to isolates on admission. Significant increase in resistance rates against amikacin and gentamicin
were detected in strains isolated from foals (p < 0.05). All isolates were susceptible to carbapenems
(Figure 2C,D).
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Figure 2. Antibiotic susceptibility profiles of ESBL-E shed on admission; foals (A, n = 18 isolates)
and mares (B, n = 11 isolates); and 72 h post admission, foals (C, n = 46 isolates) and mares (D,
n = 29 isolates). Significant changes are marked with asterisks.

3.5.3. ESBL-E Isolates from Clinical Samples of Infection Sites

A total of 24 clinical samples were collected from 18 foals (6 foals had two clinical samples).
Clinical samples were obtained aseptically from 10 joints, 11 umbilical samples (during omphalectomy),
two wounds and one tendon sheath. Four out of 18 foals with any clinical infection (22%) had an
infection with an ESBL-E strain. Overall, eight ESBL-E clinical isolates were recovered (Table 3). Five of
them (63%) were identified as E. coli, two as K. pneumoniae and one as S. enterica (Table 3). Along with
ESBL-producing E. coli, an MDR Acinetobacter baumannii strain was recovered from a wound infection
sampled from the leg of foal #2. All foals with clinical infection with ESBL-E shed at least one ESBL-E,
either on admission or 72-hours post admission. In two of the foals (#1 and #3) the same ESBL-E strain
that was isolated from the clinical sample was also found in the fecal sample (Table 3).

107



Animals 2019, 9, 600

Table 3. ESBL-E from clinical and samples isolated from four foals during hospitalization.

Foal
Age on

Admission

ESBL-E Shedding Status Clinical ESBL-E Infection

1st Admission 1st Hospitalization 2nd Admission 2nd Hospitalization ESBL-E Species Source Outcome

1 <12 h Negative E. coli ST88 K. pneumoniae
ST1552 Not sampled K. pneumoniae

ST1552 abscess 1 Discharged

2 <12 h Negative E. coli ST38
E. coli ST86

K. oxytoca ST194
S. enterica

Enterobacter cloacae
E. coli ST746 umbilicus 2

Euthanized
E. coli ST746 wound

3 <12 h Negative E. coli ST746
K. pneumoniae ST37

No second hospitalization

E. coli ST746
K. pneumoniae

ST585 umbilicus 3 Euthanized

S. enterica

4 17 d E. coli 4 Discharged No second hospitalization E. coli ST69 wound 5
Discharged

E. coli ST69 umbilicus

1 Sampled on second admission, 27 days after first hospitalization. 2 Sampled on second admission, 6 days after
first hospitalization, which prolonged 4 days. The wound developed 9 days after second admission. 3 Sampled
following 8 hospitalization days. 4 The bacteria were not recovered for further analysis. 5 Sampled on admission.
The foal suffered from infected umbilicus and wound for a week before admission.

All ESBL-E from clinical isolates in the study were MDR, as they also showed resistance to
aminoglycosides and trimethoprim-sulpha, but were all susceptible to quinolones. In seven out of
eight isolates, the ESBL gene was CTX-M group 1, and in one isolate, the ESBL gene was CTX-M group
9. Susceptibility profiles of individual isolates are displayed in Supplementary Information Table S1.

3.6. Risk Factor Analysis for ESBL-E Shedding

Cohen’s Kappa for the agreement beyond chance between the ESBL-E shedding status of the foal
and that of the mare was 0.2894 (95% CI 0–0.5961) on admission and was 0.2546 (95% CI 0–0.6143)
during hospitalization. Both results are interpreted as minimal agreement [28]. On admission,
a significant association was identified between foal’s shedding and umbilical infection on admission
(p = 0.016, 8 foals suffered from umbilical infection, out of 18 shedding foals). Odds ratio for umbilical
infection in shedding foals on admission was 5.5 (95% CI 1.21–18.97). All other associations resulted in
p > 0.10 (Supplementary Information Table S3); therefore, multivariable analysis for foal’s shedding on
admission was not conducted.

During hospitalization, foal’s shedding was significantly associated with ampicillin treatment
(p = 0.002, 26 foals were treated, out of 28 shedding foals). In a multivariate analysis for foals’ shedding
during hospitalization, the model included the following parameters (p < 0.10): hyperthermia on
arrival, ampicillin treatment during hospitalization, diarrhea during hospitalization, and length of stay.
The only significant risk factor was ampicillin treatment during hospitalization (p = 0.011, OR = 36.88,
95% CI 2.25–603.26).

4. Discussion

This is the first study to investigate shedding and infection with ESBL-E in hospitalized foals and
to identify the risk factors involved. Shedding rates found on admission in foals and mares were high
(33% and 16%, respectively) and increased significantly during hospitalization (85% and 58% in foals
and mares, respectively). In addition to identifying an alarming prevalence and incidence, neonatal
foals’ ESBL-E shedding was associated with umbilical infection on admission and with ampicillin
treatment during hospitalization.

Previous reports on ESBL-producing E. coli shedding/colonization rates in adult horses in the
community ranged between 6.3 and 9% [8,29], and were lower than 10% on admission to a hospital [30].
Overall, data regarding shedding/colonization of ESBL-E in equine populations is limited and describes
only ESBL-producing E. coli. Therefore, it is possible that the prevalence of all ESBL-E is higher,
although in this study, E. coli was the main pathogen. ESBL-E is known to be endemic to Israel in
human medicine [31], and therefore, a higher prevalence of ESBL-E circulating in the community
setting may also explain the high rate on admission to the hospital. In a recent study, a high
shedding/colonization rate (23.7%) was found in cattle in 40 farms in Israel. The mean prevalence
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of ESBL-E shedding/colonization was the highest in calves and gradually declined with maturation
in adult cows [32]. In different countries, equine shedding/colonization rates may be different and
generalizing our results should be done with caution.

The significant increase in shedding rates during hospitalization is alarming. Our findings support
previous studies that describe a significant increase in prevalence during hospitalization [33], which
was suggested to be associated with hospitalization length, mixed-purpose hospitalization yards [30]
and high antimicrobial usage even in untreated animals [29]. This may explain the increase in mare
ESBL-E shedding status, although they were mainly healthy. Alongside an increase in ESBL-E shedding
rates, differences were observed in ESBL-E species distribution and in antibiotic resistance profiles
of ESBL-E recovered from hospitalized foals and mares (Figures 1 and 2). This finding supports
nosocomial acquisition of ESBL-E from the hospital environment, acquisition of ESBL-encoding mobile
genetic elements from other bacteria present in the gastrointestinal microbiota or due to treatment
with antimicrobial drugs, as was suggested previously [30,32].

In this study, S. enterica was found, comprising 7% of all ESBL-E isolates in hospitalized mares
and foals, and was the causative pathogen of an umbilical infection in one foal. This pathogen is highly
concerning, mainly due to its zoonotic and outbreak potential. In the KSVM-VTH, all horses that are
admitted with acute diarrhea are routinely isolated, and every horse that develops acute diarrhea
during hospitalization is moved to the isolation ward immediately. In previous reports, different
serotypes of the Salmonella genus were isolated from foals and identified as a cause of diarrhea and
septic arthritis [34,35]. In addition, foals with gastrointestinal tract disease were 3.27 times as likely to
be shedding Salmonella organisms compared to adult horses [36]. However, reports on ESBL-producing
Salmonella species in neonatal foals is lacking, posing the need for further studies and the necessity of
surveillance actions, including the implementation of extensive infection control measures in order to
identify hot spots for acquisition.

As opposed to human newborns [37] and piglets [38], shedding of ESBL-E among foals upon
hospital admission in our study was weakly associated with the ESBL-E shedding status of their mares.
This result is intriguing because mares would be expected to serve as a direct source for infection of
foals either in utero or during parturition, as reported in the case of women and neonates [39]. This does
not seem to be the case in these mares and foals, although the wide confidence interval due to the small
sample size must be noted. This finding could be related to, and affected by, differences in immunity
between neonatal foals and mares and due to their high exposure to the environment in the stable.
The findings of this study, supported by a previous report regarding ESBL-producing E. coli isolates
from an equine stable [8], suggest that the equine environment is a source for ESBL-E acquisition in the
foals rather than the mare. In contrast to the weak association between mare and foal shedding status,
we found identical ESBL-E fecal strains mares and foals and infected foals, supporting transmission of
ESBL-E strains between mares and their foals. To further understand the epidemiology of mare and
foal transmission, longitudinal studies, including larger sample sizes, need to be performed.

Although the origin of bacterial infection in foal medicine is often undefined, it may be a leading
cause of sepsis and death. ESBL-E may disseminate systemically, presumably through the intestinal
tract of the foal as a route of invasion. Although not directly proven, bacteria may hypothetically
cross the intestinal barrier into the interstitium, lymphatics and bloodstream. Reports documenting
that Gram-negative enteric bacteria are the predominant isolates from neonatal foals with sepsis [34]
provide further evidence of the importance of the gastrointestinal tract as a major bacterial portal
of entry. Since all foals with ESBL-E-associated infections also shed ESBL-E, often with an identical
strain, the association between shedding and infection is most likely. This study was prospectively
designed to investigate one foaling season, in which we found four foals infected with ESBL-E. To better
understand the connection between shedding and infection, longitudinal studies encompassing larger
population are required.

Another clinical implication of our study concerns antibiotic treatment during hospitalization.
In hospitalized foals, we identified treatment with ampicillin as significantly associated with ESBL-E
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shedding. This may explain the significant difference in shedding rate between foals and mares during
hospitalization, as only foals were treated with ampicillin. However, there may be numerous reasons
for the difference, such as maturity of the immune system. In human neonatal intensive care units,
prior antibiotic treatment, combination of ampicillin/gentamicin and cephalosporin treatment were
detected as risk factors for shedding and/or infection with ESBL-E [40]. In our study, most foals
were treated with combination of ampicillin/amikacin [27] with or without other antibiotics; therefore,
it was impossible to distinguish the effect of ampicillin as mono-therapy. In addition, treatment
with cephalosporins was relatively rare and may be the reason no significant association was found.
The association with ampicillin treatment should be further studied.

The limitations of this study include small sample size and retrospective medical data collection.
The sample size w41as limited due to the number of admissions in the relevant foaling season.
Even though the statistical analysis did reveal significant associations, a larger sample size may have
resulted in additional associations.

This study underscores the importance of applying an active surveillance policy for ESBL-E
shedding in foals. As we revealed the importance of ESBL-E diagnosis, future studies should include
a larger cohort and further understanding of the source of these ESBL-producing strains, both on
admission and in the hospital setting.

5. Conclusions

The results from this study substantiate the alarming occurrence of ESBL-E in equine neonatal
medicine. Our data confirm that mares and their neonatal foals may shed and be infected by ESBL-E.
Further studies and active surveillance should focus on community-onset, nosocomial ESBL-E shedding,
and infection in foals, describing molecular characteristics and pathogenicity of ESBL-E.
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