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Preface

Antimicrobial resistance (AMR) presents a serious challenge in today’s world. The use

of antimicrobials (AMU) significantly contributes to the emergence and spread of resistant

bacteria. Historically, discussions surrounding AMU have primarily focused on quantitative aspects,

with particular emphasis on food-producing animals, which account for the highest volume of

antimicrobial consumption.

However, companion animals gain recognition as potential reservoirs and vectors for

transmitting resistant microorganisms to both humans and other animals. The full extent of this

transmission remains unclear, which is particularly concerning given the substantial and growing

number of households with companion animals—approaching 200 million in Europe alone.

This situation highlights critical knowledge gaps in our understanding of risk factors and

transmission pathways for AMR transfer between companion animals and humans. Moreover,

there’s a significant lack of information regarding AMU in everyday veterinary practices for

companion animals. The exploration and development of alternative therapeutic approaches to

antimicrobial treatments of companion animals represents also a research priority.

To address these pressing issues, this Reprint aims to compile and disseminate crucial additional

knowledge. It serves as a platform for relevant research studies and reviews, shedding light on the

complex interplay between AMU, AMR, and the role of companion animals in this global health

challenge. This Reprint is especially addressed to companion animal veterinary practitioners as well

as all researchers working on the field of AMR in both animals and humans, from a One Health

perspective.

George Valiakos

Guest Editor
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Simple Summary: Infection of the cornea is among the most frequent causes for the loss of vision
in dogs. The purpose of this study was to determine which particular antibiotics can be used
immediately at the time of infection to eliminate bacteria from the infected region and prevent the
loss of the eye. This study showed that combinations of antibiotics (amikacin and neopolybac or
ofloxacin and neopolybac) are potentially the best first choice of treatment to eliminate the majority
of commonly isolated bacteria from corneal infections in dogs.

Abstract: The aim of the study was to identify the aerobic bacterial isolates and determine corre-
sponding antibiotic susceptibility profiles in vitro in canine clinical specimens with stromal corneal
ulcers, with the goal of providing recommendations for first-line treatment with antibiotics. A total of
198 canine corneal stromal ulcer samples were studied between 2018 and 2021. A corneal swab was
collected and cultured under aerobic conditions. Bacterial organisms were identified at the species
level by MALDI-TOF mass spectrometry. Antibiotic susceptibility testing for commonly used topical
and systemic antibiotics was performed by disk diffusion. Bacterial growth was obtained from 80%
of samples. A variety of bacterial species were identified wherein the most common specimens were
represented by Staphylococcus pseudintermedius (22%), Staphylococcus epidermidis (12%), Staphylococcus
capitis (11%), and Pseudomonas aeruginosa (10%). Based on the overall antibiotic susceptibility data,
neopolybac alone (96%) or a combination of neopolybac with either ofloxacin or amikacin (each 99%)
showed the best coverage for commonly isolated bacterial organisms from canine corneal stromal
ulcers. Results of this study support the use of the combined antibiotics as the first-line response for
the treatment of canine corneal stromal ulcers. A statically significant increase in acquired bacterial
resistance was detected during the longitudinal data observation.

Keywords: corneal; stromal; ulcer; bacterial; canines; antibiotic

1. Introduction

The ocular surface is constantly exposed to a variety of environmental stimuli and
contains different mechanisms which function as a first level of eye defense against possible
pathogens. Bacteria often invade the damaged corneal surface, which in turn may lead to
the acceleration of corneal tissue loss, resulting in structural integrity defects and potential
loss of the eye [1,2]. The consequences could be vision-threatening and devastating for
eye globe integrity if the corneal infection process is not immediately and aggressively
treated or the causative bacterial organism is resistant to empiric antibiotic treatment [3].
The first step in treating corneal bacterial infections is empiric therapy based on epidemi-
ological data and use of suggested antimicrobials [4]. While large epidemiological and
corneal pathogen surveillance studies have been reported in humans, similar datasets are
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relatively sparsely reported in veterinary medicine, so the initial selection of the antibiotic
treatment is frequently chosen based on personal preference and in-hospital ophthalmic
drug availability [4–10].

A number of studies have evaluated a microbial community in canine corneal ulcers [5–15].
The most frequent bacterial groups identified are Gram-positive staphylococci and strepto-
cocci in addition to Gram-negative Pseudomonas aeruginosa [3,5,7–9,11–14,16,17].

The primary purpose of this manuscript was to perform in depth analysis of antimi-
crobial activity for commonly identified bacteria from canine corneal stromal ulcers and
provide general guidelines for the immediate initiation of empiric antibiotic therapy, which
may have the highest chance of being effective while waiting for the results of laboratory
microbial identification and antibiotic susceptibility. Furthermore, we intended to evaluate
trends in the antibiotic resistance development over a four-year period with a goal of
providing predictive data for future topical antibiotic use for canine corneal stromal ulcers.

2. Materials and Methods

Canine corneal ulcer samples were harvested using a flocked swab kit and placed in
the provided transport media (BD ESwabTM Collection Kit, COPAN ITALIA SpA, Brescia,
Italy). All samples were collected 30 s after applying topical anesthetic on the ocular
surface by gently rolling over the corneal surface for 10 s (Propracaine 0.05%, Akorn
Pharmaceuticals, Lake Forest, IL, USA). The samples were then kept on ice packs until
submitted to the laboratory or refrigerated at 4 ◦C and subsequently cultured after 1 to
5 days of collection.

Bacterial swabs were collected in the period from December 2018 to April 2021 from
canine patients with corneal stromal ulcers presented to Animal Eye Consultants of Iowa in
the state of Iowa, USA. All patients had a complete eye examination. The inclusion criteria
for corneal stromal ulcers were presence of the corneal defect affecting at least 10% of the
corneal stromal thickness with the clinical signs of cellular neutrophilic infiltrates with or
without evidence of corneal melting. Half of each ESwab tube solution with a collected
sample (approximately 0.5 mL) was cultured onto MacConkey agar (Hardy Diagnostics,
Santa Maria, CA, USA), while the other half of the sample was cultured onto Chocolate agar
(Hardy Diagnostics Hardy Diagnostics, Santa Maria, CA, USA). The plates were incubated
at 37 ◦C in 5% CO2 and examined at 24, 48, and 96 h after plating for bacterial colonies.

Antibiotic susceptibility testing was performed by Kirby–Bauer disc diffusion method
in all isolates following Clinical and Laboratory Standards Institute (CLSI) guidelines
(https://clsi.org/media/3481/m100ed30_sample.pdf, accessed on 10 January 2023 and
https://clsi.org/media/2321/vet08ed4_sample.pdf, accessed on 10 January 2023). An
ophthalmology antibiotic panel was developed based on the most frequently used and
commercially available topical ophthalmic antibiotics in the midwestern US. Additionally,
amoxicillin/clavulanic acid was added to the panel as this antimicrobial is frequently used
as a systemic antibiotic after different ophthalmic surgeries. The topical antibiotic set
included amikacin (30 µg), bacitracin (10 U), cefazolin (30 µg), cefoxitin (30 µg), gentamicin
(10 µg), neomycin (30 µg), ofloxacin (5 µg), oxacillin (1 µg; used instead of cefoxitin in
the case of Staphylococcus pseudintermedius and Staphylococcus schleiferi per CLSI guide-
lines; https://clsi.org/media/2321/vet08ed4_sample.pdf, accessed on 10 January 2023),
polymyxin B (300 U), tetracycline (30 µg), and tobramycin (10 µg). The systemic antibi-
otic set included amoxicillin/clavulanic acid (20/10 µg), cephalexin (30 µg), ciprofloxacin
(5 µg), clindamycin (2 µg), doxycycline (30 µg), enrofloxacin (5 µg), marbofloxacin (5 µg),
penicillin G (10 U), and sulfamethoxazole/trimethoprim (1.25/23.75 µg). Escherichia coli
ATCC 25922 and Staphylococcus aureus ATCC 25923 were the quality control organisms. All
antibiotic discs and control cultures were provided by Hardy Diagnostics (Santa Maria, CA,
USA) and Microbiologics INC (St Cloud, MN, USA), respectively.

Bacteria were identified to the species level by matrix-assisted laser desorption/
ionization-time of flight (MALDI-TOF) analysis following manufacturer’s instructions
(Bruker, Madison, WI, USA). Briefly, a single colony no older than 5 days was taken from
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the culture plate with a toothpick. On the target plate, a thin bacterial layer was smeared
onto a single spot and then the same specimen was placed onto the next spot to achieve a
thinner bacterial layer. Each sample was covered with 1 µL of 100% formic acid and air
dried and then 1 µL of HCCA matrix was added to each spot as instructed by manufacturer.
Bacterial Test Standard, Escherichia coli ATCC 25922, Enterococcus faecalis ATCC 29212, and
Candida albicans ATCC 10231 were used as quality controls (Microbiologics, INC; St Cloud,
MN, USA). MALDI-TOF analysis was performed in a CLIA-certified diagnostic laboratory
(Clinical Microbiology Laboratory, University of Iowa Hospitals & Clinics, Iowa City, IA,
USA) using the Bruker BioTyper RUO Database which included continuously updated
versions of the Compass reference library (in which veterinary isolates are well represented)
as well as the optional mycobacterial and fungal libraries.

WHONET database software (World Health Organization) was used with 2022 CLSI
breakpoints for dogs. If breakpoints were not available for dogs, other CLSI animal break-
points were used followed by human CLSI breakpoints if no other animal breakpoints were
available. These breakpoints were based on CLSI M100 Performance Standards for An-
timicrobial Susceptibility Testing (https://clsi.org/media/3481/m100ed30_sample.pdf, ac-
cessed on 10 January 2023), CLSI VET08 Performance Standards for Antimicrobial Disk and
Dilution Susceptibility Tests for Bacteria Isolated From Animals (https://clsi.org/media/2
321/vet08ed4_sample.pdf, accessed on 10 January 2023), and Hardy Diagnostics Disk Dif-
fusion Zone Diameter Chart (https://www.keyscientific.com/files/Other%20Manufacture
rs/Hardy%20Diagnostics/AST%20Discs/Hardy%20AST%20Disc%20Insert.pdf, accessed
on 10 January 2023). WHONET database software was also used to manage and analyze mi-
crobiology laboratory data and antibiotic susceptibility test results. Hardy Diagnostics Disk
Diffusion Zone Diameter Chart https://www.keyscientific.com/files/Other%20Manufac
turers/Hardy%20Diagnostics/AST%20Discs/Hardy%20AST%20Disc%20Insert.pdf, ac-
cessed on 10 January 2023) was also used for polymyxin B breakpoints in Pseudomonas
aeruginosa isolates (Resistant ≤ 11; Susceptible ≤ 12).

The AlereTM PBP2A SA Culture Colony Test was performed to detect penicillin-
binding protein 2A (PBP2A) in staphylococcal isolates according to manufacturer’s instruc-
tions (Alere Scarborough, Inc., 10 Southgate Road, Scarborough, ME 04074, USA). In the
case of Staphylococcus pseudintermedius and Staphylococcus schleiferi the methicillin resistance
was confirmed with oxacillin disks per CLSI VET08 guidelines (https://clsi.org/media/2
321/vet08ed4_sample.pdf, accessed on 10 January 2023).

All bacterial isolates were separated into susceptible and resistant categories according
to the interpretive criteria above. Susceptible and intermediate levels of response were
assigned to the susceptible class for the purposes of antibiogram creation [5,6,10].

Each antibiotic was classified into the antibiotic categories of aminoglycosides (amikacin,
gentamicin, neomycin, and tobramycin), polypeptides/polymyxins (bacitracin, polymyxin
B), anti-staphylococcal β-lactams (cephamycins, oxacillin, cefoxitin), tetracyclines (tetra-
cycline), non-extended spectrum cephalosporins (1st and 2nd generation cephalosporins,
cefazolin), penicillin and β-lactamase inhibitors (amoxicillin/clavulanic acid), and flu-
oroquinolones (ofloxacin). Each clinical isolate was classified by group based upon its
susceptibility data according to resistance pattern as not multidrug-resistant (Not MDR),
multidrug-resistant (MDR), or possible extensively multidrug-resistant (possible XDR). The
MDR group was defined as resistance to at least one antibiotic in three or more antibiotic
categories. XDR was defined as resistant to at least one antibiotic in all but two or fewer
antibiotic categories (i.e., bacterial isolates remain susceptible to only one or two categories)
as previously proposed [18,19]. Additionally, intrinsic resistance of an isolate to a particular
antibiotic was excluded from this analysis as previously suggested [20].

Statistical analyses were performed using a paired t-test and contingency table analyses
(chi-square and Fisher’s exact tests) for the indicated observed parameters with commer-
cial software as described in the manuscript (Prism, version 5.0; GraphPad, San Diego,
CA, USA).
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3. Results
3.1. Bacterial Growth from Patient Samples

A total of 187 dogs (198 eyes) with corneal stromal ulcers were subjected to sample
collection and a total of 198 samples were plated; 159/198 (80.3%) of plated samples demon-
strated bacterial growth, while 39/198 (19.7%) yielded no growth. A total of 167 isolates
were collected. Regarding prior antibiotic exposure, 134/198 (67.7%) samples were col-
lected from patients having previous antibiotic treatment, while 64/198 (32.3%) samples
were collected from patients with no previous antibiotic treatment; 101 of 134 (75.4%)
plated samples resulted in the growth of isolates, while 33/134 (24.6%) yielded no growth
in the group of patients with previous antibiotic treatment. Regarding patients with no
previous antibiotic treatment, 54/64 (84.4%) plated samples returned growth of isolates
while 10/64 (15.6%) resulted in no isolate growth.

3.2. Distribution of Bacterial Species in Patients Diagnosed with Corneal Stromal Ulcers

The most common bacterial species identified in the corneal stromal samples was
Staphylococcus pseudintermedius present in 22% of samples. Staphylococcus epidermidis, Staphy-
lococcus capitis, and Pseudomonas aeruginosa were present in 12%, 11%, and 10% of samples,
respectively. Enteric Gram-negative rods, coagulase negative staphylococci, and Streptococcus
canis were present in 7%, 5%, and 5% of samples, respectively (Table 1).

Table 1. Bacterial species distribution from corneal stromal ulcer samples. Distribution of incidence
of the specific microorganism detection in canine patients. Data are presented as a percentage of total
isolates (n = 167). a Citrobacter freundii, Enterobacter cloacae, Escherichia coli, and Serratia marcescens;
b Staphylococcus spp. (S. auricularis, S. hominis, S. saprophyticus, S. simulans, S. warneri, and S. xylosus)
excluding S. pseudintermedius, S. capitis, S. epidermidis, Staphylococcus intermedius and S. aureus. c Gram-
positive and Gram-negative bacteria (this group was identified by Gram labeling since MALDI-TOF
analysis yielded no identification) and unknown (this group was also not identified by MALDI-TOF
analysis). These two groups likely represent multiple bacterial species on the target plate spot
or no hit in the MALDI-TOF data base. d Presence of each isolate of 1% or less represented by
Acinetobacter johnsonii, Actinomyces sp., Bacillus pumilus, Bacillus sp., Exiguobacterium sp., Klebsiella
oxytoca, Kocuria sp., Microbacterium sp. Micrococcus luteus, Moraxella canis, Pasteurella canis, Pseudomonas
sp., Psychrobacter sp., Staphylococcus aureus, Streptococcus lutetiensis, and Streptococcus salivarius.

Organism (n = 167)

Staphylococcus pseudintermedius 22%

Staphylococcus epidermidis 12%

Staphylococcus capitis 11%

Pseudomonas aeruginosa 10%

enteric Gram-negative rods a 7%

coagulase negative staphylococci b 5%

Streptococcus canis 5%

Corynebacterium sp. 2%

Enterococcus faecalis 2%

Streptococcus sp. 2%

Rothia sp. 2%

Enterococcus faecium 1%

Staphylococcus aureus 1%

Staphylococcus intermedius 1%

Other c 5%

Other d 10%
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3.3. Antibiotic Susceptibility Pattern of Bacteria Isolated from Corneal Stromal Ulcers

To gain insight into which antibiotics to use in treating current canine corneal stro-
mal ulcers, we analyzed resistance profiles of isolates relative to a single or combination
antibiotic between two time points, 2018–2019 and 2020–2021. Based on overall antibiotic
susceptibility data, neopolybac alone (96%) or a combination of neopolybac with either
ofloxacin or amikacin (each 99%) showed the best antibiotic coverage for commonly iso-
lated bacterial organisms from canine corneal stromal ulcers (Figure 1). No statistically
significant difference (p = 0.1637, paired t-test) was observed in bacterial resistance to a
single or combination antibiotic between these two time points (Figure 1). For all sam-
ples tested with topical antibiotics, bacterial species were most frequently resistant to
polymyxin B, oxacillin, cefoxitin, and cefazolin. The least resistance was detected against
amikacin, gentamicin, and ofloxacin (Table 2). When acquired resistance was analyzed, a
similar trend of resistance was observed (Table 2).
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Figure 1. Percentage of total resistant isolates to a single or combination antibiotics from 2018–2019
and 2020–2021. Percentage (%) of overall resistant bacterial species isolated from patients with corneal
stromal ulcers (combined intrinsic and acquired resistance). For the period 2018–2019, the number of
isolates is 63 for each antibiotic/antibiotic combination except for oxacillin, which numbered 9. For
the period 2020–2021, the number of isolates is 104 for each antibiotic/antibiotic combination except
for oxacillin, which numbered 20. * = although amoxicillin/clavulanic acid is not used topically, data
for this antibiotic are presented here since it is often used postoperatively as a systemic antibiotic.
Abbreviations: AMC, amoxicillin/clavulanic acid; AMK, amikacin; BAC, bacitracin; CZO, cefazolin;
FOX, cefoxitin; GEN, gentamicin; NEO, neomycin; NP, neomycin and polymyxin B; NPB, neomycin,
polymyxin B, and bacitracin; OFX, ofloxacin; OXA, oxacillin; POL, polymyxin B; TCY, tetracycline;
TOB, tobramycin.
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Table 2. Resistance profile of isolates from corneal stromal ulcer samples from 2018–2021. Percentage
(%) of resistant bacterial species from patient samples presented as combined resistance (TOTAL; in-
trinsic and acquired resistance together), intrinsic resistance only (INTRINSIC), or acquired resistance
only (ACQUIRED). The number of isolates is 167 for each antibiotic in the TOTAL column exceptfor
oxacillin, which numbered 29. * = although amoxicillin/clavulanic acid is not used topically, data for
this antibiotic are presented here since it is often used postoperatively as a systemic antibiotic.

Antibiotic Total Intrinsic Acquired

polymyxin B 60% 1% 59%

oxacillin 59% 0% 59%

cefoxitin 46% 7% 39%

cefazolin 46% 11% 35%

amoxicillin/clavulanic acid * 44% 10% 34%

tetracycline 38% 5% 33%

tobramycin 32% 5% 27%

neomycin 29% 10% 19%

bacitracin 26% 0% 26%

ofloxacin 23% 0% 23%

gentamicin 21% 4% 17%

amikacin 16% 6% 10%

For all samples tested with systemic antibiotics, bacterial species were predominantly
resistant to penicillin G (74%), cephalexin (65%), clindamycin (59%), amoxicillin/clavulanic
acid (44%), ciprofloxacin (41%), sulfamethoxazole/trimethoprim (41%), and doxycycline
(34%), while the least resistance was seen against enrofloxacin (21%), and marbofloxacin (15%).

3.4. Increase in Acquired Resistance in Isolates from Corneal Stromal Ulcers

To gain insight into the temporal dynamics of acquired resistance, we analyzed isolates
between two time points, 2018–2019 and 2020–2021. In the period 2018–2019, the highest
percentage of isolates was resistant to polymyxin B, oxacillin, and cefoxitin with a similar
trend in the period 2020–2021 (Figure 2). The lowest percentage of isolates was resistant to
amikacin, gentamicin, ofloxacin, and neomycin in the period 2018–2019 with a comparable
tendency in the period 2020–2021. Strikingly, a temporal increase in acquired resistance was
statistically significant (p = 0.0025, paired t-test) from 2018–2019 to 2020–2021 (Figure 2).
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Staphylococcus pseudintermedius 34% 15%
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Staphylococcus capitis  8% 13%

Figure 2. Increase in acquired resistance in isolates from corneal stromal ulcers between 2018–2019
and 2020–2021. Percentage (%) of resistant bacterial species from patient samples excluding intrinsic
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resistance of isolates. The number of isolates ranges from 9 to 63 for the period 2018–2019 and from
20 to 104 for the period 2020–2021. * = although amoxicillin/clavulanic acid is not used topically, data
for this antibiotic are presented here since it is often used postoperatively as a systemic antibiotic.
Abbreviations: AMC, amoxicillin/clavulanic acid; AMK, amikacin; BAC, bacitracin; CZO, cefazolin;
FOX, cefoxitin; GEN, gentamicin; NEO, neomycin; OFX, ofloxacin; OXA, oxacillin; POL, polymyxin B;
TCY, tetracycline; TOB, tobramycin.

3.5. Distribution of Bacterial Species in Patients Diagnosed with Corneal Stromal Ulcers Relative
to Previous Patient’s Antibiotic Treatment

The most common bacterial species identified in the corneal stromal samples relative to
the patient’s previous antibiotic treatments were Staphylococcus pseudintermedius, Staphy-
lococcus epidermidis, Staphylococcus capitis, and Pseudomonas aeruginosa (Table 3).
When compared to the overall data in Table 1, most of isolates were present in com-
parable percentages. Accordingly, no statistically significant difference (p = 0.3367, paired
t-test) was observed in the distribution of bacterial species relative to the patient’s previous
antibiotic treatments.

Table 3. Bacterial species distribution from corneal stromal ulcer samples relative to the patient’s
previous antibiotic treatments. Distribution of isolates in canine patients. Data are presented as a
percentage of total isolates (n = 61 and n = 106). a Citrobacter freundii, Enterobacter cloacae, Escherichia
coli, and Serratia marcescens; b Staphylococcus spp. (S. auricularis, S. hominis, S. saprophyticus, S. simulans,
S. warneri, and S. xylosus) excluding S. pseudintermedius, S. capitis, S. epidermidis, Staphylococcus
intermedius and S. aureus. c Gram-positive and Gram-negative bacteria (this group was identified by
Gram labeling since MALDI-TOF analysis yielded no identification) and unknown (this group was
also not identified by MALDI-TOF analysis). These two groups likely represent multiple bacterial
species on the target plate spot or no hit in the MALDI-TOF data base. d Presence of each isolate
of 1% or less represented by Acinetobacter johnsonii, Actinomyces sp., Bacillus pumilus, Bacillus sp.,
Exiguobacterium sp., Klebsiella oxytoca, Kocuria sp., Microbacterium sp. Micrococcus luteus, Moraxella canis,
Pasteurella canis, Pseudomonas sp., Psychrobacter sp., Streptococcus lutetiensis, and Streptococcus salivarius.

Organism
No Previous Antibiotic

Treatment
(n = 61)

Previous Antibiotic
Treatment
(n = 106)

Staphylococcus pseudintermedius 34% 15%

Staphylococcus epidermidis 2% 18%

Staphylococcus capitis 8% 13%

Pseudomonas aeruginosa 15% 8%

enteric Gram-negative rods a 7% 7%

coagulase negative staphylococci b 7% 5%

Streptococcus canis 5% 6%

Corynebacterium sp. 0% 3%

Enterococcus faecalis 2% 2%

Streptococcus sp. 3% 1%

Rothia sp. 2% 3%

Enterococcus faecium 0% 2%

Staphylococcus aureus 0% 2%

Staphylococcus intermedius 3% 0%

Other c 3% 7%

Other d 10% 10%
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3.6. Susceptibility Profile of Isolates from Corneal Stromal Ulcers Relative to Patient’s Previous
Antibiotic Treatments

To examine a trend of acquired resistance relative to previous the patient’s antibiotic
treatments, we analyzed isolates within an approximately three-year period from 2018
to 2021. In the group with no previous exposure to antibiotics, the highest percentage of
isolates was resistant to oxacillin, polymyxin B, cefoxitin, and tetracycline with a similar
trend in the group previously treated with antibiotics (Figure 3). The lowest percentage of
isolates was resistant to amikacin and ofloxacin in both groups. Furthermore, no statistically
significant changes (p = 0.0977, paired t-test) in acquired resistance were observed relative
to the patient’s previous antibiotic treatments within the examined three-year period
(Figure 3). Furthermore, we analyzed total isolate resistance against the most commonly
prescribed antibiotics by local non-specialty veterinary practices, ofloxacin and tobramycin,
relative to the patient’s previous antibiotic treatments. In either case, no statistically
significant changes in resistance were observed relative to previous patient’s antibiotic
treatments (ofloxacin; odds ratio = 1.744; CI= 0.3717–8.647, p = 0.7163; tobramycin (odds
ratio = 0.2857; CI = 0.05942–1.240, p = 0.1919; contingency table analyses (chi-square and
Fisher’s exact tests)).
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3.7. Resistance Profile Based on the Percentage of Isolates Resistant to Multiple Antibiotics in
Canine Corneal Stromal Ulcers

The highest percentage of bacteria was not resistant to any tested antibiotic (24/167;
14%) followed by bacteria resistant to one antibiotic (22/167; 13%), while the vast majority
of isolates (73%) were resistant to two or more tested antibiotics (Figure 4). Furthermore, no
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statistically significant difference (p = 0.1855, paired t-test) was observed in the percentage
of isolates resistant to multiple antibiotics relative to the patient’s previous antibiotic
treatments. Some highly aggressive isolates showed antibiotic resistance to nine or more
tested antibiotics (Figure 4), such as a particular case of Staphylococcus pseudintermedius
(Figure 5).
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Figure 5. Aggressive corneal infection by Staphylococcus pseudintermedius. (A) Patient cornea was
severely affected with a focal zone of conjunctival graft destruction at 4 o’clock position in the
paracentral graft region (green arrow). Patient was treated with topical ofloxacin and cefazolin
and systemic amoxicillin/clavulanic acid immediately after surgery. (B,C) Antibiotic susceptibil-
ity testing performed for topical (A) and systemic antibiotic sets (B). The isolate was resistant to
the multiple topical (amikacin, cefazolin, cefoxitin, gentamicin, neomycin, ofloxacin, polymyxin
B, tetracycline, and tobramycin) and systemic antibiotics (amoxicillin/clavulanic acid, cephalexin,
ciprofloxacin, clindamycin, doxycycline, enrofloxacin, marbofloxacin, penicillin G, and sulfamethoxa-
zole/trimethoprim). The isolate was also penicillin-binding protein 2A–positive and susceptible only
to topical bacitracin.
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3.8. Distribution of Multidrug-Resistant (MDR) Bacteria in Clinical Corneal Ulcers

Overall, in the corneal stromal ulcer samples, 62% (103/167) were not MDR isolates,
20% (33/167) were MDR isolates, while 18% (31/167) were possible XDR isolates from
2018–2021. Regarding the patient’s previous antibiotic treatments, no statistically significant
difference (p = 0.4325, paired t-test) was observed in the distribution of multidrug-resistant
bacteria. In the period 2018–2019, 67% (42/63) were not MDR isolates and 19% (12/63) were
MDR isolates, while 14% (9/63) were possible XDR isolates. In the period 2020–2021, 59%
(61/104) were not MDR isolates and 20% (21/104) were MDR isolates, while 21% (22/104)
were possible XDR isolates. Moreover, no statistically significant difference (p = 0.2777,
paired t-test) was observed in multidrug resistance between these two time points.

3.9. Methicillin-Resistant Staphylococcus spp.

To assess methicillin resistance in Staphylococcus species, the isolates were tested with
cefoxitin disks [21]. A few species were also tested with the penicillin-binding protein 2A
(PBP2A) antibody test. Overall, in the 2018–2021 period, 49% (40/81) of isolates were
methicillin-resistant. Relative to the patient’s previous antibiotic treatments, similar per-
centages of resistance were detected. In the group with no previous antibiotic treatment,
54% (15/28) of isolates were methicillin resistant. In the group with previous antibiotic
treatment 47% (25/53) of isolates were methicillin resistant. Over time, a substantial in-
crease in the number of methicillin-resistant Staphylococcus species were detected from
2018–2019 (39%; 11/28) to 2020–2021 (55%; 29/53).

4. Discussion

In this study, the overall bacterial growth from patients with corneal stromal ulcers
(80.3%) was generally higher than previously reported rates (57–71%) [5,7,8,10,13,22,23].
The higher positive culture rate in our study may reflect the use of improved elution swabs
(BD ESwabTM Collection Kit) and possibly be due to increased yield of plating half of the
volume of each collection swab onto a culture plate rather than a subset of the total volume
adsorbed onto the swab.

The most common bacterial isolates from the stromal corneal ulcers in our study were
Staphylococcus spp. accounting for 50% of all bacterial species, consistent with or slightly
above levels reported in previous studies that were performed in various geographical
locations (Table 4) [5,6,8,9,11,13,15,22,24–26]. In contrast, studies from Australia and UK
reported Pseudomonas aeruginosa and Streptococcus spp. as the most commonly isolated
bacteria from canine ulcers (Table 4) [7,10]. This discrepancy could be potentially explained
by regional differences of bacterial species in various geographical locations due to local
climate factors [4,9], wherein weather conditions in the midwestern US are not as warm
and humid as in the southeastern US, Brazil, or Australia (Table 4).

Based on the overall antibiotic susceptibility data, neopolybac alone (96%) or a com-
bination of neopolybac with either ofloxacin or amikacin showed the best coverage for
commonly isolated bacterial organisms from canine corneal stromal ulcers in line with
a previous report [15]. Considering that canine stromal corneal ulcers may be extremely
aggressive, an immediate and aggressive initiation of antibiotic therapy with commercially
available ophthalmic antibiotics (neopolybac and ofloxacin) may be the prudent strategy
while waiting for the results of the microbial identification and susceptibility from the
affected patient.

Data from this study described a trend of increased resistance to polymyxin B and
ofloxacin when compared to previous studies [5,10,12]. However, a comparison of data
from this study to the recent report [15], both performed at the same general geographical
location (midwestern US), revealed substantial differences in topical susceptibility profiles
for polymyxin B, bacitracin, and cefazolin (Table 5). This discrepancy can be partly ex-
plained by different methods used in these two studies (Kirby–Bauer disc diffusion method
vs. minimum inhibitory concentration (MIC) susceptibility testing). Since the reliability
of bacterial resistance to polymyxin B assessed by the Kirby–Bauer disc diffusion method
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is still questionable [27,28], reported polymyxin B data should be carefully scrutinized
when making the clinical judgement on the choice of antibiotic. The same logic can be
applied for bacitracin as this antibiotic, together with polymyxin B, belongs to the same
antibiotic group of polypeptides. The trend of increased resistance to ofloxacin may reflect
the acquisition of mutations through mobile genetic elements as reported in the case of
Pseudomonas aeruginosa [29].

Table 4. Distribution of the most common bacterial species from canine corneal ulcers across various
geographical locations.

Location Author, Year Staphylococcus
spp.

Pseudomonas
aeruginosa

Streptococcus
spp.

Australia Hindley et al., 2015 [7] 18% 31% 31%

Taiwan Lin et al., 2007 [25] 49% 8% 7%

Thailand Ekapopphan et al., 2018 [11] 46% 21% 8%

UK Tsvetanova et al., 2020 [10] 14% 40% 28%

Switzerland Suter et al., 2018 [8] 41% 11% 26%

Brazil Prado et al., 2005 [24] 57% 5% 11%

Brazil Varges et al., 2009 [26] 59% - -

Southeast US Tolar et al., 2006 [6] 33% 21% 17%

Southeast US McKeever, 2021 [5] 34% 18% 28%

Midwest US Jinks et al., 2020 [12] 36% 10% 34%

Midwest US Hewitt et al., 2020 [15] 32% 12% 19%

Midwest US this study, 2022 50% 10% 7%

Table 5. Comparison of susceptibility profiles of isolates in the midwestern US between Hewitt et al.
and this study.

Topical Antibiotic Susceptibility

Antibiotic Hewitt et al. This Study

amikacin 77% 84%

amikacin and cefazolin 79% 93%

bacitracin 7% 74%

cefazolin 8% 54%

gentamicin 74% 79%

gentamicin and cefazolin 76% 90%

gentamicin and ofloxacin 87% 88%

neomycin 76% 71%

neopoly 76% 79%

neopolybac 77% 96%

ofloxacin 53% 77%

ofloxacin and cefazolin 55% 87%

polymyxin B 0% 40%

tobramycin 57% 68%

Systemic Antibiotic Susceptibility

amoxicillin/clavulanic acid 78% 56%

cephalexin 23% 35%

clindamycin 61% 41%

doxycycline 56% 66%

enrofloxacin 64% 79%

marbofloxacin 75% 85%

penicillin 35% 26%

trimethoprim/sulfamethoxazole 53% 59%
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In our study, a patient’s previous antibiotic treatments do not affect isolate resistance to
tobramycin in general. However, resistance to tobramycin appears to be increased between
two time points, in line with a previous report performed at the same general geographical
location [15] (Table 5; midwestern US). In contrast, the other study performed in the
southeastern US demonstrated a substantially higher increase in and the percentage of
resistant isolates to tobramycin [6]. As previously discussed, this inconsistency could be due
to local climate factors in conjunction with the regional variation of bacterial species [4,9].

In the cases where severe corneal neovascularization is present or conjunctival pedicle
graft surgery was performed so iatrogenic blood supply can be provided to the corneal ulcer
region, treatments with topical medications can be complemented by systemic antibiotics.
Based on data reported in this study, a systemic fluoroquinolone antibiotic (marbofloxacin,
enrofloxacin) should be the first choice for treatment of corneal stromal ulcers, which is
in line with a recently published report from the US Midwest on corneal ulcers [15]. In
comparison to the earlier report from the southeastern US [6], in this study there was a
tendency of increased resistance to enrofloxacin and ciprofloxacin, although this difference
may be caused by regional differences in a distribution of bacterial species at different
geographical locations and local climate factors [4,9].

In this study, we report a statistically significant increase in acquired resistance in
isolates from 2018–2019 to 2020–2021. Our data not only point to this alarming trend but also
indicate a presence of detectable deteriorating changes in antimicrobial susceptibility within
a relatively short three-year period. However, the presence or absence of previous antibiotic
treatments does not appear to influence an overall status of acquired bacterial resistance.

In our study, we detected 8% of isolates which showed antibiotic resistance to nine
or more tested antibiotics. This pattern is of particular concern and qualifies correspond-
ing isolates as potentially very aggressive pathogens causing corneal pathology poorly
responsive to medical and surgical treatments.

The surge in antibiotic resistance is an alarming concern not only in global health care
but also in animal ophthalmology [30]. In this study, over a third of isolates from clinical
corneal stromal ulcers belong to the MDR group. However, none of Pseudomonas aeruginosa
specimens belong to the MDR class, consistent with a previous report [15]. This study did
not detect a statistically significant MDR increase between two time points 2018–2019 and
2020–2021 in contrast to the previous report, suggesting an MDR increase over time period
of 2016–2020 [15].

Methicillin resistance of Staphylococcus spp. isolates is a serious concern in human and
veterinary medicine due to the cross-species infectious behavior of these bacteria [31,32].
In this study, a half of Staphylococcus spp. isolates were methicillin resistant, which is in
line with a previous report [33] with some isolates showing extremely aggressive clinical
behavior (Figure 5).

In conclusion, the current study reports four important findings directly relevant to
antibiotic treatments of canine corneal stromal ulcers: (1) clinical corneal stromal isolates
showed increased acquired resistance within a three-year period; (2) many isolates were
resistant to a large number of antibiotics; (3) over a third of analyzed specimens belong
to the multidrug resistance group; and (4) some clinical isolates showed resistance to a
combination of up to four antibiotics. Similar data have been recently reported in the
ARMOR study from human corneal isolates; however, analysis of the resistance trend did
not show gradual progression over a period of 10 years [4].

Analogous to earlier studies of antibiotic susceptibility in animals, key limitations
of this study are the fact that CLSI interpretive criteria and breakpoints for particular
bacterial species and antibiotic combinations are based on systemic minimum inhibitory
concentration of antibiotics, since specific standards for corneal infections were never
developed in human or veterinary medicine. Consequently, complete reliability of the
Kirby–Bauer disc diffusion system as a method to assess corneal infections can be fully
evaluated when these standards are developed. Until specific ophthalmology antibiotic
standards become available, this study may provide a general guideline when initially
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choosing empirical therapies for treating canine corneal stromal ulcers while waiting for
the patient-specific antibiotic susceptibility profile.

5. Conclusions

The results of this study support the use of the combined antibiotics as the first-
line response for the treatment of canine corneal stromal ulcers. Neopolybac alone or a
combination of neopolybac with either ofloxacin or amikacin is recommended as the initial
antibiotic treatment while waiting for the patient-specific antibiotic susceptibility profile.
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Simple Summary: Fosfomycin is an antibiotic with renewed interest over the last years, especially in
human medicine, as it possesses some advantageous properties and a broad spectrum of bactericidal
activity. Moreover, the emerging issue of multi-resistance against traditional antibiotics obligates
specialists to turn to new alternative agents. However, cases of Fosfomycin-resistant strains are being
detected at a rising rate worldwide, among humans and animals. The objective of this review is
to collect, present and analyze studies related to Fosfomycin resistance in isolates from companion
animals and specifically dogs and cats. Variable articles were collected and data for the relevant strains
were scanned and evaluated. Since Fosfomycin is an agent not routinely used by veterinarians, the
detection of Fosfomycin-resistant strains in canine and feline samples indicates possible dissemination
of these strains among humans, pets, and the environment, reinforced by other factors. Concerning
the origin, the species, and the resistance patterns of the related bacteria, useful conclusions were
drawn, about the presence, the spreading, and possibly the causes of Fosfomycin resistance among
companion animals and between them and their environment.

Abstract: Fosfomycin is an old antibacterial agent, which is currently used mainly in human medicine,
in uncomplicated Urinary Tract Infections (UTIs). The purpose of this review is to investigate the
presence and the characteristics of Fosfomycin resistance in bacteria isolated from canine or feline
samples, estimate the possible causes of the dissemination of associated strains in pets, and underline
the requirements of prospective relevant studies. Preferred Reporting Items for Systematic Reviews
(PRISMA) guidelines were used for the search of current literature in two databases. A total of 33 arti-
cles were finally included in the review. Relevant data were tracked down, assembled, and compared.
Referring to the geographical distribution, Northeast Asia was the main area of origin of the studies.
E. coli was the predominant species detected, followed by other Enterobacteriaceae, Staphylococci,
and Pseudomonas spp. FosA and fosA3 were the more frequently encountered Antimicrobial Resistance
Genes (ARGs) in the related Gram-negative isolates, while fosB was regularly encountered in Gram-
positive ones. The majority of the strains were multidrug-resistant (MDR) and co-carried resistance
genes against several classes of antibiotics and especially β-Lactams, such as blaCTX-M and mecA.
These results demonstrate the fact that the cause of the spreading of Fosfomycin-resistant bacteria
among pets could be the extended use of other antibacterial agents, that promote the prevalence
of MDR, epidemic strains among an animal population. Through the circulation of these strains
into a community, a public health issue could arise. Further research is essential though, for the
comprehensive consideration of the issue, as the current data are limited.

Keywords: Fosfomycin resistance; dog; cat; companion animals; pets; PRISMA guidelines; ARGs
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1. Introduction
1.1. Properties and Mode of Action of Fosfomycin

Fosfomycin is a hydrophilic, low molecular mass (138 Da) derivative of a phosphoric
acid, which was first discovered in Spain in 1969, under the name phosphonomycin [1]. It
has been isolated from cultures of Streptomyces spp. [2,3]. It remains the only antibiotic in its
class, and thus its role as an alternative therapeutic option is unquestionably important [4].

Fosfomycin’s bactericidal effect is achieved by blocking the first step of peptidoglycan
synthesis, which is the structural unit of the bacterial cell wall, resulting in the inhibi-
tion of its biogenesis and consequently lysis of the bacterial cell [5]. The transport of
Fosfomycin to the interior of the bacteria is performed through specific permeases (mem-
brane transport proteins that subserve the diffusion of specific molecules intracellularly),
which are the glycerol-3-phosphate transporter (GlpT) and the glucose-6-phosphate trans-
porter (UhpT) [4]. Once diffused intracellularly, it inhibits the UDP-N-acetylglucosamine
enolpyruvyl transferase (MurA) enzyme, which is responsible for catalyzing the forma-
tion of N-acetylmuramic acid, peptidoglycan’s precursor. Therefore, it inhibits cell wall
formation by blocking the first step of its biosynthesis [5].

Fosfomycin is an antibacterial agent of broad spectrum and very low toxicity. Addi-
tionally, it has a very low protein binding (0,5%) and is highly distributed throughout the
body, including inflamed tissues and pus [6]. Several studies confirm that Fosfomycin has
the ability to penetrate into tissues where antibiotics frequently demonstrate low penetra-
tion ability; therefore, it has a significant potential for usage against many difficult-to-treat
infections [3,7]. Another major advantage is its diminished cross-resistance property, as its
mechanism of action is unique, resulting in an absence of crossed resistances with other
classes of antibiotics [4].

1.2. Usage in Human and Veterinary Medicine

Oral Fosfomycin is primarily used in human medicine, in cases of uncomplicated
urinary tract infections (UTIs) and prostatitis caused by multidrug-resistant (MDR) Gram-
negative bacteria. Intravenous Fosfomycin has been mainly used in combination with other
agents against various types of complicated, severe MDR infections [8].

In recent years, however, the use of Fosfomycin has increased spectacularly due to
the considerable incidence of MDR microorganisms, against which it constitutes (alone
or in combination) a treatment alternative [3,9]. It has a broad spectrum of in vitro ac-
tivity against a variety of pathogens, such as methicillin-resistant Staphylococcus aureus
(MRSA), drug-resistant Enterobacteriaceae, and Pseudomonas aeruginosa including extended-
spectrum-β-lactamase (ESBL)-producing and carbapenem-resistant (CR) organisms [10–12].
Different studies also confirm the in vivo and in vitro synergistic action of Fosfomycin
in combination with other antibiotics, against MDR Acinetobacter baumannii [13–15] and
Vancomycin-resistant Enterococci (VRE) strains [16,17].

In veterinary medicine, Fosfomycin is used mostly against infections caused by a
number of Gram-positive and Gram-negative pathogens, including E. coli, in intensively
bred piglets and broiler chickens [3,18]. Especially in piglets, Fosfomycin is effective in the
treatment of several stress-associated or secondary (due to the dissemination of viruses)
bacterial infections [18]. It is more widely used in farms in South and Central America.
Even though it is occasionally used by veterinarians for decades and in several coun-
tries, it Is still considered a second-line antibiotic. It is not approved for veterinary use in
many countries, and therefore knowledge of its pharmacokinetic and pharmacodynamic
properties among professionals is rather insufficient [19]. Moreover, it is currently cat-
egorized as a critically important antimicrobial for human medicine and thus its use is
rather disapproved, especially in European Union [20,21]. Nevertheless, a small number of
protocols have been suggested, with promiscuous results, in several livestock and domestic
species such as broiler chickens [22,23], dogs [19,24], pigs [25,26], cattle [27], and horses [28].
Contrarily, acute renal insufficiency and failure have been referred to after administration
in cats [29,30].
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1.3. Fosfomycin Resistance

Even though Fosfomycin seems to be still effective against a great variety of bacteria,
several resistance mechanisms have been described. The main mechanisms are described
in Table 1.

Table 1. Main mechanisms of bacterial resistance against Fosfomycin.

Mechanism of
Resistance Description Related Genes References

Modification or
overexpression
of MurA gene

A modification of MurA gene, could alter amino acid sequence in
Fosfomycin’s binding site, conferring resistance [28,29]. Furthermore, a
resistant phenotype can also be achieved by increased synthesis of the

enzyme through overexpression of the MurA gene.

MurA [31,32]

Reduced
permeability

• Mutations affecting metabolic pathways of the membrane
transporters responsible for the uptake of Fosfomycin (GlpT and
UhpT) or their substrates, glycerol-3-P and glucose-6-P.

• Mutations affecting intracellular levels of cAMP-receptor protein
(CRP), which affects the action of GlpT and UhpT.

Variable
related
genes

[31,33,34]

Fosfomycin
modifying
enzymes

FosA enzyme: a glutathione S-transferase that inactivates Fosfomycin by
the addition of glutathione. Mn+2 and K+ are used as cofactors. Mostly

found in Gram-negative bacteria such as Enterobacteriaceae and
Pseudomonas. Several subtypes of fosA have been identified: fosA3, fosA4,

fosA5, fosA6, fosA8, fosA9, fosA10, fosAEC and fosASH 1.

fosA, fosA3,
fosA4, fosA5,
fosA6, fosA8,

fosA9, fosA10,
fosAEC, fosASH

[35–39]

FosB enzyme: differs from fosA in being a Mg+2 dependent enzyme and
using l-cysteine or possibly bacillithiol, as the physiologic thiol donor.

Additionally, an extracytoplasmic sigma factor SigW, seems to be
essential for its expression. It is routinely detected in Gram-positive

bacteria, (Staphylococcus spp., Enterococcus spp., Bacillus subtilis).

fosB [36,40,41]

FosX enzyme: a Mn2+-dependent epoxide hydrolase, which catalyzes the
addition of a water molecule to C1 position of Fosfomycin’s oxirane ring
and as a result breaks it and inactivates its antibacterial properties. It can

be regularly found in specific species, such as Listeria monocytogenes,
Clostridium botulinum, and Brucella melitensis.

fosX [31,42]

FomA and fomB enzymes: kinases that modify Fosfomycin by
phosphorylation and thus detoxify it intracellularly. They are

encountered in Fosfomycin-producing bacteria, such as Streptomyces spp.

fomA,
fomB [43]

FosC enzyme: a kinase that converts Fosfomycin to Fosfomycin
monophosphate, conferring intrinsic resistance in Pseudomonas syringae,

through the expression of a chromosomally encoded gene.
fosC [44]

Efflux pumps
Tet38 (when overexpressed) and AbaF pumps in Staphylococcus aureus and
Acinetobacter baumannii, respectively, contribute to Fosfomycin resistance,

possibly by acting as efflux transporters of the agent.
Tet38, abaF [45,46]

1 FosAEC and fosASH were initially reported as fosA2 and fosA7 genes, chromosomal variants of fosA of E. cloace
and S. enterica serovar Heidelberg, respectively. They were later named fosAEC and fosASH in the newly proposed
nomenclature [35].

1.4. Objectives of the Review

The objective of this review is to collect, present and analyze the results of studies
related to Fosfomycin resistance in bacteria isolated from dogs and cats, on an international
level. Moreover, the objective is to evaluate the available data for the associated bacterial
species, their phenotypic and molecular resistance profiles, and their dissemination in
animal populations, in order to determine possible causes for the prevalence of Fosfomycin
resistance in pets.

The final objective is to underline possible emerging concerns regarding public health
and, considering these concerns, recommend potential requirements for future research
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in this area of interest, as the current data are rather insufficient for a circumstantial
comprehension of the issue.

2. Materials and Methods

The Preferred Reporting Items for Systematic Reviews (PRISMA) guidelines were
evaluated for this study [47]. The individual steps of the process are presented in Figure 1.
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Figure 1. Identification of studies regarding Fosfomycin resistance in companion animals via
databases using PRISMA guidelines [47].

Initially, we searched for reviews on the subject of Fosfomycin resistance in companion
animals at an international level in the following databases: Google Scholar and PubMed.
In these databases, 1821 studies were found using the keywords Fosfomycin and resistance
and extra keywords, such as companion animals, dog, cat, canine, feline, and pet, alone or
in variable combinations.

The selected studies were published in peer-reviewed journals, websites of organi-
zations, books, and dissertations mostly in the English language. The first step was a
screening based on the titles of the articles. We excluded all those not related such as
duplicates and studies referring to human medicine, pharmacodynamics, pharmacokinet-
ics and other antibacterial agents, microbiology and genetics, wild animals, water, and
environment, and studies referring to food, livestock, and other domestic animals except
dogs and cats. During the second selection phase, the abstracts of the reviewed studies
were examined fully and independently, in order to identify their relevance according to
the information that was searched. Generic information was collected from each article,
such as the author, year of publication, the country where the study was conducted, its
design and unit of interest, and number of subjects.

Specifically, a total of 1821 manuscripts were finally found: 391 in PubMed and 1430
in Google Scholar. A total of 1035 publications were first excluded as their title was fully
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irrelevant or they were duplicates or they did not provide an abstract or they were written
exclusively in a different language. Subsequently, of the remaining 796 articles whose
abstracts were examined, 529 were rejected because their abstracts were irrelevant to the
scope of this review, according to the criteria referred to previously. For these reasons,
267 manuscripts remained and 16 could not be retrieved. Therefore, 251 studies were
left to be examined and, among them, we rejected 87 as they only concerned human
medicine, 30 as they only concerned microbiology and genetics; 31 as they only concerned
pharmacodynamics, pharmacokinetics, or different antibacterial agents; 18 as they only
concerned wild animals, water or the environment; and 52 as they only concerned food,
livestock, or other domestic animals. Finally, 33 manuscripts were used in this review.

The public information extracted from each of the selected articles is presented in
Table 2. The country/area of isolation, the bacterial species, the ARGs (if referred), the
origin of the sample (dogs, cats, both), the number of fosfomycin-resistant isolates reported
(with associated genes recognized in parenthesis), and the date/time period of isolation
are listed. Statistical analysis included descriptive analysis of the prevalence of fosfomycin-
resistant bacterial strains reported in the various manuscripts significant, comparing the
findings among bacterial species, genes detected, and countries reporting results.

Table 2. Public information about the studies included in this review.

Country/Area Bacterial Species ARGs Sample
Origin

Fosfomycin
Resistant/Total

Date/
Period Reference

USA E. coli NS 1 Dogs, cats 3/275 2008–2010 [48]
France MRSA fosB Dogs, cats 19/23 (19 fosB) 2006–2010 [49]
China E. coli fosA3 Dogs, cats 33/323 (29 fosA3) 2006–2010 [50]
China E. coli fosA3 Dog 1/1 (1 fosA3) 2008 [51]
China E. coli fosA3 Dogs, cats 12/766 (11 fosA3) 2008–2010 [52]

USA, Canada MRSP 2 fosB Dogs 7/31 (27 fosB) NR 3 [53]
France P. aeruginosa NS Dogs 22/46 2008–2011 [54]

Germany Ac. baumannii NR Dogs, cats 25/25 2000–2013 [55]

China

Enterobacteriacae (E. coli,
Pr. mirabilis,
E. fergusonii,
C. freundii

E. aerogenes,
Kl. oxytoca,

Kl. pneumoniae

fosA3, fosA Dogs, cats,
pet owners

19/171 (16 fosA3:
8 E. coli,

4 Pr. mirabilis,
3 E. fergusonii,
1 C. freundii
and 3 fosA:

1 E. aerogenes,
1 Kl. oxytoca,

1 Kl. pneumoniae)

2013 [56]

Japan P. aeruginosa NR Dogs, cats 71/200 NR [57]

Japan

Enterobacteriacae
(381 E. coli,

50 Kl. pneumoniae,
56 P. mirabilis)

fosA3 Dog, cat
3/487 (3 fosA3: 2

E. coli, 1 Kl.
pneumoniae)

2016 [58]

Canada
Enterobacteriacae
(Kl. pneumoniae,

E. cloacae)
fosA Dogs

3/47 (3 fosA: 2 Kl.
pneumoniae,
1 E. cloacae)

2015–2016 [59]

Germany Staphylococcus cohnii
subsp. Cohnii NR Dog 1/1 2015–2016 [60]

India XDR 4 E. coli NR Dog 1/1 NR [61]
Brazil P. aeruginosa fosA Dog 1/1 (1 fosA) 2016 [62]
China E. coli NR Dog 1/1 2013 [63]

Ecuador E. coli NR Dogs 10/23 2017 [64]

Canada E. coli,
St. pseudintermedius

NF 5 (Absence of
fosA, fosA3, fosB,

fosC2)
Dogs 7/274, 4/113 2013–2016 [65]
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Table 2. Cont.

Country/Area Bacterial Species ARGs Sample Origin Fosfomycin
Resistant/Total

Date/
Period Reference

Australia Enterobacteriaceae,
P. aeruginosa fosA

Small Animal
Hospital

environment
65/656, 23/59 2016–2017 [66]

Brazil Kl. pneumoniae
(susceptible in the AST) fosA Dog 1/1 (1 fosA) 2018 [67]

Brazil Kl. pneumoniae
(susceptible in the AST) fosA Dog 1/1 (1 fosA) 2019 [68]

Taiwan Enterobacter cloacae fosA3, fosA Dogs, cats 8/19 (8 fosA, 3
co-carried fosA3) 2010–2013 [69]

Ecuador E. coli fosA3 Dog 1/1 (1 fosA3) 2016 [70]
USA Salmonella spp. fosA7 (fosASH) 6 Dogs 2/27 (2 fosA7) 2013–2014 [71]

China Kl. pneumoniae fosA Dogs, cats 105/105 (105
fosA) 2017–2019 [72]

Germany
(China) 7

Salmonella enterica
serovar Telelkebir fosA7 (fosASH) 6 Dog 1/1 (1 fosA7) 2007 [73]

Hungary Staphylococcus aureus fosB, murA and
glpT modification Dog and owner 4/27 (2 fosB, 2

murA and glpT) NR [74]

USA
(China) 7 Micrococcus luteus murA Dog 1/1 (1 murA) 2019 [75]

China E. coli (mcr-1) fosA3 Dogs, cats 7/7 (7 fosA3) 2021 [76]
Caribbean Klebsiella pneumoniae fosA Dogs, cats 2/2 (2 fosA) 2011–2018 [77]

South Africa E.coli [MIC:(R), DD:(S)] 8 NR Dog 1/1 NR [78]
USA Staphylococcus aureus fosB Dogs, cats 42/53 (42 fosB) 2017–2020 [79]

China Salmonella enterica
serovar Dublin fosX Dogs NR 2018 [80]

1 NS: Not searched. 2 MRSP: Methicillin-Resistant Staphylococcus pseudintermedius. 3 NR: Not referred.
4 XDR: Extensively Drug-Resistant. 5 NF: Not found. 6 FosA7 was later named FosASH in a newly proposed
nomenclature [39]. 7 Germany and the USA were the countries where the bacteria were isolated, while China
was the country of origin of these studies [73,75]. 8 Resistance when examined with the Minimum Inhibitory
Concentration (MIC) method and susceptibility when examined with the Disc Diffusion (DD) method.

3. Results
3.1. Geographical Distribution

This distribution of the isolates included in this review is visualized in Figure 2.
Regarding the continental distribution, Asia, North, South America, and Europe hold the
grand majority, whereas Africa and Oceania are hardly represented.
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3.2. Relevant Findings of the Studies Per Country of Isolates Origin
3.2.1. China

In a study implemented in Guangdong province [50], 323 E. coli strains were tested for
Fosfomycin resistance. They were isolated from living and diseased pets (dogs and cats),
from 2006 to 2010. A total of 33 isolates (10.2%) were resistant, while 29 of them carried
the ARG fosA3. The presence of resistant bacteria while the antibacterial agent was not
administered to any of these pets, could be a result of the co-selection of the fosA3 gene
with other ARGs, after the extended use of aminoglycosides and/or cephalosporines and
dissemination through the horizontal transfer of plasmids [50].

One of the strains of the previous study, recovered from a dog in Guangzhou, in 2008,
was further investigated. Plasmid DNA was fully sequenced and it was proved that the
fosA3 gene was located in a Multiresistance Region (MRR) of a plasmid, together with
aminoglycoside-resistance gene rmtB and ESBL gene blaCTX-M-65 [51]. This enhances the
hypothesis that the dissemination of resistance to Fosfomycin could be achieved through
epidemic plasmids, under the pressure of other antibacterial agents, which are routinely
used in companion animals.

During the period of September 2008–December 2010, a total of 2106 fecal animal
samples were collected from the area of Hong Kong and, among them, 368 were from stray
dogs and 398 from stray cats. Nine Fosfomycin-resistant strains were found in dogs and
three in cats and the fosA3 gene was detected in all but one canine isolate. Additionally,
an interesting fact was that Fosfomycin-resistant isolates were more likely to be MDR
than susceptible ones. Finally, the results, in concordance with the previous studies,
demonstrated the dissemination of fosA3-mediated resistance among MDR bacteria, in
several domestic and wild animals [52].

In another study, 171 samples of pets and their owners were collected in a veterinary
Teaching Hospital in Beijing, China, from March to June 2013. All of the samples were
inoculated in media supplemented with Fosfomycin in order to isolate resistant strains.
Nineteen resistant Enterobacteriaceae isolates were detected. Among them, 16 strains were
fosA3 positive (8 E. coli, 4 P. mirabilis, 3 E. fergusonii, and 1 C. freundii) and three were fosA
positive (Enterobacter aerogenes, Klebsiella oxytoca, Klebsiella pneumoniae). All of them were
MDR. Two different genetic environments of the fosA3 gene were detected, both related
to plasmids previously studied, from bacteria of human and swine origin. Therefore, the
danger of transmission of fosA3-carrying plasmids or clones between humans and animals
is indicated [56].

An E. coli strain isolated from a dog, in an Animal Teaching Hospital (Beijing), in 2013,
during a surveillance study with samples originating from companion animals, was found
positive for the blaNDM-1 gene, that confers resistance to carbapenems. This isolate was also
highly resistant to Fosfomycin among other antibacterial agents [63].

From July 2017 to October 2019, 5359 samples of companion animals were collected
in Beijing and Tianjin, from which 105 Klebsiella pneumoniae strains were isolated. Even
though Fosfomycin was not among the antibiotics tested in the AST, the fosA gene was
detected in all the isolates [72].

In Shanghai, 79 samples were collected from 31 hospitalized pets in a veterinary
hospital, from May to July 2021. Seven E. coli isolates positive for the colistin-resistance
gene mcr-1 were detected. All of them carried the fosA3 gene and also exhibited an MDR
phenotype [76]. The spread of the mcr-1 gene in companion animals was associated with
plasmid transmission, horizontal and vertical. The fosA3 gene was also related, as it was co-
carried in the same plasmid with the mcr-1 in all isolates, and both Colistin and Fosfomycin
are agents of limited use in dogs and cats.

Finally, in a study conducted in Zhejiang, canine and feline fecal samples were collected
and Salmonella enterica isolates were obtained. A high percentage of these bacteria was
MDR and several ARGs were identified. Among them, Fosfomycin-resistance gene fosX
was detected in a number of Salmonella Dublin strains [80].
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3.2.2. USA

In a study, 200 clinical and 75 experimental strains of E. coli were isolated from
samples of canine and feline origin, from March 2008 to December 2010. The minimum
inhibitory concentration of Fosfomycin and six other classes of antibacterial agents was
determined. Only 3/275 isolates were non-susceptible to Fosfomycin, while according to
the antimicrobial susceptibility testing (AST) phenotype, they were categorized as: resistant
to no drugs (NDR): 47 strains, a single drug class resistance (SDR): 88 strains, 3–4 drug
classes resistance (MDR): 112 strains and 5–6 drug classes resistant (Extensively Drug
Resistant, XDR): 18 strains. These data suggested that, even though there was a very
limited rate of non-susceptibility, Fosfomycin was undoubtedly very effective against
E. coli related to disease in dogs and cats. Moreover, a large number of MDR and XDR
strains were identified. These in vitro results though, require further research for dosing,
clinical safety, and efficacy to be determined [48].

Fecal samples of 554 dogs from seven animal shelters across Texas were collected
from May 2013 to December 2014 and tested for the detection of Salmonella spp. The
27 Salmonella enterica isolates were sequenced and screened for ARGs. Two of them
(serotypes Heidelberg and Derby) carried the Fosfomycin-resistance gene fosA7 [71].

In a study from China, a comprehensive comparative analysis of 66 genomes of
Micrococcus luteus, downloaded from the National Center for Biotechnology Information
(NCBI) GenBank database was performed. Among them, a strain isolated from a sample of
canine ocular discharge, originating from the USA (New Hampshire) carried the murA gene,
associated with Fosfomycin resistance. This gene was identified in all 66 genomes [75].

Finally, Staphylococcus aureus isolates from clinical animal specimens were collected
in New England, from September 2017 through March 2020. Using whole genome se-
quencing, the distribution of acquired genes related to antibiotic resistance was searched in
53 genomes of canine or feline origin, among other tasks. The Fosfomycin-resistance gene
fosB was identified in 42 genomes of canine or feline origin [79].

3.2.3. Canada

A total of 542 Enterobacteriaceae strains were isolated from canine clinical samples
from two diagnostic laboratories in Ontario, from November 2015 to October 2016. They
were subjected to AST and PCR screening for ARGs. The genome of all bla CTX-M positive
bacteria was sequenced (a total of 47 isolates). Fosfomycin-resistance gene fosA was detected
in two Klebsiella pneumoniae and one Enterobacter cloacae isolate [59].

R. M. Courtice [65] searched the prevalence of Fosfomycin resistance in 387 canine
urine isolates, including 274 E. coli and 113 S. pseudintermedius. Of these strains, 11 were re-
sistant (seven E. coli and four S. pseudintermedius strains). Among other results, a statistically
significant relationship between methicillin and Fosfomycin resistance in Staphylococcus
pseudintermedius was observed, as three of four Methicillin-Resistant Staphylococcus pseud-
intermedius (MRSP) detected among the 113 isolates were also Fosfomycin-resistant. It is
noted that this should be estimated with caution, due to the small number of MRSP isolates.
Additionally, as ARGs fosA, fosA3, fosB, and fosC were not identified in any of the resistant
strains, it was suggested that an alternative mechanism such as mutations in murA, glpT,
uhpA, or uhpT genes could be the cause of the resistance.

3.2.4. USA and Canada

Isolates of MRSP, from Canada (21 strains) and the USA (10 strains), were screened
for Fosfomycin resistance and for the presence of the ARG fosB. Only seven strains were
resistant while 27 of them (all of the resistant and 20 of the susceptible) carried the gene. It
was estimated that this could be a result of repression or a non-functional fosB and the need
for further study of Fosfomycin resistance in MRSPs was noted [53].

22



Vet. Sci. 2023, 10, 337

3.2.5. Germany

In a study in Germany, 223 clinical isolates of Acinetobacter baumannii were obtained
from veterinary clinics between 2000 and 2013. They were screened for carbapenem non-
susceptibility and AST for several antibiotics was also performed. A subgroup of 25 strains
was afterward tested against some extra antibacterial agents including Fosfomycin. All of
them (25/25) were Fosfomycin-resistant [55].

Between May 2015 and March 2016, bacteria were obtained from samples of companion
animals. Antimicrobial susceptibility testing was performed. Staphylococci were screened
for Methicillin Resistance and Enterobacteriaceae for ESBL production, by phenotypic
methods and PCR. Four Staphylococci isolates were resistant to Fosfomycin; three were
derived from rabbits and a Staphylococcus cohnii subsp. cohnii isolate originated from a
canine buccal sample [60].

In another study that took place in China, a Salmonella enterica serovar Telelkebir
clinical isolate and 120 available genomes obtained from databases, were investigated for
variable factors, such as their relatedness, ARGs, and virulence factors. Among them, there
was an isolate from a companion animal in Germany (2007), which carried Fosfomycin-
resistance gene fosA7 [73].

3.2.6. Brazil

In December 2016, a Pseudomonas aeruginosa isolate was recovered from the ear canal
of a dog in a veterinary clinic in Brazil. This strain harbored many ARGs for several
classes of antibacterial agents including β-Lactams and Carbapenems, Aminoglycosides,
Tetracyclines, Folate Pathway Inhibitors, Phenicols, and Fosfomycin. More specifically,
concerning Fosfomycin resistance, the fosA gene was detected. Furthermore, as the same
strain was isolated from the pet owner, who has a recent event of hospitalization and
the house environment, it was proved that household dissemination occurred. This fact
indicated the danger of transmission of hospital-acquired MDR pathogens from humans to
companion animals and the circulation of them in a household environment [62].

Another case of an MDR isolate, carrying a Fosfomycin-resistance gene (fosA), occurred
in 2018. In a veterinary hospital, a Klebsiella pneumoniae strain was obtained from a urinary
tract infection (UTI) of a 6-year-old dog. Antimicrobial susceptibility testing and genomic
DNA sequencing were performed. Antimicrobial resistance genes were identified against
several classes of antibiotics and fosA was one of them, although by disc diffusion method,
a susceptible phenotype for Fosfomycin had been demonstrated [67].

In March 2019, in a veterinary teaching hospital in southeast Brazil, a Klebsiella pneu-
moniae strain was isolated from a dog with otitis. Antimicrobial susceptibility testing and
whole genome sequencing were performed. FosA was detected among variable ARGs, after
resistome analysis, even though the strain was phenotypically susceptible to the agent [68].

3.2.7. France

In a study conducted in France, coagulase-positive Staphylococci isolated from canine
and feline samples, from 2006 to 2010, were tested for Methicillin resistance. A group of
23 MRSA was obtained. Subsequently, susceptibility testing and molecular typing were
carried out. In 19 of 23 strains, Fosfomycin-resistance gene fosB was identified. Most of
these strains were MDR and related to human MRSA clones [49].

From 2008 to 2011, 68 Pseudomonas aeruginosa clinical isolates of variable animals
(dogs, dairy cows, horses) were collected. Genotyping and AST were performed. A rate
of 47.8% (22/46) of Fosfomycin resistance was observed in canine isolates. Additionally,
among these isolates, a common combination of resistances noticed was the β-Lactams-
Aminoglycosides-Fosfomycin [54].

3.2.8. Japan

From September 2014 to February 2015, 200 Pseudomonas aeruginosa strains were
obtained from samples of dogs and cats, in veterinary hospitals located in several areas
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of Japan. Antimicrobial susceptibility testing and screening for aminoglycoside-resistance
enzymes and metallo-β-lactamases were performed. Resistance against Fosfomycin was
observed in 35.5% of the isolates, the highest among the tested agents, as rates of resistance
were generally low [57].

In another study, isolates from specimens of dogs and cats were collected between
May and September 2016, in clinical settings and hospitals throughout Japan. A total of 381
E. coli, 50 Klebsiella pneumoniae, and 56 Proteus mirabilis were obtained. AST and a multilevel
molecular analysis were performed. Plasmid-mediated Fosfomycin-resistance gene fosA3
was detected in two E. coli strains, co-harboring blaCTX-M-55 plus blaCMY-2 and blaCTX-M-27
genes, respectively, and in a Klebsiella pneumoniae strain co-harboring blaSHV-12, blaDHA-1,
and armA [58].

3.2.9. Ecuador

In Quito, 50 canine fecal samples were collected in August 2017 and inoculated in
ceftriaxone-supplemented agar, to enhance the growth of strains resistant to the agent.
A total of 23 E. coli isolates were obtained. AST and genotyping characterization of the
bacteria were subsequently carried out. Resistance for Fosfomycin was observed at 43% of
the strains (10/23). Additionally, all of them were MDR, and a very high resistance rate
was detected for most of the antibiotics tested [64].

For another study, 42 samples were collected from backyard animals in June 2016.
They were plated to selective media in order to isolate Colistin-resistant strains. Three
isolates were obtained, two of canine origin. Among other tasks, the Fosfomycin-resistance
gene fosA3 was detected [70].

3.2.10. India

An XDR-resistant E. coli was isolated from the scrotal fluid of a 3-year-old Labrador,
in a veterinary hospital. Antimicrobial susceptibility testing and phenotypic and molecular
screening for ARGs were accomplished and the strain was resistant against almost every
tested agent (except Tigecycline), including Fosfomycin. Variable ARGs for β-Lactams,
including a blaNDM1 carbapenemase-producing gene, were detected [61].

3.2.11. Australia

A study was carried out in Melbourne, between November 2016 and May 2017.
Samples of environmental sources of an animal Hospital were collected. The microbial
population was evaluated and screened for ARGs, before further molecular investigation.
Antimicrobial resistance genes against Fosfomycin were detected in Enterobacteriaceae
species from all four sources of the samples (Intensive Care Unit (ICU) cages, Laundry
Trolley, Mop Bucket, and Office Corridor) and in Pseudomonas spp. from ICU cages. FosA
detection is specifically referred to in Klebsiella and Enterobacter species, located on chromo-
somal sequences [66].

3.2.12. Taiwan

A group of 19 Enterobacter cloacae isolates was obtained from UTIs of companion ani-
mals (10 dogs and 9 cats) in a Veterinary Teaching Hospital. Antimicrobial resistance genes
for Fosfomycin and co-existing resistance genes were screened, and AST and conjugation
experiments were also performed. The fosA gene was present in eight strains, three of
which co-carried the fosA3 gene. FosA was likely located on the chromosome, while fosA3
was on mobile genetic elements [69].

3.2.13. Hungary

During a study, a group of 102 dogs and 84 owners was sampled in Budapest and
14 other towns. Subsequently, 27 S. aureus and 58 S. pseudintermedius isolates were obtained.
AST and molecular investigation of the strains occurred. In a pair of S. aureus isolates, from
a dog and its owner, the fosB gene was present. In another pair of S. aureus isolates, from a
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dog and another owner, amino acid changes in murA transferase and glpT transporter were
detected. These changes can confer Fosfomycin resistance by different mechanisms [74].

3.2.14. Caribbean

For a study carried out on St. Kitts, a small Caribbean island, 82 Klebsiella spp. strains
were collected from several sources (human, canine, feline, equine, vervet). A whole
genome sequence analysis was accomplished. The fosA gene was detected in a Klebsiella
pneumoniae of canine origin and one of feline origin. It is noted in the study that this
gene belongs to the core genome of Klebsiella and therefore it should not be regarded
as acquired [77].

3.2.15. South Africa

In Pretoria, an E. coli strain was isolated from a deceased dog. Antimicrobial susceptibility
testing was performed by both disc diffusion and MIC. The isolate was MDR and possessed
virulence factors for two pathotypes. It was proved to be Fosfomycin-resistant in the MIC test,
even though in the disk diffusion test it demonstrated a susceptible phenotype [78].

3.3. Microorganisms and ARGs of Interest

The isolated bacteria related to Fosfomycin Resistance in the selected articles and the
associated ARGs are presented in Table 3.

Table 3. Microorganisms referred to in the selected studies.

Microorganisms Number of
References

Fosfomycin-Resistant
Isolates *

Related Fosfomycin
ARGs **

E. coli 13 86 fosA3 (58)
Kl. pneumoniae 7 113 fosA (112), fosA3 (1)

P. aeruginosa 4 117 fosA (24)
St. aureus 3 65 fosB (63), murA (2), glpT (2)

Salmonella spp. 3 3 fosASH (3), fosX
St. pseudintermedius 2 11 fosB (7)
Enterobacter cloacae 2 9 fosA (9), fosA3 (3)

E. aerogenes 1 1 fosA (1)
Kl. oxytoca 1 1 fosA (1)

E. fergusonii 1 3 fosA3 (3)
Pr. mirabilis 1 4 fosA3 (4)
C. freundii 1 1 fosA3 (1)

Micrococcus luteus 1 1 murA (1)
Ac. baumannii 1 25 NR

Staphylococcus cohnii 1 1 NR
* study [66] was excluded from the analysis regarding Enterobacteriaceae, as they did not refer to specific numbers
of isolates investigated per bacterial species. Study [80] does not refer to the specific number of Salmonella
Dublin isolates carrying the fosX ARG. ** the number of isolates that were detected to carry each ARG is referred
to in parentheses.

E. coli is more frequently referred to (13/33, 39% of studies), followed by Kl. pneumoniae
(7/33, 21% of studies), while the Enterobacteriaceae family is strongly represented by many
more of its members (8/33, 24% of studies). These bacteria are mostly associated (when
searched) with the presence of fosA (including fosASH) and fosA3 genes. Staphylococci
and Pseudomonas aeruginosa also make their appearance more than once (6/33 18% and
4/33, 12% of studies, respectively), usually related to fosB and fosA genes, respectively.
Finally, to our knowledge, there is only one relevant reference for Micrococcus luteus and for
Acinetobacter baumannii.

In reference to the molecular basis of the resistance, the fosA gene is the most frequently
detected ARG with nine references plus two references of fosASH (fosA7). FosA3 is present
in eight of the studies, almost all of them (7/8) located in southeast Asia and Japan. FosB
is identified in four articles, from Staphylococci (S. aureus and S. pseudintermedius) in
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Europe and North America (two articles, respectively). There are only two references to the
detection of the murA gene and one of the glpT and fosX, in the selected literature.

3.4. Resistome and Phenotypic Resistance against Other Antibacterial Agents in
Fosfomycin-Resistant Strains

The selected studies contain a large amount of information about susceptibility testing
and different mechanisms of resistance of the associated bacteria, such as acquired, intrinsic,
silent, and protoresistance (little/no activity until mutated). All these mechanisms are
described by the term resistome, as it has been previously described [81]. In order to
evaluate the resistome of the isolates related to Fosfomycin resistance, data of their ARGs
and phenotypic susceptibility testing were collected and presented in Table 4. Some articles
have been excluded due to difficulties in the classification of the available information.

Table 4. ARGs and resistance against other antibacterial agents, in the isolates included in this review.

Country
/Area Bacterial Species Fosfomycin

Related ARGs

Other ARGs with ≥50%
Prevalence among

Fos-Resistant Isolates 1

Agents with ≥50% Resistance Rates
among Fos-Resistant Isolates 1,2 Reference

France S. aureus fosB mecA, blaZ, aadD ENR, ERY, FOX, KAN, LIN, PEN, SPI,
TOB [49]

China E. coli fosA3 blaCTX-M, rmtB AMK, CHL, CTX, GEN, TET [50]
China E. coli fosA3 blaCTX-M, rmtB — [51]
China E. coli fosA3 blaCTX-M CHL, CIP, COT, GEN, NAL, TET [52]
USA,

Canada S. pseudi-ntermedius fosB mecA b-lactams 3 [53]
Germany A. baumannii NR — CXM, CFD, PIT, SAM [55]

China
E. coli,

Pr. mirabilis,
E. fergusonii,
C. freundii

fosA3 blaCTX-M
AMK, AMP, FAZ, CHL, CIP, GEN,

FFC, KAN [56]

Japan E. coli,
Kl. pneumoniae fosA3 ESBL, pAmpC — [58]

Canada Kl. pneumoniae,
E. cloacae fosA

blaCTX-M-15, aac(3)-IIa, strA, strB,
aac(6′)Ib-cr, blaOXA-1, blaSHV-83,

blaTEM-1-B, qnrB1, sul2, drfA14, tetA
— [59]

Germany Staphylococcus
cohnii NR mecA OXA [60]

India E. coli NR blaCTX-M, blaAmpCblaTEM, blaNDM-1,
sul1

AMK, AMC, AZT, CAZ, CFD, CFM,
CHL, CIP, COL, CRO, CTX, CTC,

CTR, ERT, FEP, FOX, GAT, GEN, IMP,
MER, MOX, NOR, NIT, OFL, PMB,

SXT, TET, TOB, VAN

[61]

Brazil P. aeruginosa fosA
blaVIM-2, blaPAO, blaOXA-4,

blaOXA-50, aadA2, aac(3)-Id,
aph(3)-IIb, catB7, cmlA1, sul1, dfrB5,

tetG

AMK, AMC, CAZ, CIP, CHL, CRO,
CTX, FEP, FOX, GEN, IMP, MER,

NAL, PIT, STX, TET, TIC
[62]

China E. coli NR blaNDM-1, drfA17, sul1, aadA5 CAZ, CTX, CIP, ERT, GEN, IMP, MER,
PIP, TET [63]

Ecuador E. coli NR blaCTX-M
AZT, CAZ, CHL, CIP, CTX, DOX, FEP,

LEV, NAL, NOR, TET [64]

Canada S. pseudinter-
medius NF mecA PEN, OXA, AMP, CLI [65]

Brazil Kl. pneumoniae fosA

blaCTX-M-15, blaSHV, blaOXA-1,
aph(3”)-Ib, aph(6)-Id, aac (3)-IIa,

tetA, aac(6′)-Ib-cr, qnrB1, oqxA and
oqxB, dfrA

AMC, CAZ, CIP, CTX, ENR FEP, FUR,
GEN, LEV, NOR, OFL, TET [67]

Brazil Kl. pneumoniae fosA

blaCTX-M-15, blaSHV, blaOXA-1, 1,
aadA2, aph(3′)-Ia], mphA, catB3,

aac(6′)Ib-cr, oqxA, oqxB], sul1, tetA,
dfrA12, GyrA, ParC

AMC, AZT, CIP, CRO, ENR, FEP, FUR,
LEV, NAL, SXT, TET [68]

Taiwan Enterobacter cloacae fosA3, fosA bla TEM AMP, SUD [69]
Ecuador E. coli fosA3 mcr-1.1, blaCTX-M-3, blaTEM-206,

blaTEM-1B, tetA, GyrA, ParC CIP, COL, CRO, FEP, SAM [70]
China Kl. pneumoniae fosA blaSHV, oqxA, oqxB, sul AMC, DOX, FFC, SXT [72]

Germany
(China) Salmonella enterica fosA7 (fosASH) aac(6′)-Iaa_1 — [73]

Hungary Staphylococcus
aureus

fosB, murA,
glpT blaZ PEN [74]

26



Vet. Sci. 2023, 10, 337

Table 4. Cont.

Country
/Area Bacterial Species Fosfomycin

Related ARGs

Other ARGs with ≥50%
Prevalence among

Fos-Resistant Isolates 1

Agents with ≥50% Resistance Rates
among Fos-Resistant Isolates 1,2 Reference

China E. coli fosA3
aac(3)-IVa, aph(3′)-IIa, aph(3′)-Ia,

and aph(4)-Ia, blaCTX-M-65,
blaTEM-1B, floR, drfA14, mcr-1, sul2,

qnrS1, mdfA
COL, CTX, FFC [76]

South
Africa E.coli NR — AMC, AMP, CEP, ENR, FUR, NEO,

PEN [78]

1 In case of one relevant strain in an article, ARGs and phenotypic resistances are referred to this isolate.
2 Antibacterial agents: AMC: Amoxicillin-clavulanate, AMK: Amikacin, AMP: Ampicillin, AZT: Aztreonam, CAZ:
Ceftazidime, CEP: Cephalothin, CFM: Cefixime, CHL: Chloramphenicol, CFD: Cefpodoxime, CIP: Ciprofloxacin,
COL: Colistin, CPR: Cefoperazone, CRO: Ceftriaxone, CTC: Cefotaxime-clavulanate, CTX: Cefotaxime, CXM: Ce-
furoxime, DOX: Doxycycline, ENR, Enrofloxacin, ERT: Ertapenem, ERY: Erythromycin, FEP: Cefepime, FFC: Flor-
fenicol, FOX: Cefoxitin, FUR: Ceftiofur, GAT: Gatifloxacin, GEN: Gentamicin, IMP: Imipenem, KAN: Kanamycin,
LEV: Levofloxacin, LIN: Lincomycin, MOX: Moxalactam, NAL: Nalidixic acid, NEO: Neomycin, NOR: Norfloxacin,
NIT: Nitrofurantoin, OFL: Ofloxacin, OXA: Oxacillin, PEN: Penicillin PMB: Polymyxin B, PIP: Piperacillin, PIT:
Piperacillin-tazobactam, SAM: Ampicillin-sulbactam, SPI: Spiramycin, SXT: Sulfamethoxazole-Trimethoprim,
SUD: Sulfadiazine, TET: Tetracycline, TIC: Ticarcillin, TOB: Tobramycin, VAN: Vancomycin. 3 Except Ceftaroline.

The majority of the correlated strains are MDR bacteria, as indicated by the number
of antibacterial agents with >50% resistance rate among them, presented in Table 4. Fur-
thermore, there is a notable presence of methicillin resistance in the related Staphylococci
(4/5 articles) and a notable presence of ESBL genes in the related Enterobacteriaceae, with
blaCTX-M gene detected in at least 11 studies and more β-Lactamase encoding genes such
as blaSHV, blaOXA, blaTEM, even blaNDM-1 referred in variable occasions. Other classes of
antibiotics are also included several times in the resistome of the isolates, such as aminogly-
cosides, quinolones, tetracyclines, folate pathway inhibitors, phenicols, polymyxins, etc.

4. Discussion

In this review, several cases of Fosfomycin resistance in bacteria from companion
animals were presented, even though the available data are relatively limited and dif-
ficult to evaluate at present. However, the emergence of higher resistance rates would
definitely constitute a challenge for veterinarians and a concern for public health, as this
antibiotic demonstrates potential as an alternative agent in the upcoming era of bacterial
multi-resistance [3,6,10].

Moreover, the dissemination of Fosfomycin resistance is already a matter of concern
in human medicine. The fosA3 gene is rather endemic in Southeast Asia. The detection
of this resistance gene in plasmids of MDR clones, co-carrying other ARGs, indicates the
danger of higher rates of resistance, under the pressure of antibacterial agents widely used,
especially β-Lactams [5,82]. Importation of isolates carrying similar plasmids in Europe
has also been reported [83], demonstrating the danger of universal spreading.

Regarding companion animals, even if the use of Fosfomycin is relatively limited in
many countries, cases of phenotypic resistance and correlated ARGs are referred to in the
studies included in this review. Pets, especially dogs and cats, could contribute to the
prevalence of resistant isolates in a community, considering their household accommo-
dation, their close contact with their owners, their large numbers in urban areas, and the
possibility of hospital-acquired MDR infections in veterinary hospitals. The danger of a
pet–owner circulation of resistant bacteria is a subject of research in some of the included
articles [56,62,70,74] and a matter of concern in the grand majority of them. Addition-
ally, hospital-acquired infections are present in small animal practices, among veterinary
hospitals of variable sizes and it is estimated that their frequency is going to increase [84].

Moreover, the real occurrence of Fosfomycin resistance in pets is undoubtedly ex-
pected to be more significant, considering that several facts could influence its current
sub-detection. Specifically, Fosfomycin is a rarely used agent in the AST of isolates from
companion animals in many countries, especially in bacteria not originated from UTIs,
and therefore a phenotypic resistance could be frequently missed. ARGs for Fosfomycin
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are also not usually screened in molecular assays and, consequently, they are not de-
tected. A characteristic of the limited available data is that only one of the articles included
in this review originated from Africa [78] and the references from Europe come only
from three countries (France, Germany, Hungary) [49,54,55,60,73,74]. More relevant stud-
ies have been conducted in Southeast Asia (Figure 2). Furthermore, only a few of the
33 included studies were particularly aiming to search for phenotypic Fosfomycin resis-
tance or correlated ARGs [48,50–53,56,65,69], whereas, in most cases, the detection was
random during investigations.

Difficulties may occur in regard to the interpretation of Fosfomycin resistance. The MIC
and the disk diffusion methods for Fosfomycin have their own specifications and should be
evaluated with caution [85]. Furthermore, in the included studies, bacteria carrying ARGs
for Fosfomycin demonstrated a susceptible AST in some cases [53,67,68], while there is an
ambiguous AST, with an isolate observed to be susceptible by the disk diffusion method
and proved to be resistant by the MIC method [78]. Additionally, the existing clinical
breakpoints refer exclusively to human medicine with only a few exceptions [86], and the
clinical trials in companion animals are limited [18]. Therefore, only an estimation can be
formulated about the effectiveness of the drug in vivo, by the evaluation of the in vitro
susceptibility testing.

As a result, the lack of sufficient relevant data and the demanding assessment of the
existing information were limiting factors for this current review.

However, a shaky interest in Fosfomycin might emerge lately, even in veterinary
medicine. This can be demonstrated by the fact that all of the relative articles included in
this study have been completed over the last two decades and published after 2010. As a
consequence, a more comprehensive evaluation of Fosfomycin resistance in companion
animals is expected to be possible during the following years.

Nevertheless, some interesting facts can be estimated, even from the current data.
Initially, Fosfomycin resistance in dogs and cats has mostly been searched in specific areas
of the World, such as Southeast Asia, America, and part of Europe. The lack of relevant
data from other areas is not necessarily a result of full susceptibility, as it is usually not
included in the AST. Moreover, the interpretation of the resistance is a challenging task and
in vitro AST tests or molecular assays might not always represent the clinical effectiveness
of the drug.

Enterobacteriaceae are the isolates mainly associated with Fosfomycin resistance in
dogs and cats (Table 3). This was anticipated, considering their wide dissemination, their
significance as pathogens, and the increased interest in their resistance mechanisms in
the current research fields. FosA and fosA3 are the dominant relevant ARGs in Gram-
negative bacteria, located in chromosomal DNA and plasmids, respectively. The location
of fosA3 gene in mobile genetic elements creates concerns about the wide dissemination
of the resistance through the transmission of these elements among different bacterial
strains [50–52,56,58,69,70,76]. Acquired fosA3-mediated resistance is the dominant mech-
anism detected in E. coli isolates, while it is only occasionally detected [56,58] in other
bacterial species of the Enterobacteriaceae family. Furthermore, fosA3 and blaCTX-M are
regularly co-carried [50–52,56,70,76] and possibly co-transferred through common mobile
genetic elements. FosB is the main ARG identified in Gram-positive cocci [49,53,74,79].

Concerning the prevalence of resistance among the total number of isolates included
in the selected studies, Acinetobacter baumannii (25/25 isolates, 100%) and Pseudomonas spp.
(117/306 isolates, 38%) are exhibiting the highest resistance rates, even though they are
more infrequently detected than Enterobacteriaceae. This fact is unsurprising, as these
species demonstrate reduced susceptibility through inherent mechanisms [3,10].

The connection between Fosfomycin resistance and MDR strains is beyond a doubt a
fact, especially in Enterobacteriaceae and Staphylococci, as is clearly indicated by Table 4.
Particularly, ARGs and phenotypic resistances for β-Lactams are detected in the grand
majority of the studies. In combination with the infrequent use of Fosfomycin, this fact
indicates the possible prevalence of Fosfomycin-resistant bacteria under the pressure of
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wide usage of antibacterial agents belonging to this class. Several other antibiotics make
their appearance regularly in Table 4, suggesting that more routinely used agents could
also have an impact, subserving the dominance of resistant strains. Aminoglycosides and
tetracyclines are the most frequently observed classes. This co-selection issue is highlighted
in a number of the included studies [50–52,76]. Moreover, recent studies have identified
the colonization of pets by MDR bacteria after antibiotic treatment with commonly used
drugs, such as β-Lactams and Fluoroquinolones, and thus the requirement for increased
surveillance efforts [87,88].

Consideration of the aforementioned facts underlines the necessity of future research.
The agenda of the prospective studies could include surveillance studies in countries/areas
where there are no current data for Fosfomycin resistance in veterinary samples, in order to
determine the presence of resistant bacteria and their phenotypic and genotypic characteris-
tics. Additionally, a correlation of the presence of resistant strains, with previous antibiotic
treatments of the animal, evaluating all the available data (such as the number of treatments
during the preceding time period, classes of antibiotics received, duration of the therapy,
etc.), would be of major significance in the assessment of antibiotic usage as a predisposing
factor. Furthermore, molecular investigation of the related isolates for the verification
of their resistome and the detection of mobile genetic elements, where the Fosfomycin
ARGs may be located, is essential in order to identify and evaluate the mechanisms of their
dissemination. Another important project is a circumstantial molecular investigation of the
Fosfomycin ARGs, in order to verify the exact factors that could provoke the presence or
absence of a resistant phenotype and determine the levels of resistance.

Data provided by research in these sectors could undoubtedly contribute to an in-
depth comprehension of the phenomenon and indicate the requirements for possible
surveillance and control measures.

5. Conclusions

There is a renewed interest in Fosfomycin in the last two decades, as high rates of
non-susceptibility against the traditionally used factors appear. Its desirable properties and
wide spectrum of bactericidal activity reinforce its potential as an alternative agent. How-
ever, Fosfomycin resistance emerges worldwide. The appearance of resistant isolates in
companion animals, where the drug has not been widely used, is an even more disturbing
fact, indicating the wide dissemination of MDR strains and the danger of circulation of these
strains among pets, their owners, and the environment. The results of this review demon-
strate the presence of relevant strains in dogs and cats and the fact that the cause of their
spreading, could be the extended use of other, routinely used antibacterial agents, that pro-
mote the prevalence of MDR, epidemic strains among an animal population. As the relative
data are yet limited, further and more extensive research is essential in order to identify the
various aspects of the phenomenon and evaluate possible preventive or control measures.
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Simple Summary: The epidemic of antimicrobial resistance is a widespread health challenge that
deserves a One Health approach. Bacteria resistant to antimicrobials and their resistance genes can
be transferred from food-producing animals and pets to humans and vice versa. Many studies have
shown that resistant bacteria are emerging in companion animals and that a number of resistance
genes are being shared between pets and humans. Even stray cats, which have contact with humans
and share the urban environment with them, can therefore act as reservoirs of antimicrobial resistance
for humans and their pets. Therefore, to investigate the implication of these animals as disseminators
of antibiotic resistance, we phenotypically and genotypically assessed the resistance of commensal
E. coli isolated from stray cat feces. The E. coli analyzed were resistant to ampicillin, tetracyclines
and sulfisoxazole and carried genes that encode these resistances. Even though there is still a need
for further studies, the occurrence of resistant E. coli provides support for the assumption that stray
cats may be fecal sources of resistance, so it is necessary to monitor these animals in antimicrobial
resistance surveillance programs.

Abstract: Antimicrobial resistance is a widespread global health problem. The presence of resistant
bacteria and antibiotic resistance genes has been demonstrated not only in humans but also in
animals, including pets. Stray cats share the urban environment with people and pets. This may
facilitate transmission of resistant bacteria and resistance genes between stray animals, people and
domestic animals. Several studies have investigated the role of stray cats as a fecal carrier of ESBL-
producing bacteria. However, there are many genes and resistance mechanisms that can be detected
in commensal E. coli, which, because of its genetic plasticity, is considered an indicator for monitoring
antibiotic resistance. In this study, rectal swabs were collected from stray cats from colonies and
shelters in the city of Monza (Monza Brianza, Italy) to isolate commensal E. coli. Phenotypic tests,
such as the minimum inhibitory concentration (MIC) and the double disc test (DDST), and molecular
analyses to detect antimicrobial resistance genes (ARGs) were used to study the resistance of these
isolates. The results obtained confirm that stray cats can carry ESBL-producing E. coli (6.7%) and genes
conferring resistance to other important antibiotic classes such as tetracyclines and sulfonamides.

Keywords: Escherichia coli; antimicrobial resistance; stray cats

1. Introduction

Escherichia coli is a widely disseminated bacterium of the Enterobacteriaceae family.
While pathogenic E. coli strains can cause infection in humans and animals, most strains
colonize the intestine in a harmless way and only occasionally cause disease in healthy
individuals [1]. However, non-pathogenic E. coli isolates show an increased ability to
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acquire virulence factors and resistance to various antimicrobials, as well as an efficient
transmission and colonization capacity. The E. coli genome is characterized by the pres-
ence of mobile genetic elements such as insertion sequences (IS), integrons, plasmids and
transposons, which promote horizontal gene transfer (HGT) between this species and other
bacteria. Virulence genes are mostly associated with IS, whereas antimicrobial resistance
genes (ARG) are mostly carried on plasmids, transposons and integrons (class 1, 2 and
3 integrons), and all these elements play a central role in rearrangement and gene transfer.
Integrons, in particular, are able to extract ARGs from their environment and assemble
them in their gene cassettes through specific recombination. This means that in the intestine,
where bacterial population density and species diversity are high, commensal E. coli can
acquire ARGs and transfer them to other commensal strains, as well as pathogens acting as
an ARG reservoir [2]. Resistant E. coli strains are widely distributed, and the last decade has
seen an increase in resistance, especially to certain classes of antibiotics such as beta-lactams
and fluoroquinolones [3].

In Europe, the surveillance of antimicrobial resistance in commensal indicator E. coli
isolated from the intestinal microbiota of healthy livestock serves as a valuable means
to track the dissemination of resistant bacteria. Notably, both antimicrobial resistance
bacteria (ARBs) and ARGs have the potential to be transferred between animal and human
populations, thereby posing a risk for the transmission of resistance genes to pathogenic
bacteria in both humans and animals [4]. The high levels of antimicrobial resistance
detected among isolates from food-producing animals have highlighted the need for cross-
sector collaboration between the human, veterinary and food production sectors as part
of a “One-Health” strategy [5]. Although many previous publications have revealed the
prevalence among pets of multi-resistant pathogens similar to those identified in humans,
such as Gram-negative extended spectrum beta-lactamase producers (ESBL-producers),
AmpC-type beta-lactamases or carbapenemases [6–9], demonstrating the existence of
an emerging health problem, these animals are not included in systemic antimicrobial
resistance monitoring programs [10]. Moreover, most data on antimicrobial resistance in
pets refer to household pets, and focus on pathogenic bacteria and specific sites of infection
(urinary tract, skin, ear, and gastrointestinal infections) [1,11–13]. Close contact between
pets and owners, who share a home environment and have contact with the same surfaces
and objects, can promote interspecies transmission of resistant bacteria [14–16]. Stray cats
are synanthropic animals that meet and interact with humans in the urban environment and
may also act as reservoirs of AMR. The urban environment is an extremely complex network
in which factors, such as high human density, the presence of other animals and numerous
microenvironments (buildings, open spaces, parks, sewers), provide opportunities for
selection and transport of ARBs and ARGs [17]. Strays living in these environments can
therefore acquire ARBs and ARGs from various urban sources (soil, garbage, feces of other
animals, and sewers) and transmit them to humans, either indirectly, by sharing the urban
environment, or directly, in the case of volunteers caring for them in shelters or colonies or
owners adopting them.

In Italy, the count of stray cats is conducted based on the number of sterilizations
performed by the national health system within trap, neuter and release (TNR) sterilization
programs. These data are provided by each Italian region and published annually by the
Ministry of Health, whose latest report for 2021 showed 11,228 stray cats sterilized in
Lombardy. The Stray Animal Law requires that stray cats be trapped and transferred to
shelters where they are sterilized and have all the necessary care before they are either
adopted (if suitable) or returned to their colonies. Cat colonies are groups of cats living free
in urban areas, usually at the same locations, and managed by animal welfare organizations
or private volunteers [18]. In this context, the possibility of these animals coming into
contact with humans, such as volunteers (who care for them in shelters or colonies) or
new owners (in case of adoption), and transmitting ARBs or ARGs to them, should not
be overlooked.
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The aim of this work was to evaluate the role of stray cats as reservoirs and fecal
vectors of ARBs or ARGs. In order to do this, phenotypic and molecular tests were carried
out on commensal E. coli isolated from stray cats housed in animal shelters or belonging to
cat colonies in the city of Monza (Monza Brianza, Italy).

2. Materials and Methods
2.1. Escherichia coli Strains Collection

A total of 60 rectal swabs from stray cats were analyzed in order to isolate E. coli strains
and assess their phenotypic and genotypic antibiotic resistance. Sampling was performed
in 2022 during activities related to the SARS-CoV-2 infection surveillance in stray cats in
the city of Monza, Monza Brianza, in the Lombardy region, northern Italy.

Rectal swabs were collected from n = 35 cats from nine different colonies in the
province of Monza Brianza (n = 7 from a colony of Monza, n = 6 from Brugherio, n = 5
from Muggiò, n = 4 from Agrate Brianza, n = 4 from Cornate D’Adda, n = 4 from Lissone,
n = 3 from Cernusco sul Naviglio, n = 1 from Concorezzo and n = 1 from Caponago) and
n = 25 from the ENPA shelter in Monza Brianza (Lombardy, Italy), which were captured
and received general anesthesia to perform neutering surgery as part of trap, neuter and
release (TNR) sterilization programs. TNR programs are carried out as part of a national
program to control stray pet populations under Italian National Law (law no. 281/1991).
Samples were collected with the informed consent of those legally responsible for the stray
colonies or shelter cats, and in accordance with the study and animal welfare protocol,
which was revised and authorized by the Animal Welfare Bioethical Committee of the
University of Milan (approval number OPBA _91_2020, released on 15 January 2021 and
OPBA_34_2021, released on 12 March 2021).

After collection, rectal swabs were stored at -4 ◦C and sent within 24–48 h to the Istituto
Zooprofilattico Sperimentale (IZS) of Sicily (Palermo, Italy), where they were seeded on
McConkey agar plates (Oxoid, Milan, Italy) incubated at 37 ◦C for 24 h. One or two colonies
with morphology attributable to E. coli were selected from each plate, if available, and
purified on brain heart infusion agar (Oxoid, Milan, Italy) incubated at 37 ◦C for 24 h.
The isolated and purified strains were subjected to biochemical–enzymatic screening tests
(citrate production, urea, H2S, glucose and lactose fermentation) to discriminate E. coli from
other enterobacteria. DNA of each strain was extracted with an automated King Fisher
extractor (Thermo Fisher Scientific, Waltham, MA, USA) using the QIAamp One-For-All
Nucleic Acid Kit as recommended by the manufacturer (QIAGEN Sciences, Germantown,
Maryland, USA). Before performing the PCRs, DNA quality and concentrations were
assessed using NanoDrop™ 8000 Microvolume UV-Vis spectrophotometer (Thermo Fisher
Scientific, Inc., Wilmington, DE, USA).

PCR was carried out using a Platinum™ Taq DNA Polymerase High Fidelity (Thermo
Fisher Scientific, MA USA) and following the factory instruction. In order to identify the
strains, 16S ribosomal gene amplifications were then performed, as reported by Li et al. [19].
Briefly, the reaction mix was prepared with 0.4 mM of forward and reverse primer, 1X
high fidelity PCR buffer, 2 mM MgSO4, 0.2 mM of each dNTP, 0.2 of forward and reverse
primer, 10 ng of genomic DNA and autoclaved distilled water to 50 µL. The amplification
reaction involved an initial denaturation at 94 ◦C for 1 min and then 35 cycles consisting of
denaturation for 1 min at 94◦ C, annealing for 1 min at 55 ◦C and extension for 1 min at
68 ◦C. In each PCR run, E. coli ATCC 25,922 (American Type Culture Collection, Rockville,
MD, USA) was used as a positive control; nuclease-free water was used as the negative one.
Subsequently, 5 µL of each amplification reaction was analyzed by electrophoresis analysis
using E-Gel™ Go! Agarose Gels, 2% (Thermo Fisher Scientific, Waltham, MA, USA) to
determine product size. Finally, the PCR products were purified and sequenced at BMR
Genomics Srl (Padua, Italy).
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2.2. Determination of Minimum Inhibitory Concentration (MIC)

The antibiotic susceptibility of E. coli isolates was assessed using the minimum in-
hibitory concentration (MIC) method. Using commercial plates (Thermo Scientific 96-well
Sensitititre™ Plate, Waltham, MA, USA), the MIC values (µg/mL) of 10 antibiotics were
determined. The antibiotics and their dilutions tested were amoxicillin/clavulanic acid
(0.25/0.12–32/16 µg/mL), ampicillin (0.25–32 µg/mL), cefazolin (0.5–8 µg/mL), cefo-
taxime (0.5–4 µg/mL), colistin (0.03–8 µg/mL), enrofloxacin (0.03–32 µg/mL), gentamicin
(0.25–32 µg/mL), sulfamethoxazole/trimethoprim (0.06/1.19–16/304 µg/mL), sulfisoxa-
zole (128–512 µg/mL), and tetracycline (0.5–16 µg/mL). After preparing a bacterial suspen-
sion with 0.5 McFarland turbidity in 5 mL of sterile water, 10 µL of this was mixed in 10 mL
of Mueller–Hinton broth (Thermo Fisher Scientific, Waltham, MA, USA). Subsequently,
50 µL of inoculated broth was dispensed into each well of the MIC plate, which was in-
cubated at 37 ◦C for 18–24 h. Manual plate reading was conducted with the Sensititre™
Manual Viewbox (Thermo Fisher Scientific, Waltham, MA, USA) and results were inter-
preted according to Clinical and Laboratory Standards Institute (CLSI) breakpoints [20].

2.3. Double Disk Sinergy Test

The double-disk synergy test (DDST) was performed as recommended by EUCAST [21].
Briefly, a 0.5 McFarland bacterial suspension was seeded on Muller—Hinton agar (Ox-
oid, Milan, Italy) and three discs containing cephalosporins (cefotaxime 30 µg, ceftazidime
30 µg, cefepime 30 µg) were positioned beside a disc containing clavulanic acid (amoxicillin–
clavulanic acid 30 µg). The test was interpreted as positive if there were increased zones of
inhibition around the cephalosporin discs or a “keyhole” towards the amoxicillin–clavulanic
acid disc.

2.4. Multiplex Real-Time PCR for ESBLs Determination

A multiplex Real-Time PCR was performed to assess the presence of resistance genes
to extended spectrum beta-lactamase antibiotics. Therefore, DNA obtained from each strain
was subjected to a Real-Time PCR analysis specifically for the determination of the ESBL
phenotype [22]. Real-time amplifications were performed in 25-µL reactions containing
12.5 µL of SsoAdvanced Universal Probes Supermix (Bio-Rad Laboratories S.r.l., California,
USA), 0.4 µM of each forward and reverse primer (Table S1), 0.2 µM of TaqMan blaTEM
probe, 0.4 µM of each of the other four TaqMan probes, 0.6 µL of sterile water, and 10 pg of
DNA. Positive controls consisted of four ATCC® (Manassas, Virginia, USA) strains (E. coli
BAA-3048™, E. coli BAA-3049™, E. coli BAA-3051™ and Klebsiella pneumoniae BAA-3060™,
American Type Culture Collection, Rockville, MD, USA) harboring the searched genes,
while DNAase- and RNAase-free water was used as a negative control.

2.5. Class 1 Integron and ARGs Detection for Tetracyclines, Sulfonamides and Fluoroquinolones

A reaction mix containing a concentration 1X of 5X Platinum II PCR Buffer, 10 mM
dNTPs, 0.5 µM of each primer of the pairs shown in Table S2, 1.25 U of Platinum II Taq DNA
Polymerase DNA polymerase (Thermo Fisher Scientific, MA USA), 10 ng of genomic DNA
and nucleus-free water to obtain a volume of 50 µL was prepared. For each PCR reaction,
DNA from two ATCC® (E. coli BAA-3048™ and E. coli BAA-3051™) strains harboring the
researched genes was used as positive controls and DNAase- and RNAase-free water as a
negative control. The size of all amplicons was verified by electrophoresis on E-Gel™ Go!
agarose gel, 2% (Thermo Fisher Scientific, Waltham, MA, USA).

2.6. Statistical Analysis

Statistical analyses were conducted with R version 4.3.1 (16 June 2023). The phenotypic
resistance variables were correlated with the genetic resistance to the antibiotics (resistance
to beta-lactam, tetracyclines, sulfonamides, and fluoroquinolones). Fisher’s exact proba-
bility test was used to evaluate if there is an association between phenotypic and genetic
resistance. The p-value was considered as significant if p <0.05.
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3. Results
3.1. Phenotypic Profile

Phenotypic tests were carried out on the 60 E. coli isolates to determine the susceptibil-
ity to 10 antibiotics and the occurrence of ESBL-producing isolates. Table 1 shows the MIC
values obtained for the 60 E. coli analyzed in this study.

Table 1. MIC values detected.

Antimicrobial Agent Number of Isolates at the Indicated MIC Value (µg/mL) S R

0.03 0.06 0.12 0.25 0.5 1 2 4 8 16 32 64 128 256 512 (%) (%)

Amoxicillin/clavulanic acid 1 1 15 10 17 1 5 91.7 8.3
Ampicillin 3 12 16 15 2 12 80 20
Cefazolin 4 11 29 8 8 86.7 13.3

Cefotaxime 56 4 93.3 6.7
Colistin 1 10 37 8 1 2 1 95 5

Enrofloxacin 47 8 2 1 2 100
Gentamicin 9 29 20 2 100

Sulfamethoxazole/trimethoprim 53 2 1 4 93.3 6.7
Sulfisoxazole 49 11 81.7 18.3
Tetracycline 7 9 31 2 11 83.3 18.3

S = susceptible, R = resistant. Gray shaded areas indicate the antimicrobial concentration tested, while bold
indicates the number of resistant strains according to the CLSI M-100 cut-off values [20].

Among the E. coli isolates, 40% (24/60) were resistant to at least one of the investigated
antibiotics. Four isolates were multi-drug resistant (MDR), as one isolate showed resistance
to four classes of antibiotics (beta-lactams, colistin, tetracyclines and sulfonamides) and
three other isolates to three classes, i.e., beta-lactams, tetracyclines and sulfonamides. No
strains showed resistance to enrofloxacin and gentamicin, but resistance was found to
the other eight antibiotics tested (Table 1). The most common resistances were to ampi-
cillin (20%), sulfisoxazole (18.3%), tetracycline (18.3%) and cefazolin (13.3%). Instead, less
than 10% of the strains showed resistance to amoxicillin/clavulanic acid, sulfamethoxa-
zole/trimethoprim, cefotaxime and colistin.

The DDST test was performed on all strains and allowed to identify 4/60 strains with
an ESBL profile, the same strains that showed resistance to cefotaxime.

3.2. Genotypic Profile

The ARGs detection conducted on the 60 E. coli isolates showed that 31.6% (19/60)
harbored at least one ARG among those screened for. The gene most frequently detected
was tet(A), present in 16.7% (10/60) of isolates, followed by sul1 (13.3%, 8/60) and tet(B)
(10%, 6/60). Also, although with low frequency, blaTEM (8.3%, 5/60) and blaCTX-M (6.7%,
4/60) genes were also detected. No strains were found to harbor the blaSHV, blaCMY, sul2,
gyrA and parC genes. Table 2 shows the phenotypic and corresponding genetic profiles
detected in the tested isolates.

Table 2. Genetic and phenotypic profiles of 24 E. coli isolates resistant to tested antibiotics.

ARGs Detected Phenotypic Resistance Number of Isolates

sul1, int1 FIS 4
tet(A), sul1, int1 AMP-TET-SXT-FIS 3

tet(A), tet(B) AMP-TET 3

blaTEM, blaCTXM, tet(A) AMP-AUG2-FAZ-FOT-COL-
TET 2

blaTEM, tet(A), tet(B) AMP- FAZ-TET 1
blaTEM, tet(A), tet(B) AMP-AUG2-TET-FIS 1
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Table 2. Cont.

ARGs Detected Phenotypic Resistance Number of Isolates

blaTEM AMP-AUG2-FAZ 1
blaCTXM FAZ-FOT-FIS 1
sul1, int1 SXT 1
blaCTXM FOT 1

tet(B) TET-FIS 1
* FAZ-COL-FIS 1
* AUG2-COL 1
* AMP 1
* FAZ 2

FIS: sulfisoxazole; AMP: ampicillin; TET: tetracycline; SXT: trimethoprim/sulfamethoxazole; AUG2: amoxi-
cillin/clavulanic acid; FAZ: cefazolin; FOT: cefotaxime; COL: colistin; * No ARGs detected.

3.3. Data Analysis

Statistical analysis showed that beta-lactams, tetracyclines and sulfonamides had a
significant correlation between the phenotypic resistance detected and the genes investi-
gated (p-value < 0.05) (Figure 1). This correlation was also significant for fluoroquinolones,
for which no discrepancies were found.

Vet. Sci. 2023, 10, x FOR PEER REVIEW 6 of 10 
 

 

blaTEM, tet(A), tet(B) AMP-AUG2-TET-FIS 1 
blaTEM AMP-AUG2-FAZ 1 
blaCTXM FAZ-FOT-FIS 1 

sul1, int1 SXT 1 
blaCTXM FOT 1 
tet(B) TET-FIS 1 

* FAZ-COL-FIS 1 
* AUG2-COL 1 
* AMP 1 
* FAZ 2 

FIS: sulfisoxazole; AMP: ampicillin; TET: tetracycline; SXT: trimethoprim/sulfamethoxazole; AUG2: 
amoxicillin/clavulanic acid; FAZ: cefazolin; FOT: cefotaxime; COL: colistin; * No ARGs detected. 

3.3. Data Analysis 
Statistical analysis showed that beta-lactams, tetracyclines and sulfonamides had a 

significant correlation between the phenotypic resistance detected and the genes investi-
gated (p-value < 0.05) (Figure 1). This correlation was also significant for fluoroquinolones, 
for which no discrepancies were found. 

  

 
Figure 1. The graph displays, for each antibiotic class, a quadrant view of the relationship between 
the phenotypic resistance exhibited by the strains and the genes that were investigated. The area of 
each quadrant is proportional to the frequency of positives/negatives detected, indicated numeri-
cally in each corner. 

4. Discussion 
The transmission of antimicrobial-resistant bacteria or their resistance genes to hu-

mans can occur from both animals for food production and pets. Many studies have 
shown the attendance of resistant bacteria in pets and that several ARGs are spread be-
tween these animals and humans [6,7,23]. Stray cats can also act as reservoirs of AMR, as 
they can transmit ARBs and ARGs to humans and their pets but can also acquire them [6–
9]. These animals live in urban environments where the conditions are favorable for the 
selection of resistance. Urban environments are characterized by the presence of selective 
pressures (antibiotics, heavy metals and biocides), high bacterial diversity and human 
density [17]. These factors, combined with the characteristics of bacteria, such as their 

Figure 1. The graph displays, for each antibiotic class, a quadrant view of the relationship between
the phenotypic resistance exhibited by the strains and the genes that were investigated. The area of
each quadrant is proportional to the frequency of positives/negatives detected, indicated numerically
in each corner.

4. Discussion

The transmission of antimicrobial-resistant bacteria or their resistance genes to hu-
mans can occur from both animals for food production and pets. Many studies have
shown the attendance of resistant bacteria in pets and that several ARGs are spread be-
tween these animals and humans [6,7,23]. Stray cats can also act as reservoirs of AMR,
as they can transmit ARBs and ARGs to humans and their pets but can also acquire
them [6–9]. These animals live in urban environments where the conditions are favorable
for the selection of resistance. Urban environments are characterized by the presence of
selective pressures (antibiotics, heavy metals and biocides), high bacterial diversity and
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human density [17]. These factors, combined with the characteristics of bacteria, such as
their ability to respond to stress, to implement mechanisms to minimize the fitness cost of
ARGs, to form biofilms and, above all, the genetic plasticity of bacteria, are all factors that
help favor the selection of resistant bacteria and resistance genes. As a consequence, stray
cats living in this environment can acquire selected ARBs and ARGs and become reservoirs
and disseminators of resistance. They can spread ARBs and ARGs in the environment
through feces and, in countries such as Italy where stray animal management and adoption
is encouraged, they can also spread them through direct contact with volunteers in shelters
and colonies or, in the case of adoption, with owners.

In this study, we investigated the resistance of commensal E. coli isolated from rectal
swabs of stray cats to assess the potential role of these animals as reservoirs and dissem-
inators of AMR. Phenotypic and molecular tests were performed on the 60 isolates to
determine their resistance, ESBL production and the presence of selected ARGs. The MICs
showed that these isolates were resistant to three classes of antibiotic: beta-lactams (30%),
sulfonamides (20%) and tetracyclines (18.3%). Looking at individual molecules, our results
are consistent with those reported in other studies conducted on domestic and stray cats
in Italy [15,23,24]. The highest resistance rates were found for ampicillin, sulfisoxazole
and tetracyclines. These results are consistent with those reported in previous studies on
stray and domestic cats [6,7,24]. Regarding sulfonamides, a higher resistance was found for
sulfisoxazole (18.3%) and a lower for trimethoprim/sulfamethoxazole (6.7%), the latter also
being lower than in the above-mentioned studies where the percentage of resistant strains
was at least 33.6% [7,24]. The ESBL phenotype was detected in 6.7% of isolates by the DDST
test, confirming that stray cats can harbor ESBL-producing bacteria even at low prevalence,
which is in agreement with previous studies [25]. This result was confirmed by molecular
analysis, which detected the presence of the blaCTX-M gene in our four ESBL-producing
isolates. Although blaCTX-M gene variants were not tested in this study, it is known that
all blaCTX-M variants encode extended spectrum beta-lactamases that confer resistance to
most beta-lactam antibiotics, including third-generation cephalosporins. These genes are
widely distributed internationally and have been detected in clinical ESBL isolates from hu-
mans and in isolates from several animal species, including dogs and cats [25,26]. Among
the bla genes, the presence of blaTEM (8.3%) has also been detected. There are now over
200 known variants of this gene, with different levels of resistance (narrow and extended
spectrum) [27]. Although the variants were not determined in this study, the occurrence of
the blaTEM gene in isolates from dogs and cats, including strays, has been investigated and
reported by other authors, confirming the possibility that these animals are not only carriers
of resistant bacteria but also of the bla gene with its different spectrum of activity [7,9,25,28].

While nineteen E. coli isolates harbored one or more genes that could be involved in
the phenotypic resistance they exhibited, this was not the case for five isolates in which
no ARG was detected. Resistance to antimicrobials can be mediated by several major
mechanisms encoded by numerous genes and variants. Therefore, it is possible that in
these five E. coli isolates, the genes responsible for resistance are different from those we
investigated [29]. In this study, the most frequently detected genes were the tet and sul
genes. With regard to tetracycline resistance genes, the tet(A) gene was the predominant
resistance determinant (16.6%), followed by the tet(B) gene (10%). Notably, the tet(A) gene
was found in all tetracycline-resistant strains. The detection of the tet(A) gene suggests
that active efflux is the main mechanism of tetracycline resistance in these E. coli isolates
from stray cats, which is consistent with the epidemiological trend of tetracycline resistance
genes in E. coli of animal origin [30,31]. The sul1 gene was detected in 13.3% of E. coli
isolates that also harbored the class 1 integrons. Sulfonamides resistance is widespread in
Gram-negative bacteria from animals and humans worldwide [32]. The sul1 is one of the
genes coding for resistance to sulfonamides and was found almost exclusively on large
conjugative plasmids and class 1 integrons. This class of integrons is the most abundant
and clinically relevant and plays a crucial role in the spread of AMR genes [33].
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The presence of ARGs in association with class 1 integrons in E. coli isolates from
stray cats suggests that the discovered genes are organized in gene cassettes and could be
transferred to other bacteria via HGT, which would contribute to the spread of resistance.
Indeed, gene cassettes can be transferred from one bacterium to another via integrons. The
acquisition, transfer and maintenance of class 1 integrons is thought to be one of the causes
of the steady increase in the emergence of resistant E. coli over time [34].

5. Conclusions

In Europe, antimicrobial resistance surveillance programs only consider food-producing
animals, and although the European Medicines Agency (EMA) monitors the commercial
sales and consumption of antimicrobial products in animals, data on companion animals
are not included in the annual reports of either the EU or the World Organization for Animal
Health (WOAH). Antimicrobial resistance is now recognized as a global health issue that
deserves a “One Health” approach, but the AMR surveillance programs implemented by
many countries do not include domestic and stray animals, which can be a source of ARBs
and ARGs. Our results, which are consistent with previous studies, confirm the carriage of
not only ESBL-producing E. coli but also ARGs for tetracyclines and sulfonamides in the
feces of stray cats, highlighting their potential role as reservoirs. Although this study has its
limitations due to the lack of information on stray cats (age, permanence in shelter, clinical
history, antimicrobial treatments, environmental contamination status, direct contact with
humans and animals), the results obtained highlight the importance of including stray cats
in surveillance programs, both to assess the prevalence of antimicrobial resistance and as
possible sources for the spread of antimicrobial resistance. Stray cats are reservoirs and
sentinels for the spread of AMR in city environments and therefore deserve to be controlled,
but monitoring these animals is certainly not easy. Useful data on stray cats could be
collected as part of TNR activities carried out in many European countries, including Italy,
and would be useful for the implementation of AMR surveillance systems. Furthermore,
since stray cats can be carriers of ARBs and ARGs, it would be appropriate to train and
educate volunteers who care for them. For this purpose, the recommendations issued by
the Italian Ministry of Health together with the National Plan to Combat Antimicrobial
Resistance 2020–2025 are useful. In addition to emphasizing the need to prescribe and
use antimicrobials correctly, these recommendations underline the need for appropriate
hygiene and preventive measures to control infections and the spread of ARBs.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/vetsci10120680/s1; Table S1: Real-Time PCR primers for
ESBL profile determination; Table S2: Target ARGs detected, primer pairs and annealing tempera-
ture used.
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Simple Summary: Emerging antimicrobial resistance is a major concern in both human and veterinary
medicine. Of particular concern is the emergence of extended-spectrum beta-lactamase (ESBL)-producing
bacteria. The ESBLs are a group of enzymes produced by bacteria that inactivate commonly used
antimicrobials. Infections caused by ESBL-producing bacteria are increasingly being recognized in human
medicine; however, information is lacking regarding the characteristics of ESBL-producing bacterial
infections associated with clinical illness in dogs and cats. This study examined ESBL-producing bacterial
infections in dogs and cats presenting to a veterinary teaching hospital from 2011–2021. Escherichia coli
was the most commonly identified bacterial species, with urinary tract infection being the most common
clinical presentation. Multi-drug resistance was present in 90% of ESBL-producing bacterial infections.
Based on susceptibility patterns, antimicrobials such as piperacillin-tazobactam, amikacin, and cefoxitin
may be alternative antibiotics to the current recommended regimen. Whole genome sequencing of bacteria
was performed, which revealed blaCTX-M-15 was the most common ESBL gene identified.

Abstract: The rising prevalence of extended-spectrum β-lactamase (ESBL)-producing Enterobac-
terales is a significant threat to animal and human health. This study aims to describe the clinical
features, antimicrobial susceptibility patterns, and genotypic features of infections associated with
ESBL-producing Enterobacterales in dogs and cats seen at a tertiary referral veterinary teaching
hospital. Enterobacterales isolated from dogs and cats that underwent ESBL testing during the
study period were identified using a search of the hospital antimicrobial susceptibility test software
database. Medical records of confirmed ESBL isolates were reviewed, and the source of infection, clin-
ical findings, and antimicrobial susceptibility were recorded. Genomic DNA from bacterial isolates
was evaluated for antimicrobial resistance genes with whole genome sequencing. Thirty ESBL-
producing isolates were identified based on phenotypic testing (twenty-nine from dogs, one from
a cat); twenty-six were Escherichia coli and the remainder were Klebsiella spp. Bacterial cystitis was
the most commonly identified (8/30, 27%) clinical problem associated with infection. Resistance to
three or more antimicrobial classes was identified in 90% (27/30) of isolates, and all isolates were
susceptible to imipenem. Over 70% of isolates were susceptible to piperacillin-tazobactam, amikacin,
and cefoxitin. BlaCTX-M-15 was the most common ESBL gene identified, present in 13/22 (59%) isolate
genomes. A wide range of clinical infections were identified. Piperacillin-tazobactam and amikacin
may be alternatives to carbapenem therapy. Further, larger-scale studies are needed.

Keywords: Escherichia coli; multidrug resistance; virulence; Enterobacterales
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1. Introduction

The increasing prevalence of antimicrobial-resistant bacterial infections is of significant
concern in human and veterinary medicine. One of the most important causes of antimicro-
bial resistance within the family Enterobacterales (previously Enterobacteriaceae) is the
acquisition of plasmid-mediated production of β-lactamase enzymes, resulting in resistance
to β-lactam antimicrobials. More than 500 distinct β-lactamases have been identified [1]
and several classification systems have been developed [2].

Extended-spectrum β-lactamases (ESBLs) are a group of β-lactamases capable of hydrolyz-
ing third-generation cephalosporins yet are inhibited by clavulanic acid [3]. This inhibition
by clavulanic acid differentiates ESBLs from AmpC type β-lactamases, another group of
β-lactamases that confer resistance to third-generation cephalosporins and monobactams [4].

The major ESBL genes associated with bacteria isolated from human and animal patients
belong to the groups blaCTX-M, blaTEM, and blaSHV [2]. These resistance genes are most preva-
lent in Escherichia coli and Klebsiella pneumoniae, but can also be found in Enterobacter spp.,
Salmonella spp., Proteus mirabilis, and Pseudomonas aeruginosa [5]. The prevalence of infections
associated with ESBL-producing bacteria is increasing worldwide [6], with multidrug resis-
tance (MDR) being a common feature [5]. This feature often leads to treatment failure with
empiric antimicrobial therapy, can limit clinical therapeutic options, and in human patients
can lead to an increased mortality rate compared to infections with non-ESBL-producing
Enterobacterales [7]. Hence, ESBL-producing bacteria pose a serious threat to human and
animal health.

A paucity of information exists in veterinary medicine regarding the prevalence of
infections with ESBL-producing bacteria, their clinical characteristics, bacterial species
involved, and associated resistance mechanisms. Urinary tract infections, hepatobiliary
infections, respiratory tract infections, bacteremia, and intra-abdominal infections have all
been reported as secondary to ESBL-producing Enterobacterales in human medicine [8].
Several studies have identified ESBL-producing bacteria in the feces of healthy cats and
dogs [9,10]; however, information is lacking regarding the phenotypic and genetic charac-
teristics of isolates associated with clinical illness in dogs and cats.

The aims of this study were to describe the clinical features, antimicrobial susceptibility
patterns, and genotypic features of ESBL-producing Enterobacterales infections in dogs
and cats presenting to a veterinary teaching hospital.

2. Materials and Methods
2.1. Isolate Identification, Antimicrobial Susceptibility Test Results & Patient Data

Enterobacterales isolates that underwent ESBL testing from July 2011 to July 2021
were identified using a search of the database of the antimicrobial susceptibility testing
software (Sensititre SWIN, V3,2,3 and V3.3, ThermoFisher Scientific, Waltham, MA, USA)
used by the University of California-Davis Veterinary Medical Teaching Hospital Veterinary
Microbiology laboratory. Briefly, a subset of the Escherichia coli and Klebsiella spp. isolates
from dogs and cats that were identified as resistant to cefpodoxime (range of concentrations
tested, 0.25–32 µg/mL) using broth microdilution (Sensititre, ThermoFisher Scientific
COMP1F, COMPAN2F, or COMPGN1F panels) were further tested for ESBLs using the
ESBLF panel (Sensititre, ThermoFisher Scientific).

Isolates that had at least a three, two-fold dilution difference in minimum inhibitory
concentration (MIC) between one or both of cefotaxime (range of concentrations tested,
0.25–32 µg/mL) or ceftazidime (range of concentrations tested, 0.25–128 µg/mL) and when
these antimicrobials were combined with clavulanic acid were classified as ESBL-producing
isolates [11]. Quality control strains tested with all panels included E. coli American Type Cell
Collection (ATCC), Staphylococcus aureus ATCC 25923, and Pseudomonas aeruginosa ATCC 27853.
Susceptibility results were compiled and reported for each antimicrobial tested. Bacterial
isolates were classified as susceptible, intermediate, or resistant using current veterinary-
specific CLSI breakpoints [12] available at the time of writing. Urinary-specific breakpoints
were used for isolates obtained from the urinary tract. Where veterinary-specific breakpoints
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were not available, human breakpoints were used. Multidrug resistance (MDR) was defined
as resistance to three or more classes of antimicrobials [13]. All susceptibility testing was done
at the time of isolation.

From 2014 to 2021, bacteria were identified to the species level using matrix-assisted
laser-desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS; Bruker, Bil-
lerica, MA, USA), and spot oxidase and indole testing. Prior to 2014, Enterobacterales were
identified using conventional biochemical testing, including triple sugar iron, citrate, Chris-
tensen’s urea agar (Hardy Diagnostics, Santa Maria, CA, USA), and sulfur-indole-motility
agar (Biological Media Service, University of California, Davis, CA, USA), the aforementioned
spot tests, or identification strips (API 20E, BioMerieux, Durham, NC, USA).

Identified bacterial isolates were then cross-referenced to individual patient medical records
through a search of the University of California-Davis Veterinary Medical Teaching Hospital
database (VMACS; Veterinary Medical and Administrative Computer System, University of
California-Davis) to obtain data on signalment, clinical features, and specimen source.

2.2. Whole Genome Sequencing

Whole genome sequencing (WGS) of available banked isolates was performed. Banked
isolates were stored as frozen stabilates at −80 ◦C using a bead-based system (Pro-Lab Mi-
crobank TM, ThermoFisher Scientific) until sequencing. Isolates were revived by subculture
from the frozen stabilates on 5% sheep blood agar (Hardy Diagnostics, Santa Maria, CA,
USA) and incubated overnight at 35 ◦C in 5% CO2.

WGS was performed using the methods from the 100K Pathogen Genome Project [14,15].
Briefly, high-molecular-weight genomic DNA (gDNA) was extracted from banked bacterial
isolate colonies using the Wizard Genomic DNA Jit (Promega, Madison, WI; cat#A1460) as
described previously [16].

Approximately 600 ng of purified genomic DNA was used to construct a sequencing
library using the KAPA HyperPlus library preparation kit (Roche Diagnostics). Library size
distribution verification was performed on the Caliper LabChip GX (Perkin Elmer), and library
quantification was performed with the KAPA Library Quantification Kit (Roche Diagnostics).
Pooled libraries were sequenced on the Illumina HiSeq X Ten using the PE150 protocol. Reads
were trimmed with Trimmomatic [17], assembled with SPAdes [18], and annotated with
prokka [19], all with default settings. Antibiotic resistance genes were analyzed in every
isolate genome using the Comprehensive Antibiotic Resistance Database (CARD) [20].

2.3. Genomic Similarity Comparison

Multi-Locus Sequence Typing (MLST) calls were made by scanning genome assemblies
using “mlst” software version 2.23.0 [21] using PubMLST typing schemes [22]. Genome
Assemblies were compared by Jaccard similarity index of k-mer (size = 31 bases) sequence-
based profiles (sketch size = scaled 100 k/Mbp) using Sourmash version 3.2.3 [23]. Se-
quences were uploaded to the Sequence Read Archive database [24].

3. Results
3.1. Isolate Identification, Antimicrobial Susceptibility Test Results & Patient Data

A total of 30 ESBL-producing bacterial isolates were identified among approximately
5300 susceptibility panels performed over the 10-year study period on Escherichia coli and
Klebsiella spp., 22 of which had been banked. Twenty-nine of the isolates were from dogs,
and one was from a cat. A total of 299,187 dogs and 55,698 cats were examined at the
hospital over the same 10-year period. Dogs were 5.3 times more commonly seen than
cats at the hospital in the 10-year period of the study. The number of ESBL-producing
Enterobacterales isolated varied per year (Figure 1); however, more than half (17/30) were
obtained from the final two years of the study. Of the 30 isolates, 26 were Escherichia coli,
3 were Klebsiella pneumoniae, and 1 was Klebsiella oxytoca.
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lates from urine, 8 were from dogs that had lower urinary tract signs consistent with bac-
terial cystitis (pollakiuria, hematuria, or malodorous urine). The remaining 3 isolates were 
from dogs without signs of lower urinary tract disease; 1 dog had clinical features con-
sistent with pyelonephritis, and the other 2 dogs had subclinical bacteriuria but were be-
ing treated with glucocorticoids, and there was concern that this treatment may have been 
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Figure 1. Prevalence of ESBL-producing Enterobacterales (isolates/10,000 patients for each year of
the study, year 1 being July 2011–June 2012).

Antimicrobial susceptibility results of the isolates are summarized in Figure 2. All
isolates were resistant to aztreonam, ampicillin/sulbactam, and piperacillin. The ma-
jority of isolates were resistant to the fluoroquinolones, including enrofloxacin (93%),
marbofloxacin (90%), and orbifloxacin (90%). All isolates were susceptible to imipenem,
meropenem, and cefotetan. Over 70% of isolates were susceptible to piperacillin-tazobactam,
amikacin, and cefoxitin (Figure 2). MDR was identified in 27/30 (90%) of isolates. Resis-
tance to cefepime, a 4th generation cephalosporin, was identified in 6/30 (20%) isolates.

Bacterial isolates were cultured from urine obtained via cystocentesis (11/30), skin
swab specimens (7/30), pleural effusion collected via thoracocentesis (2/30), liver fine nee-
dle aspirate specimens (2/30), blood (2/30), peritoneal effusion collected by abdominocen-
tesis (2/30), and one each of bronchoalveolar lavage (BAL) fluid, cholecystocentesis bile
fluid, transtracheal lavage (TTL) fluid, and an ear swab specimen. Of the 11 bacterial
isolates from urine, 8 were from dogs that had lower urinary tract signs consistent with
bacterial cystitis (pollakiuria, hematuria, or malodorous urine). The remaining 3 isolates
were from dogs without signs of lower urinary tract disease; 1 dog had clinical features
consistent with pyelonephritis, and the other 2 dogs had subclinical bacteriuria but were
being treated with glucocorticoids, and there was concern that this treatment may have
been masking clinical signs of lower urinary tract disease. Two ESBLs were cultured at
different time points from the same dog; an ESBL-producing Klebsiella pneumoniae was
identified on the initial urine culture, and a urine culture performed 4 weeks later revealed
the same ESBL-producing K. pneumoniae as well as an ESBL-producing E. coli.

Of the 4 isolates from the respiratory tract, 3 were from dogs that had clinical signs and
radiographic abnormalities that were consistent with aspiration pneumonia. The remaining
isolate was from a dog with pyothorax secondary to migrating grass awn. The cat with an
ESBL-producing E. coli infection had bacterial peritonitis secondary to a dog bite wound.
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Figure 2. Susceptibility patterns for ESBL-producing bacterial isolates identified expressed as a
percentage (susceptible, intermediate, and resistant, as defined by CLSI breakpoints; antimicrobials
for which breakpoints were not available are not included). Number of isolates tested against each
antimicrobial is listed on the vertical axis in parentheses. Amp/Sul, ampicillin/sulbactam; Amoxyclav,
amoxicillin/clavulanic acid; Pip/Taz, piperacillin/tazobactam; TMS, trimethoprim sulfamethoxazole.

3.2. Whole Genome Sequencing

A total of 22/30 isolates were available for whole-genome sequencing, 4 Klebsiella spp.
and 18 E. coli isolates, all from dogs. Genes associated with ESBL production were identified in
each genome (Table 1). BlaCTX-M-15 was the most common ESBL gene identified (13/22 isolate
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genomes). All isolates had multiple genes contributing to beta-lactam resistance. Either AmpC
or AmpH β-lactamase genes or both were detected in all 22 isolates.

Table 1. Beta-lactamase genes identified in each isolate after whole-genome sequencing.

Isolate Organism Year
Isolated Source SRA Name MLST

Number ESBL Gene Product Other β-Lactamase
Gene Products

1 Escherichia coli 2012 BAL fluid BCW_12610 410 CTX-M-15 AmpC, AmpH, OXA-1

2 Klebsiella pneumoniae 2020 Urine BCW_12638 16 CTX-M-15, SHV-1,
TEM-1 AmpH, CBP-1

3 Escherichia coli 2021 Urine BCW_12625 224 CTX-M-1 AmpC, AmpH

4 Escherichia coli 2021 Urine BCW_12626 162 CTX-M-14, TEM-1 AmpC, AmpH

5 Escherichia coli 2021 Skin BCW_12627 46 CTX-M-15 AmpC, AmpH, CMY-136

6 Klebsiella pneumoniae 2021 Skin BCW_12640 307 CTX-M-15, SHV-28 AmpH, CBP-1

7 Escherichia coli 2020 Pleural fluid BCW_12621 10 CTX-M-15 AmpC, AmpH

8 Escherichia coli 2020 Skin BCW_12622 450 CTX-M-15 AmpC, AmpH

9 Escherichia coli 2017 Urine BCW_12615 162 CTX-M-14 AmpC, AmpH

10 Escherichia coli 2013 Bile BCW_12611 410 CTX-M-15 AmpC, AmpH, OXA-1

11 Escherichia coli 2019 Bile BCW_12616 90 CTX-M-15, TEM-1 AmpC, AmpH

12 Escherichia coli 2013 Skin BCW_12614 410 CTX-M-15, TEM-1,
FONA-6 AmpC, AmpH, OXA-1

13 Escherichia coli 2013 Ear swab BCW_12613 44 CTX-M-15, FONA-6 AmpC, AmpH,
OXA-1, DHA-1

14 Escherichia coli 2019 Urine BCW_12617 1193 CTX-M-27 AmpC, AmpH, CMY-12

15 Escherichia coli 2020 Blood BCW_12620 162 CTX-M-14 AmpC, AmpH

16 Escherichia coli 2019 Skin BCW_12619 1148 FONA-6, TEM-1 AmpC, AmpH

17 Escherichia coli 2019 Tracheal wash BCW_12618 162 CTX-M-14, TEM-1 AmpC, AmpH

18 Klebsiella oxytoca 2012 Urine BCW_12637 101 TEM-1, SHV-66 AmpH, OXY-2-10

19 Escherichia coli 2021 Urine BCW_12628 162 CTX-M-14, TEM-1 AmpC, AmpH

20 Escherichia coli 2021 Urine BCW_12624 68 CTX-M-15 AmpC, AmpH, OXA-1

21 Escherichia coli 2021 Urine BCW_12623 1431 CTX-M-15, TEM-1 AmpC, AmpH, CMY-2

22 Klebsiella pneumoniae 2021 Pleural fluid BCW_12639 307 CTX-M-15, SHV-28,
TEM-1 AmpH, OXA-1, CBP-1

BAL, bronchoalveolar lavage; SRA, sequence read archive; MLST, multi-locus sequence typing; ESBL, extended-
spectrum β-Lactamase.

3.3. Genomic Similarity Comparison

Examination of sample identity by multi-locus sequence typing (MLST) [22] and compar-
ison of genomic distance were carried out (Figure 3). Clustering of genomes was observed,
but this did not correlate with the sample collection site (material, body location). Clusters
with high genetic similarity were observed among isolates with the same MLST number, with
the largest groups being E. coli (162) (n = 5, modest genetic diversity) and E. coli (410) (n = 3,
modest genetic diversity). Two E. coli isolates (BCW_12624 and BCW_12617) showed greater
divergence from each other and the remainder of the examined E. coli samples. Therefore,
the E. coli isolates examined were diverse, and 12 MLST groups were identified.
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Figure 3. Sample genome assembly comparisons (DNA sequence k-mer (31 bp) matching) are shown
in all against all matrix by Jaccard similarity index (color scale on right: 1.0 (dark blue) is near identical,
0.0 is no observed relationship). A hierarchical clustering dendrogram (left) shows structure of
relatedness (branch lengths represent relative distance between clusters, colors correspond to species).
Samples are labeled by Sequence Read Archive (SRA) ID number, species (E.c.: Escherichia coli,
K.p.: Klebsiella pneumoniae, K.o.: Klebsiella oxytoca), and PubMLST schemes (Escherichia coli [Achtman],
Klebsiella pneumoniae species complex [Pasteur], and Klebsiella oxytoca), respectively. The plot shows
clustering corresponding to species and MLST.

4. Discussion

ESBL-producing Enterobacterales were associated with a wide range of clinical pre-
sentations in this study. Most of the specimens in this study in which ESBL-producing
Enterobacterales were detected were from the urinary tract. Given that E. coli is the most
common pathogen associated with urinary tract infections in dogs [25], this result was
expected. The prevalence of ESBL-producing bacterial isolates in human patients with
bacteriuria has been as high as 37% in some studies [26].

Almost all the ESBL-producing Enterobacterales in the study reported here were
from dogs, with only one isolate from a cat. Furthermore, it is possible the isolate from
the cat originated from the oral flora of a dog, given the source was dog-bite-associated
peritonitis. A 2021 meta-analysis of studies pertaining to ESBL-producing E. coli in dogs
and cats isolated from a variety of specimens however revealed no difference in the global
prevalence of ESBL-producing Enterobacterales between dogs and cats [27]. Our hospital
examined a total of 5.3 times more dogs than cats over the 10-year period, which may have
contributed to the higher proportion of isolates from dogs. In addition, the prevalence
of urinary tract infections (and bacterial infections in general) in cats is low compared to
dogs [25], likely contributing to the lower number of isolates from cats in this study. The
number of ESBL-producing Enterobacterales isolated varied per year (Figure 1), and more
than half (17/30) were obtained from the final two years of the study. When examining the
hospital data over the 10-year period, only 28% more patients were evaluated in 2020–2021
compared to 2011–2012, so the increase could not be explained by patient volume alone.
However, conclusions about a change in the prevalence of ESBL-producing Enterobacterales
cannot be drawn from this study because of inconsistent testing across the study period.
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Multidrug resistance was a common feature of the identified isolates, present in 90% of
isolates in this study. ESBLs typically confer resistance to third-generation cephalosporins,
although, by definition, fourth (cefepime) and fifth (ceftaroline) generation cephalosporins
remain active against ESBL-producing bacteria [28]. In this study, 6/30 (20%) isolates
were resistant to cefepime. Carbapenems are considered the treatment of choice for ESBL-
producing Enterobacterales infections in humans [29], and all isolates in our study were
susceptible to carbapenems. Several clinical studies in human patients have revealed higher
rates of mortality in patients with infections caused by ESBL-producing Enterobacterales
treated with cefepime than those treated with carbapenems [30]. However, carbapenem-
resistant Enterobacterales have been identified [31], and strategies to reduce carbapenem
use should be employed when feasible. In the current study, 77% of isolates were susceptible
to piperacillin/tazobactam, an extended-spectrum penicillin and beta-lactamase inhibitor
combination antimicrobial with a broad spectrum of activity against Gram-positive and
Gram-negative bacteria. Whilst some conjecture in the literature exists between in vitro
activity and clinical responses, a study in human patients with urinary tract infections
caused by ESBL-producing E. coli revealed that carbapenem and piperacillin/tazobactam
had similar clinical efficacy and mortality rates were similar between groups [32]. Similarly,
83% of isolates in this study were susceptible to amikacin, so this represents an additional
alternative antimicrobial for the treatment of ESBL-producing Enterobacterales infections,
at least for the population of animals seen at the authors’ institution. Isolates were largely
susceptible to cefoxitin and cefotetan (second-generation cephamycins). ESBLs typically
do not hydrolyze cephamycins, although isolates resistant to cephamycins have been
reported [28]. Several studies of human patients have reported the efficacy of cephamycins
in the treatment of urinary tract infections caused by ESBL-producing Enterobacterales [33],
although data are limited on their use for the treatment of infections outside the urinary
tract or in small animals.

BlaCTX-M-15 was the most prevalent ESBL gene and is the most common ESBL gene
reported in E. coli isolates from dogs and cats worldwide [27]. The prevalence of various
ESBL genes in bacteria from companion animals may vary geographically, although the
number of isolates in these studies is low. The blaTEM gene family was the most common
in a Brazilian study (47 isolates) [34], blaCTX-M-1 in a French study (10 isolates) [35], and
blaCTX-M-14 in New Zealand (36 isolates) [36]. A study performed in 2011 that characterized
ESBL genes from 54 E. coli isolates from companion animals in the USA revealed 78% of
isolates carried the blaCTX-M-15 gene [37]. Concerningly, all isolates in our study possessed
multiple genes that could contribute to beta-lactam resistance.

While isolates in this study were obtained from patients with clinical disease, ESBL-
producing Enterobacterales have been detected in the feces and saliva of healthy dogs and
cats [9,10]. Future studies are needed to determine whether there are differences in the
phenotypic and genotypic characteristics of ESBL-producing bacteria from diseased versus
healthy companion animals. Additional studies are also needed to identify risk factors for
infection and the outcomes of infection. In human medicine, significant previous antimicro-
bial use [38,39], urinary catheter placement [38], and overcrowded households [39] have
all been implicated as risk factors for ESBL colonization. In one study that examined the
presence of ESBL-producing Enterobacterales in fecal specimens from healthy dogs in the
Netherlands [10], consumption of raw meat was the main risk factor identified. A similar
study performed in the UK on the fecal carriage of ESBL-producing Enterobacterales [40]
found that dogs with a history of antimicrobial therapy in the past year and dogs obtained
from a shelter or breeder were at increased risk for colonization. Recently, the presence of
ESBL-producing Enterobacterales in the feces of dogs and cats was investigated in animals
admitted to a veterinary hospital in Brazil on admission and at discharge [34]. A total of
11/47 patients had ESBL-producing Enterobacterales in their feces at hospital discharge and
not at admission, suggesting veterinary hospitals as a major source of acquisition. Evidence
of household transfer of ESBL/AmpC-producing Enterobacterales among humans and
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dogs has been reported [41], although other studies have suggested exposure to a common
environmental source or clonal transmission between pets and humans is more likely [10].

There were several limitations to this study. Only 22 of the 30 isolates were banked
and available for WGS. The results reflect the population of bacteria and their resistance
patterns seen at the University of California-Davis, which is a tertiary referral hospital, and
may not reflect bacterial populations seen at other hospitals. Given the high prevalence
of AmpC and AmpH β-Lactamase genes identified in this study, some ESBL-producing
Enterobacterales may have been overlooked using our search process. This is because ESBL
detection is often masked by high-level production of AmpC [42]. Susceptibility testing
and ESBL confirmation were not performed on all E. coli and Klebsiella isolates obtained
during the study period. As a result, meaningful temporal information on prevalence may
be lacking. Furthermore, routine susceptibility panels did not include all antimicrobials,
such as nitrofurantoin.

5. Conclusions

This study lays the groundwork for future large-scale epidemiological studies on dogs
and cats caused by clinical infections with ESBL-producing Enterobacterales. Improved
understanding of prevalence, risk factors, outcomes, and mechanisms of resistance gene
acquisition is needed for companion animals. Information on clinical cases will ideally help
clinicians identify animals that are at high risk for ESBL infections and aid in antimicrobial
selection. Surveillance for the emergence of ESBL-producing Enterobacterales is important
in both veterinary medicine and human healthcare, given the potential for zoonotic and
healthcare-associated transmission.
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Simple Summary: Antimicrobial resistance (AMR) poses a major threat to human and animal health.
One of the causes underlying the emergence of increasingly resistant strains is antibiotic selective
pressure. This study aimed to evaluate the impact of treatment with amikacin on an extended
spectrum β-lactamase (ESBL)-producing Klebsiella pneumoniae isolated in a dog with rhinorrhea. In
the middle of the treatment, methicillin-resistant Staphylococcus pseudintermedius (MRSP) was isolated
from the left nasal cavity of the dog. At the end of the treatment, K. pneumoniae was not recovered
from nasal swab samples, while MRSP displayed phenotypical and genotypical changes. Six weeks
after the end of the treatment, only commensal flora was observed in both nasal cavities. These
results warn of the effects of antibiotic pressure, which can lead to the emergence of multidrug-
resistant strains either by directly promoting the enrichment of bacteria with resistance to multiple
antimicrobial agents or via the subsequent acquisition of resistance genes. Therefore, adapting clinical
practice to this new reality is crucial to limit the selection and spread of multi-resistant bacteria among
pets, humans and the environment.

Abstract: Because of public health concerns, much greater scrutiny is now placed on antibiotic use in
pets, especially for antimicrobial agents that have human analogs. Therefore, this study aimed to
characterize the phenotypic and genotypic profiles of multidrug-resistant bacteria isolated from nasal
swabs samples taken from a one-year-old male Serra da Estrela dog with rhinorrhea that was treated
with amikacin. An extended-spectrum β-lactamases (ESBL) Klebsiella pneumoniae was isolated in the
first sample taken from the left nasal cavity of the dog. Seven days later, methicillin-resistant (MRSP)
Staphylococcus pseudintermedius was also isolated. Nevertheless, no alterations to the therapeutic
protocol were performed. Once the inhibitory action of the antibiotic disappeared, the competitive
advantage of the amikacin-resistant MRSP was lost, and only commensal flora was observed on
both nasal cavities. The genotypic profile of extended-spectrum β-lactamase (ESBL)-producing
Klebsiella pneumoniae revealed the same characteristics and close relation to other strains, mainly from
Estonia, Slovakia and Romania. Regarding MRSP isolates, although resistance to aminoglycosides
was present in the first MRSP, the second isolate carried aac(6′)-aph(2′′), which enhanced its resistance
to amikacin. However, the veterinary action was focused on the treatment of the primary agent (ESBL
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K. pneumoniae), and the antibiotic applied was according to its phenotypic profile, which may have
led to the resolution of the infectious process. Therefore, this study highlights the importance of
targeted therapy, proper clinical practice and laboratory-hospital communication to safeguard animal,
human and environmental health.

Keywords: antibiotic pressure; dog; multidrug-resistant bacteria; ESBL Klebsiella pneumoniae; MRSP
Staphylococcus pseudintermedius

1. Introduction

Antimicrobial resistance (AMR) poses a major threat to human and animal health
worldwide [1,2]. The indiscriminate use and overuse of antimicrobials are some of the
most important causes underlying the emergence of increasingly resistant strains through
selective pressure [3–5]. Empirical antibiotic therapy frequently uses broad-spectrum an-
timicrobials or combinations of antimicrobials, which may also be required in polymicrobial
infections or life-threatening conditions [6]. Indeed, 76% of veterinary clinicians support
antimicrobial selection based on personal experience [4]. In addition to veterinary and
human medicines sharing antibiotics, the transmission of resistant bacteria may occur due
to the proximity between humans and companion animals [7,8].

Antibiotic therapy, either empirical or pathogen-directed, exerts selective pressure
triggering multiple survival strategies resulting in vertical (mutations) or horizontal (of
mobile genetic elements) transmission [9]. Bacterial populations present a notorious adap-
tative potential and high plasticity when facing different types of stress, including antibiotic
therapy [9,10]. Indeed, multidrug-resistant strains can be selected under antibiotic pressure
as a result of antibiotic treatment [11,12]. Therefore, physicians and veterinarians are im-
portant actors in the control of antimicrobial resistance as part of “One Health,” especially
for critical pathogens (WHO, ECDC) [13–16].

Klebsiella pneumoniae (K. pneumoniae) is one of the leading pathogens associated with
the emergence of antibiotic resistance and a clinically significant nosocomial pathogen,
also associated with high morbidity and mortality rates in companion animals [17,18].
Another emerging zoonotic pathogen of canine origin is methicillin-resistant Staphylococcus
pseudintermedius (S. pseudintermedius; MRSP), which is transmitted by direct contact with or
bites to pet owners or veterinary staff [19].

This study aimed at characterizing the phenotypic and genotypic profiles of multidrug-
resistant strains isolated during a single infectious process, evaluating the impact of an-
tibiotic selective pressure. A single case study of a dog presenting with mucopurulent
rhinorrhea caused by an extended spectrum β-lactamases (ESBL) producing K. pneumoniae
was investigated, followed by the appearance of MRSP. Antimicrobial resistance profiling
and Whole Genome Sequencing (WGS) were performed on the strains isolated from this
case. The impact of the applied antibiotic, amikacin, was evaluated during the therapeutic
protocol on the nasal flora of the animal.

2. Materials and Methods
2.1. Case Selection

Cases admitted to the Veterinary Hospital (UPVET) of the Institute of Biomedical
Sciences Abel Salazar, University of Oporto (ICBAS/UP) from the 1st of January 2022 to
the 31st of December 2022 were analyzed (n = 8338). Eligibility criteria for case enrolment
were: (i) admission to the UPVET for bacteriological infection, (ii) follow-up performed by
UPVET, (iii) sending of more than one consecutive sample to the microbiology laboratory
of ICBAS-UP during the same infectious process, (iv) isolation of a pure bacterial culture
with a multidrug-resistant profile and clinically relevant under the One Health approach. A
single case was selected based on these criteria. Informed consent was obtained from all of
the UPVET clients for the use of data of patients for scientific study and teaching purposes.
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Data was safely stored and anonymized according to Data Protection laws (Regulation
(EU) 2016/679).

The selected case pertains to a 1-year-old, unneutered, giant breed (Serra da Estrela)
dog with up-to-date vaccination and deworming, followed at UPVET. The owner of this
animal had requested an emergency appointment since his dog showed signs of vomiting
and mucopurulent rhinorrhea from the left nostril (Figure 1). Clinical examination revealed
pain on abdominal palpation and mucopurulent rhinorrhea from the left nostril with no
other abnormalities. The dog had been submitted for the surgical correction of a gastric
dilatation volvulus a week earlier. Therefore, the clinicians decided to hospitalize the
animal until the vomiting stopped. During hospitalization, supportive medication was
administered, keeping the antibiotic treatment instituted by the hospital where the surgery
was performed, consisting of cephazolin and metronidazole. After 2 days, the dog returned
home with gastric support medication, along with a cephalexin prescription. After the
first microbiological result of the left nasal cavity, the dog was again hospitalized, and
a computed tomography (CT) scan was performed to understand the severity of the
infectious process in the nasal cavities. The CT scan showed rhinosinusitis in the left nasal
cavity, decreased nasal turbinates in the middle cavity and homogeneous material partially
occupying the left nasal cavity (Appendix A). In order to discard fungal involvement, a
rhinoscopy was performed, in which no signs of fungal plaques were detected. Besides,
the biochemical analysis of blood to monitor urea and creatinine was also performed, and
no alterations were recorded. In parallel, 4 samples were collected in order to follow the
microbiological evolution of the clinical case. Samples were collected at 3 different times
during antibiotic treatment: 8 and 18 days after the antibiotics’ start and 6 weeks after the
end of antibiotic treatment.
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Figure 1. Timeline of the clinical case highlighting the main temporal events, antibiotic therapy and
bacterial analysis.

2.2. Sample Collection and Bacterial Isolation

Samples were collected using a sterile swab and vigorously rubbing the most cau-
dal side of the nasal cavity, as previously described by the Centers for Disease Control
and Prevention (CDC) [20]. The collected samples were immediately transported to the
microbiology laboratory and processed within 2 h of collection.

The first analysis was processed according to UK Standards for Microbiology Investi-
gations [21]. As ESBL K. pneumoniae was isolated in the first sample, Simmons Citrate Agar
(SCA) containing 1% (w/v) of myo-inositol (SCAi) was used along with blood agar media
(BA, Tryptone Soy Agar containing 5% of laked horse blood Agar). In the third sample,

57



Vet. Sci. 2023, 10, 326

CHROMagar™ Staphylococcus aureus (CSA) was also used since, in the second sample,
K. pneumoniae and MRSP were isolated. Finally, in the fourth sample, these 3 culture medi-
ums were used: BA, CSA and SCAi. The schematic representation of the culture media
used throughout the five samples is shown in Figure 2.
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Figure 2. Culture media used in the microbiological analysis of the five samples. Additional culture
media were added to subsequent samples to specifically culture the previously identified bacteria. BA:
Blood agar, SCAi: Simmons Citrate agar contain 1% of inositol, CSA: CHROMagar™ S. aureus (CSA).

The plates with BA and CSA were incubated for 24 h, while the SCAi plates were left
for 48 h at 37 ◦C. Bacterial isolates obtained from BA were Gram-stained and identified with
conventional biochemical tests. Mauve to purple colonies growing on CSA were suspected
to be coagulase-positive Staphylococcus. Moreover, yellow, dome-shaped, often mucoid
colonies growing on SCAi were suspicious for Klebsiella spp. To confirm at the species level
of Klebsiella spp. isolates, the RapID™ ONE System (Thermo Fischer Scientifics, Waltham,
MA, USA) was used.

All isolated colonies were frozen in buffered peptone water (BPW) containing 1.5%
(v/v) glycerol at −20 ◦C.

2.3. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing was performed and interpreted according to the
Clinical and Laboratory Standards Institute guidelines [22] using the Kirby–Bauer method.
Antimicrobials were selected to represent a wide range of classes, and selection between
different antimicrobial agents of the same class was based on the availability of clinical
CLSI breakpoints [23].

A panel of 19 antimicrobials was used for K. pneumoniae: amikacin (AMK, 30 µg), amox-
icillin/clavulanic acid (AMC, 30 µg), ampicillin (AMP, 10 µg), azithromycin (AZM, 15 µg),
aztreonam (ATM; 30 µg), cefotaxime (CTX; 30 µg), cefoxitin (FOX; 30 µg), ceftazidime
(CAZ; 30 µg), cephazolin (CFZ; 30 µg), chloramphenicol (CHL; 30 µg), ciprofloxacin (CIP;
5 µg), doxycycline (DOX; 30 µg), gentamycin (GEN; 120 µg), imipenem (IMP; 10 µg), lev-
ofloxacin (LEV; 5 µg), nitrofurantoin (NIT; 300 µg), streptomycin (STR; 10 µg), sulfamethox-
azole/trimethoprim (SXT; 25 µg), tetracycline (TET; 30 µg), and tobramycin (TOB; 10 µg).
For S. pseudintermedius, 17 antimicrobials were tested: azithromycin (AZM; 15 µg), cefoxitin
(FOX; 30 µg), chloramphenicol (CHL; 30 µg), ciprofloxacin (CIP; 5 µg), clindamycin (CLI;
2 µg), doxycycline (DOX; 30 µg), erythromycin (ERY; 15 µg), gentamycin (GEN; 120 µg),
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levofloxacin (LEV; 5 µg), linezolid (LZD; 30 µg), nitrofurantoin (NIT; 300 µg), oxacillin
(OXA; 1 µg), penicillin (PEN; 10 UI), quinupristin-dalfopristin (QDA; 15 µg), rifampicin
(RIF; 5 µg), sulfamethoxazole/trimethoprim (SXT; 25 µg), tetracycline (TET; 30 µg), and
tobramycin (TOB; 10 µg). All antimicrobial disks were from Oxoid (Basingstoke, UK).

Bacterial isolates were classified as susceptible, intermediate or resistant using current
CLSI breakpoints [23]. Isolates resistant to 3 or more antibiotics classes were defined as
multidrug-resistant (MDR) bacteria [24].

2.4. DNA Extraction and WGS Tecnhique

Genomic DNA was extracted from fresh cultures of each isolate using the Isolate II
Genomic DNA Kit (Bioline, London, UK), followed by quantification in the Qubit fluorometer
(Invitrogen, Waltham, MA, USA) with the dsDNA HS Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA), according to the manufacturer’s instructions. The DNA was subjected
to the NexteraXT library preparation protocol (Illumina, San Diego, CA, USA) prior to cluster
generation and paired-end sequencing (2 × 150 bp) on a NextSeq 550 instrument (Illumina),
according to the manufacturer’s instructions. FastQC v0.11.5 (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/ (accessed on 16 February 2023)) was used for quality control
and Trimmomatic v0.38 [25] for trimming low-quality bases.

2.4.1. Bioinformatic Analysis of K. pneumoniae

Online bioinformatic tools from PathogenWatch v20.0.13 (https://pathogen.watch/;
accessed on 8 February 2023), specifically, Kleborate v2.2.0, were used to evaluate
K. pneumoniae antibiotic resistance genes or known mutations, virulence genes, plasmid
typing, Multilocus Sequence Typing (MLST) [26], core genome Multilocus Sequence Typ-
ing (cgMLST), capsular polysaccharide (K) and lipopolysaccharide O locus types and
serotypes [27]. The phylogenetic analysis inferred by the neighbor-joining tree was based
on the Pathogenwatch pairwise-distance matrix, based on the single nucleotide polymor-
phism (SNP) distances of a core gene library (1972 genes) [28]. Closely related genomes
and the associated metadata (country, source and date) were collected from all public
genomes available from Pathogenwatch after cgMLST single-linkage clustering and the
selection of those with less than 5 allele differences. The neighbor-joining tree was edited
using iToL [29].

2.4.2. Bioinformatic Analysis of S. pseudintermedius

For bioinformatic analysis for S. pseudintermedius strains, DNA was assembled us-
ing the Bacterial and Viral Bioinformatics Resource Center (BV-BRC) platform (https:
//www.bv-brc.org/app/Assembly2; accessed on 8 February 2023). Moreover, tools from
Centre for Genomic and Epidemiology (http://www.genomicepidemiology.org; accessed
on 26 January 2023) were used to assess antibiotic resistance genes or known mutations (Res-
Finder 4.1; https://cge.food.dtu.dk/services/ResFinder/; accessed on 9 February 2023), vir-
ulence genes (VirulenceFinder 2.0; https://cge.food.dtu.dk/services/VirulenceFinder/; ac-
cessed on 9 February 2023), plasmid replicons (PlasmidFinder 2.1; https://cge.food.dtu.dk/
services/PlasmidFinder/; accessed on 16 February 2023), SCCmec elements (SCCmecFinder
1.2; https://cge.food.dtu.dk/services/SCCmecFinder/; accessed on 16 February 2023) and
Multilocus Sequence Typing (MLST 2.0; https://cge.food.dtu.dk/services/MLST/; ac-
cessed on 16 February 2023).

2.4.3. Data Availability

Sequence data were submitted to the European Nucleotide Archive (ENA) under
BioProject accession number PRJEB61067. Each strain was stored with the accession
numbers ERS14859644-ERS14859647, and the genomics sequences can be accessed with the
accession numbers ERR11179010-ERR11179013.
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3. Results
3.1. Dog Hospital Procedures and Bacterial Analysis

A sample of the mucopurulent discharge of the left nostril was collected during the
emergency appointment and immediately transported to the microbiology laboratory.
Microbiological analysis of this first sample detected growth of a pure culture on BA
medium, being identified as a K. pneumoniae (strain 3055). Antimicrobial susceptibility
results of this isolate revealed the expression of extended-spectrum β-lactamases (ESBL).
Therefore, the clinicians decided to proceed with a second hospitalization in the isolation
ward and administer injectable amikacin (by slow intravenous infusion). During the
administration of antibiotics, the dog was kept in the isolation ward, where the following
care was performed: (i) cleaning both nostrils every eight hours with saline and nostril
aspiration; (ii) total restriction to public space (no access to the street); (iii) proper disposal
of all organic (feces, urine) and non-organic materials (e.g., gloves); (iv) no external visits;
and (v) the biochemical analysis of blood to monitor urea and creatinine every 5 days, in
order to control renal function.

Eight days after the start of injectable antibiotic therapy, a new sample was taken from
the left nasal cavity of the dog. In this sample, growth on BA and SCAi media was observed,
as it involved a recovered K. pneumoniae isolate (strain 3089/2, BA and SCAi) and an
S. pseudintermedius isolate (strain 3089/1, BA). Both strains revealed a multidrug-resistant
profile (ESBL Klebsiella pneumoniae and MRSP). Nevertheless, no alteration was made to
the clinical protocol: antibiotic therapy with amikacin in the isolation ward was maintained,
which lasted 14 days. After 4 days without medication, the third sample was collected
from the left nostril, and only MRSP could be found in microbiological samples. Therefore,
the dog was discharged without any antimicrobial therapy. New samples of both nostrils
(fourth and fifth samples) were taken six weeks after ending antimicrobial therapy, and no
growth on SCAi nor on MAC mediums was observed. The polymicrobial flora presented
on these samples were compatible with commensal flora, and none of the previous isolates
were identified.

3.2. Antimicrobial Susceptibility Testing

The antimicrobial profile of the four isolated strains (two K. pneumoniae and two
S. pseudintermedius) is presented in Table 1. All the strains were resistant to more than three
antibiotic classes, being classified as MDR.

The K. pneumoniae isolates recovered in this study were classified as ESBL since they
were resistant to aztreonam, cefotaxime and ceftazidime (Table 1) [23]. The antimicrobial
profile of both K. pneumoniae strains (3055 and 3089/2) displayed the same antibiotic sus-
ceptibility pattern with resistance to penicillin, cephalosporins, monobactam, macrolides,
tetracyclines, fluoroquinolones, folate inhibitor, phenicol, nitrofuran and aminoglycosides
antibiotic class. Regarding the aminoglycoside class, both K. pneumoniae strains only
showed resistance to tobramycin and streptomycin (Table 1).

The two S. pseudintermedius isolates recovered were resistant to oxacillin, being classi-
fied as MRSP. The antimicrobial profile of S. pseudintermedius isolates (3089/1 and 3099)
revealed antibiotic resistance to penicillin, cephalosporins, aminoglycosides, tetracyclines,
fluoroquinolones, lincosamides and folate inhibitor classes. Although both strains demon-
strated susceptibility to doxycycline, the diameter of inhibition was near the lower limit of
the breakpoint.
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Table 1. Antimicrobial susceptibility profile of K. pneumoniae and S. pseudintermedius isolated from
the dog in different sampling times.

Antibiotic Class Antibiotic
Klebsiella pneumoniae Staphylococcus pseudintermedius

3055 3089/2 3089/1 3099

Penicillin

AMP R R - -
AMC R R - -
OXA - - R R
PEN - - R R

Cephalosporins

CAZ R R - -
CFZ R R - -
CTX R R - -
FOX R R R R

Monobactam ATM R R - -

Macrolides
AZM R R R R
ERY - - R R

Aminoglycosides

AMK S S - -
GEN S S I I
STR R R - -
TOB R R R R

Tetracyclines
DOX I I S S

TET I I R R

Fluoroquinolones
CIP R R R R

LEV R R R R

Ansamycin RIF - - S S

Lincosamide CLI - - R R

Folate inhibitor SXT R R R R

Phenicol CHL R R S S

Nitrofuran NIT R R S S

Carbapenems IMP S S - -

Streptogramins QDA - - S S

Oxazolidinones LZD - - S S

Sampling order 1st 2nd 2nd 3rd

R, resistant; I, intermediate; S, susceptible; AMK, amikacin, AMC, amoxicillin/clavulanic acid; AMP, ampi-
cillin; ATM, aztreonam; AZM, azithromycin; CAZ, ceftazidime; CHL, chloramphenicol; CIP, ciprofloxacin, CTX,
cefotaxime; CLI, clindamycin; DOX, doxycycline; ERY, erythromycin; FOX, cefoxitin; GEN, gentamycin, IMP,
imipenem; CFZ: cephazolin; LEV, levofloxacin; LZD, linezolid; NIT, nitrofurantoin; OXA, oxacillin; PEN, penicillin;
QDA, quinupristin-dalfopristin; RIF, rifampicin, STR, streptomycin; SXT, sulfamethoxazole/trimethoprim; TET,
tetracycline; TOB, tobramycin.

3.3. WGS and In Silico Genomic Characterization
3.3.1. ESBL K. pneumoniae Strains Characterization

Both ESBL K. pneumoniae strains presented the same seventeen acquired genes related
to aminoglycoside (aac(6′)-Ib-cr, aph3-Ia, strA and strB), 3rd generation cephalosporins
(blaCTX-M-15), fluoroquinolones (qnrB1, qnrB4, gyrA-83I and parC-80I), penicillins (blaDHA-1,
blaOXA-1, blaTEM-1D and blaSHV-11), phenicols (catB3), sulfonamides (sul1 and sul2) and
trimethoprim resistances (dfrA14) (Table 2). No genes mediating resistance to carbapen-
ems, 3rd generation cefalosporins or penicillins combined with beta-lactamase inhibitors,
colistin, fosfomycin, tetracyclines, monobactams, nitrofurans and tigecycline were found.
Interestingly, the resistance of K. pneumoniae to monobactam, tetracycline and nitrofuran
was observed, but no associated genes were identified (Appendix B).
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Table 2. Whole genome characterization of Klebsiella pneumoniae.

Sample ID Antimicrobial Resistance
Genes

Virulence
Genes

Plasmid
Typing MLST Closest

cgMLST
Capsule (K)

Locus
O Serotype

Locus

3055

aac(6′)-Ib-cr, aph3-Ia, strA, strB,
blaCTX-M-15, qnrB1, qnrB4,

gyrA-83I, parC-80I, blaDHA-1,
blaOXA-1, blaTEM-1D, blaSHV-11,

catB3, sul1, sul2, dfrA14

ybt 1 IncFII(K),
IncFIB(K), IncR 11 1509 KL105 O1/O2v2

3089/2

aac(6′)-Ib-cr, aph3-Ia, strA, strB,
blaCTX-M-15, qnrB1, qnrB4,

gyrA-83I, parC-80I, blaDHA-1,
blaOXA-1, blaTEM-1D, blaSHV-11,

catB3, sul1, sul2, dfrA14

ybt 1 IncFII(K),
IncFIB(K), IncR 11 1509 KL105 O1/O2v2

In terms of virulence-associated genes, only the siderophore yersiniabactin gene was
found on both ESBL K. pneumoniae strains (Table 2).

Both ESBL K. pneumoniae strains presented the same three types of plasmids: IncFII(K),
IncFIB(K) and IncR. These strains also possessed identical MLST, closest cgMLST, capsule
locus and serotype O (11, 1509, KL105 and O1/O2v2, respectively; Table 2).

The neighbor-joining tree generated by comparing the cgMLST of K. pneumoniae
genomes isolated in this study with those available in PathogenWatch revealed an associa-
tion with isolates from human infections and a cat (Figure 3). Geographically, this group
was identified mainly in Romania and Slovakia, followed by Estonia, France and Croatia
(Figure 3).
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Figure 3. Neighbor-joining tree representing the phylogenetic relationships among K. pneumoniae
genomes obtained in this study and those available in PathogenWatch with less than 22 SNPs.
The cgMLST single linkage clustering was used for genome selection with a threshold of 5 allele
differences, and the neighbor-joining tree was inferred from the PathogenWatch pairwise-distance
matrix. The metadata of each isolate (country, source and date) was added using iTOL (https:
//itol.embl.de/; accessed on 10 March 2023).

3.3.2. MRSP Strains Characterization

Genes mediating resistance to penicillins (blaZ and mecA), macrolides (erm(B)), amino-
glycosides (aph(3′)-III and ant(6)-Ia), tetracyclines (tet(K) and tet(M)), clindamycin (erm(B))
and trimethoprim (drfG) were found on both strains (Table 3). The aac(6′)-aph(2′′) gene was
also detected in the 3099 strain. However, fluoroquinolone, streptogramin or phenicol genes
mediating resistance were not found. Resistance of S. pseudintermedius to cephalosporin
and fluoroquinolones was observed, but no associated genes were identified (Appendix B).
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Table 3. Whole genome characterization of Staphylococcus pseudintermedius.

Sample ID Antimicrobial Resistance Genes Plasmid MLST SCCmec Type

3089/1 aph(3′)-III, ant(6)-Ia, erm(B), drfG, blaZ,
mecA, tet(K), tet(M) rep7a, repUS43 551 Vc(5C2&5)

3099 aac(6′)-aph(2′′), aph(3′)-III, ant(6)-Ia,
erm(B), dfrG, blaZ, mecA, tet(K), tet(M) rep7a, repUS43 551 Vc(5C2&5)

Both isolates have the rep7a and repUS43 plasmid replicons and the Vc(5C2&5)
SCCmec element. No virulence-associated genes were identified in the MRSP strains
(Table 3).

4. Discussion

The frequent occurrence of multidrug-resistant bacteria has become a global threat
to public health [2]. Overuse of antibiotics has been identified as the leading driver of
AMR [30,31]. A case of a dog with rhinorrhea caused by an ESBL K. pneumoniae was
investigated. Due to the resistance profile presented by this isolate, injectable amikacin
was administered, and the animal was hospitalized in the isolation ward. Other causes
were ruled out using CT and rhinoscopy. While under antibiotic treatment, ESBL K. pneu-
moniae was again isolated along with MRSP. This last MDR bacterial strain was considered
opportunistic [32], derived from the selective pressure and depletion of the natural nasal
microbiome caused by the antibiotics [33]. Therefore, no additional treatment was pre-
scribed, and 6 weeks after the antibiotic treatment had ceased, only commensal flora was
found in samples from both nostrils.

The antimicrobial resistance profiles of the two strains of K. pneumoniae (3055 and
3089/2) showed identical antibiotic susceptibility patterns, both being considered ESBL.
The high level of resistance was remarkable, especially for the antibiotic classes of penicillin,
cephalosporin and fluoroquinolone, which can be explained by two reasons: these are
the most frequently prescribed antibiotics in veterinary medicine [34], and the dog under-
went an emergency gastric surgery one week before the first sample collection, in which
cephazolin antibiotherapy was prescribed. For instance, in Portugal, fluoroquinolones
and cephalosporins represented the second and fourth most often prescribed antibiotic
classes in both human and animal medicines [35]. Nonetheless, K. pneumoniae is commonly
resistant to aminopenicillins [23].

Considering the resistance genes found by PathogenWatch in K. pneumoniae isolates,
the ESBL phenotype was held by the detection of β-lactamase resistance genes (blaCTX-M-15;
Table 2). Also, fluoroquinolone, phenicol, aminoglycoside, sulfonamide and trimethoprim
resistance genes were detected, in accordance with previous studies, which demonstrated
that at least 80% of ESBL producers were also resistant to sulfonamides, quinolones and
aminoglycosides [36].

Nevertheless, a few discrepancies were found between phenotypic and genotypic
resistance profiles. Although aac(6′)-Ib-cr, aph3-Ia, strA and strB were detected, ESBL
K. pneumoniae strains were phenotypically susceptible to gentamycin and amikacin. Like-
wise, genes mediating resistance to penicillin combined with β-lactamase inhibitors,
monobactams, macrolides, tetracyclines and nitrofuran were not found, despite ESBL
K. pneumoniae strains showing intermediate resistance to tetracycline, doxycycline and
resistant to amoxicillin/clavulanic acid, aztreonam, azithromycin and nitrofurantoin.

The virulence gene Ybt 1 was found in both strains of K. pneumoniae, which encode
the iron-scavenging siderophore yersiniabactin, promoting systemic survival and dissem-
ination [37]. Also, previous studies demonstrated that this virulence gene favored the
maximum growth and lethality of K. pneumoniae in respiratory tract infection [38,39], which
may have largely contributed to the pathogenicity in this case.

Plasmids often transport resistance genes and virulence genes that can disseminate by
horizontal gene transfer mechanisms [40]. IncFII(K), IncFIB(K) and IncR plasmids were
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detected for both strains of K. pneumoniae, being this type of plasmids associated with epi-
demic K. pneumoniae and implicated in the worldwide spread of multidrug resistance [41].
The same authors found an association between the blaCTX-M-15 gene and the IncR plasmid
in ESBL K. pneumoniae isolates from Portuguese hospitals [41].

The two strains of K. pneumoniae recovered in this study presented the capsular-type
KL105 and Sequence Type 11, previously associated with MDR and virulence determinants
(yersiniabactin and colibactin) [42]. The ST11 KL105 clade has been successfully dissemi-
nated in Europe, even circulating in Portuguese hospitals for years [43,44]. Therefore, it
can be hypothesized that a human previously hospitalized or working in a hospital may
have had contact with this dog.

Moreover, lipopolysaccharide O locus serotypes were identified as O1/O2v2 for both
strains of K. pneumoniae, which was associated with hypervirulent strains and was found
more frequently in clinical genomes, including in a Portuguese clinical genome [45].

Although strains circulating in Portugal with the same MLST, lipopolysaccharide O
locus and capsular type have been described, these Portuguese isolates of K. pneumoniae
were not available on PathogenWatch, and it was impossible to establish a phylogenetic
correlation between them. Therefore, the results of the phylogenetic tree supported kinship
(<22 SNPs) to strains mainly from eastern countries (Estonia, Slovakia and Romania) and
isolated especially from human infections (Figure 3). These data can be explained by
the migration (of both people and animals) from eastern countries to Portugal and the
consumption of imported food and feed. In addition, K. pneumoniae ST11 was first reported
in France (in 1997) and has since been reported all over the world, including in America,
Asia and most countries in Europe, such as The Netherlands, Norway, Poland, Slovakia
and Portugal [46–48]. ST11-K. pneumoniae lineage has only been reported in humans, and
no data was available in dogs. Moreover, in the 2000s, there was a wave of immigration
from Eastern European countries, namely from Ukraine, which is the third country with the
largest group of immigrants to Portugal [49]. Also, both strains of K. pneumoniae isolated
were closely related (5 allele differences).

Since ESBL K. pneumonia isolated in this study possessed a myriad of genetic determi-
nants, previously characterized with high pathogenicity and antimicrobial resistance, it
was assumed that the isolated strains were at the origin of the mucopurulent rhinorrhea
and that veterinary medical action was correctly adjusted to the microbiological findings.

Regarding the results of S. pseudintermedius strains (3089/1 and 3099), the isolation
of these strains during amikacin treatment may have been caused by antibiotic selection
pressure [32]. Hence, the susceptibility profiles were identical. Besides showing resistance
to cefoxitin and oxacillin, detection of the mecA resistance gene enabled both strains to be
classified as MRSP. Similar to ESBL K. pneumoniae strains, S. pseudintermedius presented
resistance to penicillin, aminoglycosides, macrolides, tetracyclines and trimethoprim classes.
Moreover, the aac(6′)-aph(2′′) gene was only detected on the 3099 strain, and it has been
described that it confers resistance to a broad spectrum of aminoglycosides [50,51]. The
acquisition of another gene to reinforce the resistance to aminoglycosides might have been
caused by the selective pressure of amikacin, allowing the bacteria to gain a competitive
advantage over other bacteria [52].

However, a few disparities were also found between the phenotypic and genotypic
resistance profiles. Indeed, no genes for resistance to fluoroquinolones were identified, and
phenotypically, both MRSP strains showed resistance to ciprofloxacin and levofloxacin.
These discrepancies observed in the two bacterial species (K. pneumoniae and S. pseud-
intermedius) were not pursued. However, potential antimicrobial mechanisms without
resistance gene expression include activation of multidrug efflux pumps or decreased
outer membrane permeability [53], which should be further explored for fluoroquinolone
resistance. Moreover, databases can differ essentially in the number and type of genes
and resistance determinants they comprise [54], so there is the possibility that quinolone-
resistant determinants were not found due to the database data used. Hence, phenotypic
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and genomic evaluation are complementary, both being required for a complete account
of resistance.

In both strains of MRSP, rep7a and repUS43 were identified. These plasmids frequently
carried the tet(M) and tet(K) resistance genes [55], which is in agreement with antimicrobial
resistance genes results.

In addition, the two MRSP strains were identified as ST551, being recorded between
2015 and 2018, 12 S. pseudintermedius ST551 strains in the PubMLST database, from different
geographical locations and animal hosts (https://pubmlst.org/, last accessed 28 February
2023). Among the 12 records, six samples were isolated from dogs (50%), four from cats
(33%) and two from humans (17%). Indeed, S. pseudintermedius has been correlated to
infections in dogs, being considered an important pathogen in canine pyodermas [56,57].
As for localization, these isolates were from Poland (50%), Switzerland (25%), Sweden
(17%) and the USA (8%), evidencing the spread of ST551 throughout Europe since 2015.

Also, both MRSP isolates harbored the SCCmec type Vc (5C2&5) element. Since these
strains possess the tet(K) gene, this is in agreement with previous studies, which showed
that isolates carrying the Vc (5C2&5) element co-harbor tet(K) in a higher proportion than
isolates with other SCCmec elements [58].

In this study, the right choice of antibiotic in combination with inpatient hospitalization
in the isolation ward might have contributed to the clinical success of the case. While the
choice based on the antibiogram allowed the elimination of the primary agent of infection,
the isolation of the animal possibly prevented the dissemination and spread of multidrug-
resistant bacteria. Although antibiotic therapy may have been at the origin of MRSP
recovery, once the inhibitory action of the prescribed aminoglycoside disappeared, the
competitive advantage of MRSP on nasal flora dissipated. Thereby, the decision of clinicians
to focus only on eliminating the ESBL K. pneumoniae strains may have been the correct one.

Some limitations should be considered in the present study. Firstly, data on antimicro-
bial prescriptions before the emergency appointment were not available. Secondly, since
only one clinical case was investigated, some bias in the interpretation of results may be
present. Despite these limitations, the results of this study provide valuable information
on the dynamics established between the antibiotic and the bacteria during a therapeutic
protocol of an infectious process.

Hence, pets can act as reservoirs of AMR genes that may transfer to other inhabitants
of the house, both humans and animals. Therefore, veterinary practices, along with micro-
biology laboratory guidance, must adapt to this new reality, ensuring effective treatment of
infections and protection of animal, human and environmental health.

5. Conclusions

The present study intended to investigate the effect of antibiotic pressure on the
isolation of multidrug-resistant bacteria. Our results showed that antibiotic therapy may
have been the cause of antimicrobial resistance and MRSP recovery. The isolation of MRSP
followed by its elimination may have been the result of antibiotic pressure for a long period,
combined with the competitive action of the commensal flora. The discrepancies observed
in this study between phenotypic and genotypic determinants of antimicrobial resistance
demonstrated their complementarity. Moreover, the geographical distribution of isolates
with similar characteristics to the isolates in this study showed the wide dispersion of the
bacteria. Thus, this study highlights the importance of readapting veterinary practices to
safeguard the effective treatment of infection and the protection of human, animal and
environmental health.
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Figure A1. Cranioencephalic computed tomography of a one-year-old Serra da Estrela dog. Left 
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homogeneous material with preservation of the nasal turbinates (A). This material extends caudally 
until the etmoturbinates and left frontal sinus (B, C), with no signs of osteolysis. The tympanic bullae 
are regular with normal aerial content, with the exception of the presence of an otolith in the left 
bulla (D). The cerebral parenchyma was normal (D). 

  

Figure A1. Cranioencephalic computed tomography of a one-year-old Serra da Estrela dog. Left
rhinosinusitis with no evidence of a foreign body with the left nasal cavity occupied with a homoge-
neous material with preservation of the nasal turbinates (A). This material extends caudally until
the etmoturbinates and left frontal sinus (B,C), with no signs of osteolysis. The tympanic bullae are
regular with normal aerial content, with the exception of the presence of an otolith in the left bulla
(D). The cerebral parenchyma was normal (D).
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Appendix B

Table A1. Summary of phenotypic resistance and resistance genes by the antibiotic class of the
four isolates.

Klebsiella pneumoniae Staphylococcus pseudintermedius

Antibiotic Class 3055 3089/2 Genome 3089/1 3099 Genome

Penicillin
R 2/2 2/2 blaDHA-1, blaOXA-1,

blaTEM-1D, blaSHV-11

2/2 2/2
blaZ, mecAS 0/2 0/2 0/2 0/2

Cephalosporin R 4/4 4/4 blaCTX-M-15
1/1 1/1 Missing

S 0/4 0/4 0/1 0/1

Monobactam
R 1/1 1/1 Missing na na na
S 0/1 0/1 na na

Macrolides
R 1/1 1/1 Missing 2/2 2/2 erm(B)
S 0/1 0/1 0/2 0/2

Aminoglycosides R 2/4 2/4 aac(6′)-Ib-cr, aph3-Ia,
strA, strB

2/2 2/2 aph(3′)-III, ant(6)-Ia),
aac(6′)-aph(2′′) *S 2/4 2/4 0/2 0/2

Tetracyclines R 2/2 2/2 Missing 1/2 1/2
tet(K), tet(M)S 0/2 0/2 1/2 1/2

Fluoroquinolones R 2/2 2/2 qnrB1, qnrB4,
gyrA-83I, parC-80I

2/2 2/2 Missing
S 0/2 0/2 0/2 0/2

Ansamycin R na na na 0/1 0/1 na
S na na 1/1 1/1

Lincosamide
R na na na 1/1 1/1

erm(B)S na na 0/1 0/1

Folate inhibitor
R 1/1 1/1 sul1, sul2, dfrA14 1/1 1/1 drfG
S 0/1 0/1 0/1 0/1

Phenicol
R 1/1 1/1

catB3
0/1 0/1 na

S 0/1 0/1 1/1 1/1

Nitrofuran
R 1/1 1/1 Missing 0/1 0/1 na
S 0/1 0/1 1/1 1/1

Carbapenems R 0/1 0/1 na na na na
S 1/1 1/1 na na

Streptogramins R na na na 0/1 0/1 na
S na na 1/1 1/1

Oxazolidinones
R na na na 0/1 0/1 na
S na na 1/1 1/1

* aac(6′)-aph(2′′) was only identified in 3099 strain. All results with intermediate susceptibility were classified as
resistant. na, not available.
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Simple Summary: The increase in microorganisms resistant to antimicrobials poses a growing risk
to the effectiveness of medical treatments, both in humans and animals. This surveillance is essential
to understand and address the magnitude of the problem and its impact on public health. Therefore,
it is crucial to monitor antimicrobial resistance not only in human medicine but also in veterinary
medicine. Companion animals, in particular, play a significant role as they live in close contact
with their owners, potentially facilitating the transmission of these antimicrobial resistance between
people and animals. Thus, this study aimed to evaluate the epidemiological situation of antimicrobial
resistance in dogs and cats to the opportunistic pathogen Staphylococcus spp. The main results showed
a high prevalence of antimicrobial resistance in the study population (healthy and diseased dogs
and cats), even to the last resort of antibiotics in human medicine, which poses a threat to global
public health.

Abstract: The emergence of antimicrobial resistance (AMR) and multidrug resistance (MDR) among
microorganisms to commonly used antibiotics is a growing concern in both human and veterinary
medicine. Companion animals play a significant role in the epidemiology of AMR, as their population
is continuously increasing, posing a risk of disseminating AMR, particularly to strains of public
health importance, such as methicillin-resistant Staphylococcus strains. Thus, this study aimed to
investigate the prevalence of AMR and MDR in commensal and infection-causing Staphylococcus spp.
in dogs and cats in Valencia region. For this purpose, 271 samples were taken from veterinary centers
to assess antimicrobial susceptibility against 20 antibiotics, including some of the most important
antibiotics for the treatment of Staphylococcus infections, including the five last resort antibiotics in
this list. Of all the samples, 187 Staphylococcus spp. strains were recovered from asymptomatic and
skin-diseased dogs and cats, of which S. pseudintermedius (≈60%) was more prevalent in dogs, while
S. felis (≈50%) was more prevalent in cats. In the overall analysis of the isolates, AMR was observed
for all antibiotics tested, including those crucial in human medicine. Furthermore, over 70% and 30%
of the strains in dogs and cats, respectively, exhibited MDR. This study highlights the significance of
monitoring the trends in AMR and MDR among companion animals. The potential contribution of
these animals to the dissemination of AMR and its resistance genes to humans, other animals, and
their shared environment underscores the necessity for adopting a One Health approach.

Keywords: companion animals; antimicrobial resistance; Staphylococcus; methicillin-resistant
Staphylococcus aureus; methicillin-resistant Staphylococcus pseudintermedius
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1. Introduction

In an ever-changing society, companion animals are increasingly living in close contact
with their owners in their homes, but they also share public spaces, such as parks or
beaches, with animals (domestic or wild) and other people, including the elderly, children, or
immunosuppressed patients [1]. In fact, the population of companion animals continues to
grow in importance and members in European households (230 million dogs and cats) [2,3].

In this context, new challenges have arisen because zoonotic pathogens, multi-resistant
bacteria, and their resistance genes can be spread and acquired through the environment
they share [4,5]. Among these hazards, AMR and the emergence of multidrug resistance
(MDR) are one of the most important problems facing public health, according to the World
Health Organisation (WHO) [6]. In fact, the study conducted in 2019 revealed that there
were 1.27 million deaths directly caused by AMR per year [7].

Over time, the trends in AMR have evolved, conditioned by the implementation of
new regulations focused on controlling past overuse of antibiotics in both human and
animal health [8,9]. As a result of these efforts, including surveillance and monitoring
programmes and the European Medicines Agency (EMA) categorisation for the responsible
use of antibiotics in veterinary medicine [10], the use of antibiotics in animal production
has decreased. However, companion animals have not been included in all of these control
measures. Within this framework, the European Union (EU) is developing the European
Antimicrobial Resistance Surveillance network in veterinary medicine (EARS-Vet), which
aims to monitor AMR in the main pathogens affecting companion animals (dogs and cats)
together with food-producing animals [11,12], to complement the existing European AMR
Surveillance Network (EARS-Net) in human medicine [13] in order to achieve a global
view of this problem under the “One Health” strategy. Nevertheless, there is a lack of
studies evaluating the epidemiological situation of AMR in companion animals, although
it is necessary to establish a starting point [5].

To study the epidemiology of AMR, Escherichia coli has been the main sentinel bac-
terium used, due to its ability to acquire and transfer AMR genes, as it is a commensal
bacterium that is part of the microbiota of animals and humans [14,15]. However, it is neces-
sary to research the AMR problem from more perspectives. For this reason, Gram-positive
bacteria belonging to the family Staphylococcaceae, which are considered part of the commen-
sal microbiota of the skin and mucous membranes of animals and humans, are also used as
an indicator of resistance [16]. Within this family, two groups are distinguished: coagulase-
positive Staphylococcus (CoPS) [17] and coagulase-negative Staphylococcus (CoNS) [18]. Most
CoPS are opportunistic pathogens and cause the majority of infections at the dermal level
in humans and animals [19]. They are known to acquire resistant genes to a large ex-
tent, so treatment options against these bacteria are limited, making infections difficult to
treat, especially those caused by methicillin-resistant Staphylococcus aureus (MRSA) and
methicillin-resistant Staphylococcus pseudintermedius (MRSP) [20–22]. Regarding CoNS,
although they are not as common in causing infections, they are widely recognised as
commensal organisms of the skin microbiota and opportunistic pathogens of humans and
animals [18,23]. Therefore, the aim of this study was to establish the presence of commensal
vs. infection-causing Staphylococcus spp. and the epidemiological situation of their AMR
and MDR in companion animals (dogs and cats) in the Valencia region.

2. Materials and Methods
2.1. Experimental Design

The animal sampling procedure was evaluated and authorised by the Animal Ethics
Committees of UCH-CEU University (permit Nº. CEEA 22/04).

Veterinary hospitals (VHs) and clinics (VCs) located across the Valencia region were
invited to take part voluntarily in this study. Out of these, eight veterinary centers volun-
tarily consented to collaborate: three large reference VHs, handling cases from the entire
Valencia region, and five VCs, spread throughout the Valencia region.
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2.2. Epidemiological Data Collection

First, an epidemiological questionnaire for each animal was completed, together with
the informed consent signed by the owners (Supplementary Materials, Part A), in order
to classify the animals depending on their epidemiologic characteristics and be able to
evaluate their effect on the appearance of AMR and MDR. The information collected
was related to the origin of the animals (VH vs. VC) and general information such as
sex and age. Regarding the age of the animals, a general classification described by
Marco-Fuertes et al. (2023) was used to group dogs and cats [24]. Moreover, whether they
cohabit with other animals and the clinical data of each animal were included (chronic
diseases, daily medication, and antibiotic treatment received). Finally, the data regarding
dogs and cats were analysed individually.

2.3. Sample Collection

Dogs and cats were sampled between October 2022 and June 2023 in order to isolate
Staphylococcus spp. To isolate commensal Staphylococcus, a single swab (Cary–Blair sterile
transport swabs, DELTALAB, Barcelona, Spain) was first introduced in the nasal cavity and
then in the auricular cavity, approximately 3 cm [25,26], from healthy asymptomatic dogs
and cats. Before taking the samples, the veterinarians performed a clinical examination in
which they assessed the animals’ vital signs to confirm that they were within normal ranges,
thus classifying them as asymptomatic healthy animals. For the isolation of infection-
causing Staphylococcus, animals with active skin infections were sampled by taking a
Cary–Blair sterile transport swabs, which were then introduced into skin-infected wounds.
After collecting the samples, all of them were preserved in Cary–Blair transport medium
and transported under refrigeration at ≤4 ◦C to the microbiology laboratory within 24 h of
sampling to the Faculty of Veterinary Sciences of the University CEU Cardenal Herrera.

2.4. Staphylococcus Isolation

A pre-enrichment in buffered peptone water (BPW; Scharlau, Barcelona, Spain), at a
ratio of 1:10 v/v, of the sample swabs collected were carried out, followed by an incubation
at 37 ± 1 ◦C for 24 h. After that, the suspension was streaked onto the non-specific agar
Columbia CNA agar with 5% sheep blood, Improved II (BD, Becton Dickinson, Madrid,
Spain), and incubated at 37 ± 1 ◦C for 24–48 h. The plates were examined at 24 and 48 h,
and the suspected colonies, matching the typical morphology of Staphylococcus spp. in
blood agar and the positive result of the catalase test, were identified using a MALDI-TOF
MS Biotyper System (Bruker Daltonics, Madrid, Spain) at the Microbiology Service of the
Consorcio Hospital General Universitario de Valencia.

2.5. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility was evaluated using the minimum inhibition concentra-
tion (MIC) assay (Thermo Scientific™ Sensititre™ Plates, Madrid, Spain) using a panel of
20 antibiotics applied in human medicine and of importance in public health (Table 1) [11].
In addition, the plate presented two D-test wells. D-test wells combine two antibiotics (clin-
damycin (CLI) and erythromycin (ERY)), indicating whether the strain tested has inducible
resistance to CLI in the presence of ERY and may therefore lead to therapeutic failure.
The interpretation was carried according to the Spanish Society of Infectious Diseases and
Clinical Microbiology (SEIMC, from its Spanish acronym Sociedad Española de Enfermedades
Infecciones y Microbiología Clínica) [27].

73



Vet. Sci. 2024, 11, 54

Table 1. Antibiotics, World Health Organisation classification, and their concentrations included
in the Sensititre plate for Gram-positive bacteria GPALL1F (Thermo Scientific™ Sensititre™,
Madrid, Spain).

Antibiotic Group Antibiotic Abbreviation WHO Concentration
Aminoglycosides Gentamicin GEN CIA 2–16 µg/mL

Amphenicols Chloramphenicol CHL HIA 2–16 µg/mL
Cephalosporins Cefoxitin 1 CXI HIA 6 µg/mL

Folate inhibitor pathway Trimethoprim/
sulfamethoxazole TRS HIA 1/19–8/152 µg/mL

Glycopeptides Vancomycin VAN NA 0.25–32 µg/mL
Glycylcyclines Tigecycline TIG NA 0.03–0.5 µg/mL
Lincosamides Clindamycin CLI HIA 0.5–2 µg/mL
Lipopeptides Daptomycin DAP NA 0.5–4 µg/mL
Macrolides Erythromycin ERY CIA 0.25–4 µg/mL
Nitrofurans Nitrofurantoin NIT NA 32–64 µg/mL

Oxazolidinones Linezolid LIN NA 1–8 µg/mL
Ampicillin AMP HIA 0.25–8 µg/mL

Oxacillin + 2% NaCl 1 OXA+ HIA 0.25–4 µg/mLPenicillins
Penicillin PEN HIA 0.06–8 µg/mL

Levofloxacin (FQ) LEV HPCIA 0,25–4 µg/mL
Ciprofloxacin (FQ) CIP HPCIA 1–2 µg/mLQuinolones
Moxifloxacin (FQ) MOX HPCIA 0.25–4 µg/mL

Tetracyclines Tetracycline TET HIA 2–16 µg/mL
Ansamycins Rifampicin RIF CIA 0.5–4 µg/mL

Streptogramins Quinupristin/
dalfopristin QUD HIA 0.5–4 µg/mL

D-test Erythromycin (E) + clindamycin (C) DT 4 µg/mL (E) + 0.5 µg/mL (C)

FQ: fluoroquinolone. 1: cefoxitin and oxacillin + 2% NaCl are two antibiotics used to screen methicillin-resistant
Staphylococcus strains. WHO: World Health Organisation (this column indicates the last update of the classification
of medically important antimicrobials authorised by the WHO for human and animal use in order to protect
public health, updated in 2023 [28]). HIA: highly important antimicrobial. CIA: critically important antimicrobial.
HPCIA: highest priority critical important antimicrobial. NA: not authorised for animal use.

Each bacterial strain was cultured and revived on nutrient agar and then incubated
at 37 ± 1 ◦C for 24 h. After the incubation period, the colonies were transferred into
5 mL of sterile demineralised water (T3339; Thermo Fisher Scientific™, Madrid, Spain).
The suspension of each bacterium was mixed and adjusted to achieve a 0.5 McFarland
using a nephelometer (Sensititre™ Nephelometer, Thermo Fisher Scientific™, Madrid,
Spain). Subsequently, 10 µL of the suspension were introduced into a vial containing
11 mL of Mueller–Hinton broth (T3462; Thermo Fisher Scientific™, Madrid, Spain) and
mixed. From this suspension, 50 µL of the vial contents were transferred into each Sensititre
plate well (GPALL1F, Thermo Fisher Scientific™, Madrid, Spain). Then, the plates were
incubated at 37 ± 1 ◦C for 24 h and manually examined using a Sensititre Vizion (Thermo
Scientific™ Sensititre™ Vizion™ Digital MIC Viewing System, Thermo Fisher Scientific,
Madrid, Spain).

Finally, the results were interpreted following the guidelines established by the Euro-
pean Committee on Antimicrobial Susceptibility Testing (EUCAST) in its last report (14th
ed., 2024) [29]. Methicillin-resistant Staphylococcus (MRS) strains were studied by monitor-
ing the AMR observed against oxacillin + 2% NaCl for S. pseudintermedius (the antibiotic
used for screening MRSP strains) and against cefoxitin for S. aureus and CoNS (the antibiotic
used for screening MRSA and MR-CoNS strains). However, some MIC values for these two
antibiotics for screening MRSP and methicillin-resistant coagulase-negative Staphylococcus
(MR-CoNS) are not currently available in the EUCAST, so the Clinical and Laboratory
Standards Institute (CLSI) recommendations specified in M100 [30] and VET01 [31] were
followed. Moreover, MDR was characterized as the acquired resistance to at least one agent
in three or more antimicrobial classes [32]. Finally, according to the EARS-Vet [11], the
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following detailed results are those obtained for S. aureus and S. pseudintermedius, while the
rest of the information detailed on the AMR observed for each of the isolated species can
be found in the Supplementary Materials, Table S1.

2.6. Statistical Analysis

A generalised linear model (GLM) with a probit link function, assuming a binomial
distribution, was applied to the data to examine the influence of external factors on AMR
and MDR patterns. This analysis aimed to determine associations with categorical variables
such as animal origin, sex, cohabitation with other animals (and number of animals, if appli-
cable), relationship with animals outside the household, and clinical information regarding
chronic diseases, daily medication, and previous antibiotic treatments. In addition, a probit
link function GLM was performed, assuming a binomial distribution for AMR patterns in
Staphylococcus spp. from dogs and cats, for the microbiological results. A p-value of ≤0.05
was considered indicative of a statistically significant difference. Data were presented
as the least squares means ± standard error of least squares means. Statistical analyses
were performed using the R software (version 4.3.1) packages EMMs [33], car [34], and
multicompView [35].

3. Results
3.1. Epidemiological Data

Among the sampled population (n = 271), there were 152 dogs and 119 cats. Regarding
the samples’ origin, 43.9% of the samples were taken in VHs (79/152 and 40/119, dogs and
cats, respectively), and 56.1% of the samples were collected in VCs (73/152 and 70/119,
dogs and cats, respectively).

As reported in the Materials and Methods section, an epidemiological survey for each
animal was collected. Figure 1 compiles all the information collected in the questionnaire
regarding the dog samples, while Figure 2 compiles all the information related to the
cat samples.

Figure 1. Epidemiological data for all the dogs sampled. (a) Distribution of the study population by
sex. (b) Distribution of the study population by age. (c) The relationship of the animals in the study
population with other animals. n: total number of animals. (d) Whether the animals of the study
population present any disease and of which type. M: musculoskeletal. S: systemic. (e) Previous
antibiotic therapy (left graph) and antibiotics administered at some point in their lives (right graph).
N: never. >6 m: in the last six months. >1 m: in the last month. C: currently.
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Figure 2. Epidemiological data for all the cats sampled. (a) Distribution of the study population
by sex. (b) Distribution of the study population by age. (c) The relationship of the animals in the
study population with other animals. (d) Whether the animals of the study population present any
disease. *Chronic diseases: all of them are classified as systemic diseases. (e) Previous antibiotic
therapy (left graph) and antibiotics administered at some point in their lives (right graph). N: never.
>6 m: in the last six months. >1 m: in the last month. C: currently.

3.2. Staphylococcus Prevalence

The prevalence of Staphylococcus spp. from all the samples taken, including dogs and
cats, was 69% (187/271).

From all the canine samples collected, the prevalence of Staphylococcus was 74.3%
(113/152), of which 74.3% (84/113) and 25.7% (29/113) were commensal and infection-
causing Staphylococcus, respectively.

Regarding the samples collected from cats, the prevalence of this bacterium was
62.2% (74/119). About the prevalence of this bacterium according to the type of sample,
87.8% (65/74) were commensal Staphylococcus, and 12.2 % (9/74) were infection-causing
Staphylococcus. All Staphylococcus species isolated from dogs and cats and the type of sample
from which they are derived are detailed in Table 2.

Table 2. Prevalence of Staphylococcus species isolated from commensal mucosa and active skin
infection samples from dogs and cats identified using a MALDI-TOF MS Biotyper System (Bruker
Daltonics, Madrid, Spain).

Type of
Sample

Prevalence of
Staphylococcus by Class

Staphylococcus
Species

n and (%) Prevalence of Each
Species

Commensal mucosa

CoPS—79.8%
S. aureus 6 (7.1)

S. pseudintermedius 54 (64.2)
S. schleiferi 7 (8.3)

CoNS—20.2%

S. cohnii 1 (1.2)
S. epidermidis 4 (4.8)

S. haemolyticus 1 (1.2)
S. hominis 3 (3.6)
S. sciuri 1 2 (2.4)

S. simulans 2 (2.4)
S. warneri 2 (2.4)
S. xylosus 2 (2.4)

Active skin infection

CoPS—82.8%
S. aureus 4 (13.8)

S. pseudintermedius 18 (62.2)
S. schleiferi 2 (6.9)

CoNS—17.2%

S. canis 1 (3.4)
S. chromogenes 1 (3.4)
S. epidermidis 2 (6.9)

Dog

S. felis 1 (3.4)

76



Vet. Sci. 2024, 11, 54

Table 2. Cont.

Type of
Sample

Prevalence of
Staphylococcus by Class

Staphylococcus
Species

n and (%) Prevalence of Each
Species

Commensal mucosa

CoPS—16.9%
S. aureus 6 (9.2)

S. pseudintermedius 3 (4.6)
S. schleiferi 2 (3.1)

CoNS—83.1%

S. capitis 2 (3.1)
S. epidermidis 2 (3.1)

S. felis 32 (49.2)
S. hominis 1 (1.5)

S. pettenkoferi 2 (3.1)
S. saprophyticus 1 (1.5)

S. sciuri 1 4 (6.2)
S. simulans 6 (9.2)
S. xylosus 4 (6.2)

Active skin infection

CoPS—11.1% S. aureus 1 (11.1)

CoNS—88.9%

S. epidermidis 1 (11.1)
S. felis 5 (55.6)

S. hominis 1 (11.1)

Cat

S. pasteuri 1 (11.1)

CoPS: coagulase-positive Staphylococcus. CoNS: coagulase-negative Staphylococcus. n: number of isolated strains.
1: S. sciuri is still identified as such in all identification databases but now belongs to a new genus due to new
phylogenomic studies named Mammaliicoccus sciuri.

3.3. Antimicrobial Susceptibility in Staphylococcus Strains
3.3.1. Methicillin Resistance

In all the Staphylococcus strains, 30.5% (57/187) were MRS, of which 71.9% (41/57)
belonged to dogs and 28.1% (16/57) belonged to cats. All the results regarding the sampled
animals (dogs or cats), the strain species, and the strain’s origin (commensal or infection)
are represented in Figure 3.

Figure 3. Percentage and number of methicillin-resistant Staphylococcus strains classified by Staphylo-
coccus species according to their observed phenotypic resistance to oxacillin + 2% NaCl and cefoxitin
(the two antibiotics used to screen methicillin-resistant Staphylococcus strains).
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3.3.2. Dogs

Of all the commensal Staphylococcus isolated from healthy asymptomatic dogs, 95.2%
(80/84) showed AMR to at least 1 of the 20 antibiotics studied, and 72.6% (61/84) were
considered MDR, while only 4.8% (4/84) of the strains were sensitive to all the antibiotics
studied. Regarding the AMR of these strains for the different antibiotic groups evaluated,
they are ordered from the highest to the lowest percentage: 59.5% for amphenicols, 56% for
macrolides, 54.4% for penicillins, 47.6% for glycylcyclines, 46.4% for tetracyclines, 42.9%
for lincosamides, 40.5% for cephalosporins, 28.6% for oxazolidinones, 28.6% for quinolones,
11.9% for aminoglycosides, 10.7% for folate inhibitor pathway, 9.5% for streptogramins, 7.1%
for ansamycins, 3.6% for glycopeptides, 3.6% for nitrofurans, and 2.4% for lipopeptides. In
the D-test we performed, 35.7% (30/84) of the strains were positive.

On the other hand, only 10.3% (3/29) of the infection-causing Staphylococcus isolated
from animals with active skin infections were sensitive to all the antibiotics tested, while
89.7% (26/29) of the strains presented AMR and 55.2% (16/29) were MDR. The AMR
in each antibiotic group were (from the highest percentage to the lowest percentage) as
follows: 51.7% for macrolides, 49.4% for penicillins, 44.8% for amphenicols, 44.8% for
lincosamides, 41.4% for tetracyclines, 26.4% for quinolones, 24.1% for cephalosporins,
20.7% for aminoglycosides, 17.2% for folate inhibitor pathway, 10.3% for oxazolidinones,
6.9% for glycylcyclines, 6.9% for streptogramins, and 3.4% for glycopeptides, and no
resistance was found for the lipopeptides, nitrofurans, and ansamycins. Concerning the
D-test results, 41.4% (12/29) of the strains tested positive.

In addition, no correlation was observed between the clinical data collected in the
questionnaire and the appearance of AMR and MDR (p-value > 0.05).

Of all the strains isolated, S. aureus and S. pseudintermedius were the main strains with
importance in public health. Therefore, their AMR levels are detailed in Tables 3 and 4.

Table 3. Antimicrobial resistance in commensal and infection-causing Staphylococcus aureus isolated
from healthy dogs and dogs with an active skin infection.

AB Group AB % AMR/AB in Commensal
S. aureus

% AMR/AB in
Infection-Causing S. aureus

Aminoglycosides GEN 16.7 a,b (1/6) ± 15.2 0 a (0/4) ± 0
Amphenicols CHL 83.3 c (5/6) ± 15.2 75 b (3/4) ± 21.7

Cephalosporins CXI 16.7 a,b (1/6) ± 15.2 25 a,b (1/4) ± 21.7
Folate inhibitor pathway TRS 0 b (0/6) ± 0 0 a (0/4) ± 0

Glycopeptides VAN 50 a,c (3/6) ± 20.4 0 a (0/4) ± 0
Glycylcyclines TIG 16.7 a,b (1/6) ± 15.2 25 a,b (1/4) ± 21.7
Lincosamides CLI 50 a,c (3/6) ± 20.4 75 b (3/4) ± 21.7
Lipopeptides DAP 0 b (0/6) ± 0 0 a (0/4) ± 0
Macrolides ERY 83.3 c (5/6) ± 15.2 25 a,b (1/4) ± 25
Nitrofurans NIT 0 b (0/6) ± 0 0 a (0/4) ± 0

Oxazolidinones LIN 83.3 c (5/6) ± 15.2 25 a,b (1/4) ± 21.7
AMP 50 a,c (3/6) ± 20.4 50 a,b (2/4) ± 25

Penicillins
PEN 83.3 c (5/6) ± 15.2 75 b (3/4) ± 21.7
LEV 16.7 a,b (1/6) ± 15.2 0 a (0/4) ± 0
CIP 0 b (0/6) ± 0 0 a (0/4) ± 0Quinolones

MOX 16.7 a,b (1/6) ± 15.2 0 a (0/4) ± 0
Tetracyclines TET 33.3 a,b (2/6) ± 19.2 25 a,b (1/4) ± 21.7
Ansamycins RIF 16.7 a,b (1/6) ± 15.2 0 a (0/4) ± 0

Streptogramins QUD 0 b (0/6) ± 0 25 a,b (1/4) ± 21.7

AB: antibiotic. AMR: antimicrobial resistance. GEN: gentamicin. CHL: chloramphenicol. CXI: cefoxitin. TRA:
trimethoprim–sulfamethoxazole. TIG: tigecycline. CLI: clindamycin. DAP: daptomycin. ERY: erythromycin.
NIT: nitrofurantoin. LIN: linezolid. AMP: ampicillin. penicillin. LEV: levofloxacin. CIP: ciprofloxacin. MOX:
marbofloxacin. TET: tetracycline. RIF: rifampicin. QUD: quinupristin/dalfopristin. a–c: the different superscripts
in each column denote statistically significant variations (p-value ≤ 0.05) in the observed resistance to the
antibiotics examined. ±: standard error.
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Table 4. Antimicrobial resistance in commensal and infection-causing Staphylococcus pseudintermedius
isolated from healthy dogs and dogs with an active skin infection.

AB Group AB
% AMR/AB in

Commensal
S. pseudintermedius

% AMR/AB in
Infection-Causing

S. pseudintermedius
Aminoglycosides GEN 11.1 a (10/54) ± 4.3 27.8 a,b,c,d (5/18) ± 10.6

Amphenicols CHL 68.5 e,f (37/54) ± 6.3 50 a,c,e (9/18) ± 11.8
Folate inhibitor pathway TRS 13 a,i (7/54) ± 4.6 22.2 b,c,d (4/18) ± 9.8

Glycopeptides VAN 0 g (0/54) ± 0 5.6 b,g (1/18) ± 5.4
Glycylcyclines TIG 46.3 c,d (25/54) ± 6.8 5.6 b,g (1/18) ± 5.4
Lincosamides CLI 46.3 c,d (25/54) ± 6.8 50 a,c,e (9/18) ± 11.8
Lipopeptides DAP 1.9 g,h (1/54) ± 1.8 0 g (0/18) ± 0
Macrolides ERY 57.4 c,e (31/54) ± 6.7 55.6 a,e,f (10/18) ± 11.7
Nitrofurans NIT 3.7 a,g,h (2/54) ± 2.6 0 g (0/18) ± 0

Oxazolidinones LIN 25.9 i,j (14/54) ± 6 11.1 b,d,g (2/18) ± 7.4
AMP 44.4 b,c,d (27/54) ± 6.8 66.6 e,f (12/18) ± 11.1

OXA+ 37 b,d,j (21/54) ± 6.6 33.3 a,c,d (6/18) ± 11.1Penicillins
PEN 77.8 f (41/54) ± 5.7 83.3 f (15/18) ± 8.8
LEV 42.6 b,c,d,j (23/54) ± 6.7 44.4 a,c,e (8/18) ± 11.7
CIP 0 g (0/54) ± 0 38.9 a,c,e (7/18) ± 11.5Quinolones

MOX 42.6 b,c,d,j (23/54) ± 6.7 33.3 a,c,d (6/18) ± 11.1
Tetracyclines TET 51.9 c,d,e (28/54) ± 6.8 50 a,c,e (9/18) ± 11.8
Ansamycins RIF 3.7 a,g,h (2/54) ± 2.6 0 g (0/18) ± 0

Streptogramins QUD 7.4 a,h (3/54) ± 3.6 5.6 b,g (1/18) ± 5.4

AB: antibiotic. AMR: antimicrobial resistance. GEN: gentamicin. CHL: chloramphenicol. TRA: trimethoprim–
sulfamethoxazole. TIG: tigecycline. CLI: clindamycin. DAP: daptomycin. ERY: erythromycin. NIT: nitrofurantoin.
LIN: linezolid. AMP: ampicillin. OXA+: oxacillin + 2% NaCl. PEN: penicillin. LEV: levofloxacin. CIP: ciprofloxacin.
MOX: marbofloxacin. TET: tetracycline. RIF: rifampicin. QUD: quinupristin/dalfopristin. a–j: each superscript
in each column signify statistically significant differences (p-value ≤ 0.05) in the resistance observed against the
various antibiotics investigated. ±: standard error.

3.3.3. Cats

Regarding all the commensal Staphylococcus strains isolated from healthy asymp-
tomatic cats, 21.5% (14/65) were susceptible to the 20 antibiotics studied, while 75.4%
(49/65) showed AMR to at least one of the antibiotics studied, and 32.3% (21/65) were
MDR. In addition, the AMR observed of all cat strains studied against each group of antibi-
otics, ordered from the highest to the lowest percentage, was: 32.3% for macrolides, 27.7%
for lincosamides, 21.5% for amphenicols, 21.5% for tetracyclines, 25.1% for penicillins, 21.5%
for cephalosporins, 15.4% for ansamycins, 13.8% for streptogramins, 11.8% for quinolones,
9.2% for aminoglycosides, 7.7% for lipopeptides, 6.2% for nitrofurans, and 4.6% for the
folate inhibitor pathway, glycopeptides, glycylcyclines, and oxazolidinones. In the results
observed from the D-test, 13.8% (9/65) tested positive.

For all the infection-causing Staphylococcus isolated from cats with active skin infec-
tions, 11.1% (1/9) were sensitive to all the antibiotics studied, while 88.9% (8/9) were
AMR, and 55.6% (5/9) were MDR. Ordered from the highest to the lowest percentage,
the AMR of all the strains in each antibiotic group was: 51.9% for penicillins, 44.4% for
amphenicols, 44.4% for lincosamides, 44.4% for macrolides, 44.4% for tetracyclines, 37% for
quinolones, 22.2% for cephalosporins, and 11.1% for the glycopeptides, lipopeptides, nitro-
furans, ansamycins, and streptogramins. None of the isolated strains showed resistance to
aminoglycosides, the folate inhibitor pathway, glycylcyclines, or oxazolidinones. Regard-
ing the D-test performed in the infection-causing Staphylococcus strains, 22.2% (2/9) were
positive. Furthermore, no relationship was observed between the clinical data collected in
the questionnaire and the manifestation of AMR and MDR (p-value > 0.05).

As mentioned for dogs, S. aureus and S. pseudintermedius were the main strains with
importance in public health. Therefore, their AMR levels are shown in Tables 5 and 6.
However, no infection-causing S. pseudintermedius was isolated from cats with active
skin infections.
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Table 5. AMR in commensal and infection-causing Staphylococcus aureus isolated from healthy cats
and cats with an active skin infection.

AB Group AB
% AMR/AB in

Commensal
S. aureus

% AMR/AB in
Infection-Causing

S. aureus
Aminoglycosides GEN 0 a (0/6) ± 0 0 a (0/1) ± 0

Amphenicols CHL 16.7 a,b (1/6) ± 15.2 0 a (0/1) ± 0
Cephalosporins CXI 0 a (0/6) ± 0 0 a (0/1) ± 0

Folate Inhibitor Pathway TRS 0 a (0/6) ± 0 0 a (0/1) ± 0
Glycopeptides VAN 0 a (0/6) ± 0 100 b (1/1) ± 0
Glycylcyclines TIG 0 a (0/6) ± 0 0 a (0/1) ± 0
Lincosamides CLI 0 a (0/6) ± 0 0 a (0/1) ± 0
Lipopeptides DAP 0 a (0/6) ± 0 0 a (0/1) ± 0
Macrolides ERY 50 b (3/6) ± 20.4 100 b (1/1) ± 0
Nitrofurans NIT 0 a (0/6) ± 0 100 b (1/1) ± 0

Oxazolidinones LIN 0 a (0/6) ± 0 0 a (0/1) ± 0
AMP 16.7 a,b (1/6) ± 15.2 100 b (1/1) ± 0

Penicillins
PEN 16.7 a,b (1/6) ± 15.2 100 b (1/1) ± 0
LEV 0 a (0/6) ± 0 100 b (1/1) ± 0
CIP 0 a (0/6) ± 0 100 b (1/1) ± 0Quinolones

MOX 0 a (0/6) ± 0 100 b (1/1) ± 0
Tetracyclines TET 0 a (0/6) ± 0 100 b (1/1) ± 0
Ansamycins RIF 0 a (0/6) ± 0 100 b (1/1) ± 0

Streptogramins QUD 0 a (0/6) ± 0 0 a (0/1) ± 0

AB: antibiotic. AMR: antimicrobial resistance. GEN: gentamicin. CHL: chloramphenicol. CXI: cefoxitin. TRA:
trimethoprim–sulfamethoxazole. TIG: tigecycline. CLI: clindamycin. DAP: daptomycin. ERY: erythromycin. NIT:
nitrofurantoin. LIN: linezolid. AMP: ampicillin. PEN: penicillin. LEV: levofloxacin. CIP: ciprofloxacin. MOX:
marbofloxacin. TET: tetracycline. RIF: rifampicin. QUD: quinupristin/dalfopristin. a,b: different superscripts
in each column indicate statistically significant differences (p-value ≤ 0.05) for the resistance found against the
different antibiotics studied. ±: standard error.

Table 6. AMR in commensal Staphylococcus pseudintermedius isolated from healthy cats.

AB Group AB
% AMR/AB

in Commensal
S. pseudintermedius

Aminoglycosides GEN 0 a (0/3) ± 0
Amphenicols CHL 33.3 a,b,c (1/3) ± 27.2

Folate inhibitor pathway TRS 0 a (0/3) ± 0
Glycopeptides VAN 0 a (0/3) ± 0
Glycylcyclines TIG 0 a (0/3) ± 0
Lincosamides CLI 66.7 b,c (2/3)
Lipopeptides DAP 33.3 a,b,c (1/3) ± 27.2
Macrolides ERY 66.7 b,c (2/3) ± 27.2
Nitrofurans NIT 0 a (0/3) ± 0

Oxazolidinones LIN 0 a (0/3) ± 0
AMP 33.3 a,b (1/3) ± 27.2

OXA+ 33.3 a,b (1/3) ± 27.2Penicillins
PEN 100 c (3/3) ± 0
LEV 0 a (0/3) ± 0
CIP 33.3 a,b (1/3) ± 27.2Quinolones

MOX 0 a (0/3) ± 0
Tetracyclines TET 0 a (0/3) ± 0
Ansamycins RIF 0 a (0/3) ± 0

Streptogramins QUD 0 a (0/3) ± 0

AB: antibiotic. AMR: antimicrobial resistance. GEN: gentamicin. CHL: chloramphenicol. TRA: trimethoprim–
sulfamethoxazole. TIG: tigecycline. CLI: clindamycin. DAP: daptomycin. ERY: erythromycin. NIT: nitrofurantoin.
LIN: linezolid. AMP: ampicillin. OXA+: oxacillin + 2% NaCl. PEN: penicillin. LEV: levofloxacin. CIP: ciprofloxacin.
MOX: marbofloxacin. TET: tetracycline. RIF: rifampicin. QUD: quinupristin/dalfopristin. a–c: in each column,
different superscripts indicate statistically significant differences (p-value ≤ 0.05) for the resistance found against
the different antibiotics studied. ±: standard error.

Overall, the AMR trends did not follow any pattern, as 126 different AMR patterns
were observed in the 187 Staphylococcus spp. strain isolates in this study. Of all the AMR
patterns, 62.7% (79/126) belonged to Staphylococcus spp. isolated from dogs, and 37.3%
(47/126) belonged to Staphylococcus spp. isolated from cats. The most common AMR
pattern was observed in the penicillin group alone in dogs (4%, 5/126) and in cats (3.2%,
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4/126), followed by the macrolides group alone in cats (3.2%, 4/126). All AMR patterns are
attached in the Supplementary Materials, Table S2.

4. Discussion

The emergence of AMR and MDR strains in companion animals represents a new
challenge for global public health, which must be addressed through a One Health strat-
egy [36,37]. This is not only crucial due to therapeutic failures in veterinary medicine but
also in human medicine. Studies have shown that these strains can circulate in the environ-
ment and be transmitted from animals to humans and vice versa [38]. Therefore, it is essen-
tial to assess the presence of this resistance in both commensal and pathogenic bacteria.

In this study, a new genus of the Staphylococceae family has been studied, as, due to
new phylogenomic studies of this family, some Staphylococcus have been relocated to other
genera [39]. The study that proposed this taxonomic reassignment was published relatively
recently, and therefore MALDI-TOF and other biochemical analyses continue to identify
these bacteria as Staphylococcus, as in the case of S. sciuri (former CoNS) that now belongs to
the genus Mammaliicoccus sciuri [39,40]. Nevertheless, the implications that M. sciuri has on
public health remains the same, as it is considered one of the most ancient species in natural
history capable of carrying virulence and AMR genes similar to those identified in other
Staphylococcal species. However, the scientific community has increasingly focused on M.
sciuri, mainly because this species is believed to be the most likely evolutionary reservoir
of the mecA gene, which has subsequently spread to S. aureus and other Staphylococcus
species [41].

The overall observed prevalence of Staphylococcus spp. and Mammaliicoccus sciuri in
our study (69%) aligns with that reported in previous studies [42,43]. In line with this,
it has also been seen that both healthy and diseased companion animals harbor both
CoPS and CoNS, although certain species showed a stronger association with each animal
species [43]. In this study, CoPS, such as S. pseudintermedius, were more frequently isolated
from dogs, while CoNS, including S. felis, were more commonly isolated from cats, as
reported previously [42–45]. This finding is significant, given the widespread observation
of methicillin resistance not only in CoPS but also in CoNS, as both groups are now
acknowledged as important pathogens [43,46,47]. Nevertheless, the pathogenic potential
of CoNS has not been as well studied as the virulence factors involved in CoPS, although
it has been recognised that they cause some important diseases, such as endocarditis or
urinary tract infections in at-risk populations, and that they are important reservoirs of
AMR genes [48,49]. Thus, it is essential to monitor the commensal microbiota of animals,
and not only the most “relevant” bacterial species, to detect the risks of human exposure to
animal species [50].

Regarding the AMR obtained, similar rates of AMR and MDR were found in both
commensal and infection-causing Staphylococcus isolates from dogs and cats. However,
upon comparison, high levels of AMR were observed in dogs, consistent with findings
published in other studies [51]. One hypothesis that could explain these results is that dogs
have more contact with other animals and humans, given their daily walks and shared
public spaces. In contrast, cats typically live indoors, as observed in our study, where only
16% of cats went outdoors.

Antimicrobial agents effective in treating infections caused by these organisms are
limited, particularly for Staphylococcus strains that exhibit MDR, including MRS [52]. In
this study, the highest prevalence of MRS was observed in dog S. pseudintermedius (37%
and 33.3% in commensal and infection-causing isolates, respectively). Similar results
were reported in a study conducted in Tennessee (USA), where 30.8% of the isolates were
MRSP [52].

Overall, the antibiotics with the highest percentages of AMR were those in the peni-
cillins group (almost 50% in dogs and cats), chloramphenicol (≈50% in dogs and 25% in
cats), erythromycin (≈47% for both species), clindamycin (≈40% for both), and tetracycline
(≈40% for both). Similar results have been observed in other studies conducted in the
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Iberian Peninsula [51] and Canada [53]. However, lower AMR profiles were observed
in another study conducted in the USA [52]. In some Scandinavian countries, the main
resistance observed was to penicillins in different proportions, with 65% in Denmark [54],
≈70% in Finland [55], 14% in Norway [56], and 19.5% in Sweden [57]. These data have been
published in their latest national reports on antimicrobial resistance, but the difference in
these results may be due to the Staphylococcus species studied in each programme, as only S.
pseudintermedius were studied in Denmark, S. aureus and S. pseudintermedius in Finland, and
only S. felis in Norway and Sweden (as only MRSP and MRSA strains of these two species
were evaluated in these countries). For the other antibiotics studied, their results varied
between countries, but in all countries, the AMR rates were lower than in this study. This
variation may be attributed to the geographical area or choice of antibiotics for treating
infections influenced by regional legislation [58]. In addition, it is important to highlight
that the observed AMR to the penicillins group was significantly higher in dogs than in cats.
These findings could be linked to the administration of penicillins in our study population,
as it emerged as the most commonly prescribed antibiotic group for both dogs and cats,
with dogs receiving it twice as frequently (56.6%) as cats (25.2%).

In terms of the AMR observed in some of the most important public health species, due
to their pathogenic capacity and ability to harbor resistance genes, both S. pseudintermedius
and S. aureus showed similar patterns in the commensal and infection-causing isolates from
dogs, with the highest AMR observed against penicillins (≈80%), chloramphenicol (≈57%),
erythromycin (≈56%), tetracycline (≈50%), and clindamycin (≈48%), in accordance with
Lord et al. (2022) [59]. Although there are not many isolates of S. aureus in our study, the
results align with those observed by other authors in different geographical areas, such as
Nepal [60], Italy [61], India [62], Bangladesh [63], or the USA [64], highlighting the concern-
ing emergence of AMR in these strains, posing a threat to public health. The high levels
of AMR to chloramphenicol are particularly concerning, not only for S. pseudintermedius
(almost 70%) but also for S. aureus (more than 80%), given its usefulness for the treatment
of MRS infections [59]. Something similar happens with erythromycin and clindamycin,
two antibiotics of choice in the treatment of MRSA and MRSP [65,66]. Therefore, the D-test
was performed in this study. The observed results were slightly higher in dogs than in
cats. In both cases, this inducible phenotype was observed to a greater extent in infection-
causing strains, which may lead to treatment failure due to the development of constitutive
resistance [60]. Thus, all strains with a positive D-test should be reported as being resistant
to clindamycin [67].

In the new WHO medically important antimicrobial list, quinolones belonged to
the highest priority critically important antimicrobials (HPCIAs), antibiotics that should
only be used in veterinary medicine when all others have failed [28]. Overall, the AMR
of quinolones was around 30%, varying from one Staphylococcus species to another, as
seen in different studies [68–70]. In particular, levofloxacin and moxifloxacin had the
highest AMR in the quinolones group in both dog and cat S. aureus and S. pseudintermedius,
regardless of whether they were commensal or infection-causing strains. Even though these
quinolones are not authorised for veterinary use in the EU but only for human use [71],
these antimicrobials are experiencing an increase in both human [72,73] and animal [61,74]
strains worldwide.

Finally, regarding the antibiotics that are only authorised for human use and not
intended for animals, commonly known as last resort antibiotics, five of them were tested
in this study: vancomycin, tigecycline, daptomycin, lincomycin, and nitrofurantoin. The
results on tigecycline resistance are particularly alarming, as high rates have been observed
in dog isolates, especially in commensal S. pseudintermedius (46.3%). Similar results have
been observed in human medicine, ranging from 5.6% [75,76] to almost 30% [77], and up to
88% in CoNS of other animal species, such as turkeys [78]. This high acquired AMR for
this antibiotic represents a major public health concern, as it is one of the newest last resort
antibiotics used to treat MDR infections caused by Staphylococcus strains [79,80]. On the
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other hand, all cat isolates were susceptible to tigecycline, as reported in other studies in
isolates from cats and other animal species [81–83], as well as humans [83,84].

Another of these antibiotics with high AMR found in this study was lincomycin, with
the highest resistance observed in commensal S. aureus (83.3%) and S. pseudintermedius
(25.9%), as well as in infection-causing S. aureus (33.3%) isolated from dogs. Most of
the cases reporting lincomycin resistance in Staphylococcus strains are from intensive care
units [85] and hospitals [84,86], so the expected results would have been that, as in other
studies carried out in different countries such as Portugal [72,78], Brazil [68], Italy [73], and
China [79], no resistance to this antibiotic would be observed.

Regarding vancomycin, it is often used for severe infections caused by MRSA and
MR-CoNS strains, among other complicated infections [87]. In the present study, of all the
Staphylococcus spp. isolated, only eight showed AMR to vancomycin, four from dogs and
four from cats. The findings in other studies regarding this antibiotic suggest that its AMR
is rare in companion animals [70,77,88]. However, higher VAN-resistant S. aureus strains
have been previously reported in bovine mastitis [89] and human medicine in hospitals [84].
In addition, a low range of AMR has also been seen against daptomycin (4%), rifampicin
(8%), and quinupristin/dalfopristin (10%). These antibiotics are reserved to treat fastidious
and MDR infections, mainly caused by Gram-positive bacteria [90,91]. In fact, DAP is
mostly reserved to treat VAN-resistant infections [92]. In the case of RIF and QUD, these
are antibiotics that previously also belonged to the same category as DAP but have now
been relocated to the CIA and HIA categories, respectively. Some studies show higher
percentages of AMR to DAP and RIF from human isolates [84]. Different AMR rates have
been observed in companion animals [93,94], as reported by Burke et al. (2023) in a 10-year
study, where only one S. schleiferi and one S. pseudintermedius isolated from dogs were
resistant to RIF, while all cat strains were susceptible [69]. The same has been reported for
DAP by Bellato et al. (2022) but with a higher AMR to RIF (12.5%) [82].

In contrast to the previous results mentioned, it is relevant to highlight that the AMR
to NIT (around 5% for all the strains) in this study was among the lowest observed. In
previous WHO and EMA classifications, this antibiotic was placed in the least important
category [10]. However, in the latest WHO report, this antibiotic has been moved to the list
of those not authorised for animal use [28]. Therefore, despite the limited knowledge on
the mechanism of action of this antibiotic, it represents a potential tool in the fight against
antimicrobial resistance, and further studies on this molecule are needed [95].

5. Conclusions

In conclusion, the results obtained in this study highlight the importance of follow-
ing the new WHO categorisation when prescribing antibiotics for companion animals, as
the highest resistance observed in this study is against the first treatments of choice for
infection-causing Staphylococcus (amphenicols, macrolides, lincosamides, and tetracyclines).
Nevertheless, no significant statistical differences were observed among epidemiological
clusters. This is particularly concerning since AMR and MDR seem to be extensively
disseminated, even in cases where animals have not undergone prior antibiotic treatments,
including HPCIAs, and are not authorised antibiotics for animal use. These findings un-
derscore the need to control companion animals as potential reservoirs and transmitters of
resistance to both humans and the environment, following a One Health strategy. Moreover,
further in-depth epidemiological studies of the transmission of AMR between companion
animals and humans are needed to establish adequate control tools.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/vetsci11020054/s1, Part A: Questionnaire. AMR study in com-
panion animals; Table S1: AMR of all the strains isolated; Table S2: AMR patterns.
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Simple Summary: Pseudomonas aeruginosa is a representative Gram-negative bacterial species that
causes chronic deep infections in the skin and ears of dogs. Increasing P. aeruginosa antibiotic resistance
in human and veterinary medicine requires the identification of new antibacterial substances. In this
study, we demonstrated the antibiotic and antibiofilm activities of synthetic canine antimicrobial
peptides (AMPs) against P. aeruginosa. In addition, it was confirmed that AMPs significantly reduced
the cell toxicity induced by P. aeruginosa and reduced the P. aeruginosa lipopolysaccharide (LPS)-
induced inflammation in canine keratinocytes. These findings suggest the potential of AMPs as a
new antibacterial agent for the P. aeruginosa infection of canine skin.

Abstract: The direct effects and antimicrobial activity of synthetic antimicrobial peptides (AMPs)
obtained from dogs, including cBD, cBD103, and cCath, against P. aeruginosa wild-type strain PAO1
and canine keratinocytes were analyzed. Antibacterial effects on planktonic bacteria were assessed
by determining the minimum bactericidal concentrations (MBCs) of AMPs and by a time-kill assay.
Antibiofilm effects were assessed using the microtiter plate assay. We also evaluated the effects
of AMPs on cell cytotoxicity and host immune response induced by stimulating canine epidermal
keratinocyte progenitor (CPEK) cells with PAO1 and its LPS. cBD, cBD103, and cCath all exhibited
dose-dependent antimicrobial and antibiofilm effects. In particular, 25 µg/mL cBD103 showed
rapid bactericidal activity within 60 min and inhibited biofilm formation. In addition, pretreatment
with cBD103 (25 µg/mL) and cCath (50 µg/mL) 1 h before stimulation significantly reduced the
cytotoxicity of the CPEK cells by PAO1 and LPS-induced IL-6 and TNF-a expressions. cBD had little
effect on the response to PAO1 and LPS in the cells. These results indicate the therapeutic potential of
AMPs in P. aeruginosa skin infections. However, further studies on the mechanism of action of AMPs
in keratinocytes and clinical trials are needed.

Keywords: antimicrobial peptides; pseudomonas aeruginosa; lipopolysaccharides; antibacterial
activity; antibiofilm effect; dogs; keratinocytes

1. Introduction

Antimicrobial peptides (AMPs) are small endogenous peptides produced by cells
in various animal tissues, and numerous types have been reported [1]. In the skin, host
defense molecules, such as AMPs, synthesized by resident skin cells, such as keratinocytes,
and recruited inflammatory cells participate in the innate cutaneous immune defense [2,3].
Cationic AMPs, in particular, contain a high concentration of positively charged amino
acids that exert antibacterial action [4]. Positively charged AMPs initiate antibacterial
activity by engaging negatively charged bacterial structures, such as lipopolysaccharides
(LPSs), phospholipids, and teichoic acid. Cutaneous barrier defects result in abnormal
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AMP secretion, consequently rendering skin vulnerable to infection [3,5]. Because of
their complex structures and different modes of action against target cells, AMPs make it
extremely difficult for pathogens to gain resistance [1]. The versatility of AMPs highlights
their potency as alternatives to antibacterial drugs [6]. Several studies were conducted on
the effects of AMPs against problematic antibiotic-resistant bacteria [6–8].

Pseudomonas aeruginosa is one of the most problematic bacterial agents that infect the
human respiratory system and cause nosocomial infections, especially in immunosup-
pressed patients [9]. Several studies investigated the mode of action of P. aeruginosa in the
human respiratory tract, including the effects of various virulence factors on epidermal
cells [10,11]. In P. aeruginosa infection, the bacteria not only directly affect the epidermal
cells but also induce an inflammatory response through the explosive formation of in-
flammatory intermediaries through cell signaling pathways. However, the inflammatory
response caused by host immunity against P. aeruginosa is limited to removing the bacteria
to overcome the infection [7]. In addition, the formation of a pseudomonal biofilm facili-
tates infection through several mechanisms, including protecting the bacteria within the
biofilm and the acquisition of antibiotic resistance [12,13]. P. aeruginosa is a major bacterial
causative agent of deep infections of the skin and ears in dogs [14,15]. An increase in P.
aeruginosa antibiotic resistance and the emergence of multidrug-resistant P. aeruginosa have
been reported in dogs [16]. Due to resistance to existing antibiotics, the development of
new antibacterial treatments is an emerging necessity.

This study evaluated the antibacterial activity against P. aeruginosa of AMPs syn-
thesized from the sequence of beta-defensin and cathelicidin in dogs. We also analyzed
the direct antibacterial properties of synthetic peptides against P. aeruginosa and their in-
hibitory effects on pseudomonal biofilm formation. Furthermore, we investigated the
effects of AMPs on cellular and inflammatory changes in canine keratinocytes infected with
P. aeruginosa and its bacterial components.

2. Materials and Methods
2.1. Bacterial Strains and Reagents

The P. aeruginosa wild-type strain PAO1 used in this study was kindly provided by
Professor Dr. Sang Sun Yoon of the Yonsei University College of Medicine, Seoul, Republic
of Korea. For the in vitro bactericidal and antibiofilm assay, P. aeruginosa was cultured
overnight in Luria Bertani (LB; Becton Dickson, Sparks, MD, USA) broth at 37 ◦C with
shaking until the stationary phase was reached. Bacterial suspensions for infecting cells
were prepared as described previously [7]. The concentration of the overnight culture
was adjusted to an optical density (OD) of 0.1 (1 × 109 colony forming units (CFUs)/mL)
at 600 nm in a Beckman spectrophotometer (Beckman Coulter, Brea, CA, USA), and the
supernatant was removed after centrifugation at 450 × g for 10 min. After washing three
times with sterile phosphate-buffered saline (PBS), the pellet was resuspended in antibiotic-
free cell culture medium. The resuspension was diluted to 106–108 CFU/mL immediately
before the cell infection.

Preparation of LPS isolated from P. aeruginosa (L9143, Sigma-Aldrich, St. Louis, MO,
USA) was performed as described previously with some modifications [7]. The LPS was
dissolved at a concentration of 1 mg/mL and stored at 4 ◦C until use. Endotoxin-free water
(InvivoGen, San Diego, CA, USA) was used for the initial dissolution, and antibiotic-free
culture medium was used for further dilution for cell experiments.

2.2. Peptide Synthesis

All peptides were synthesized by solid-phase F-moc chemistry at Lugen Sci Co., Ltd.
(Bucheon, Republic of Korea). Each synthetic peptide was subsequently purified to greater
than 95% on a reverse-phase high-performance liquid chromatography system. Then, each
peptide mass was determined by mass spectroscopy. The sequences of the peptides were
derived from canine beta-defensin and cathelicidin as previously described [8] and are
presented in Table 1. The peptides were stored as desiccated powders before use. For
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the in vitro bactericidal experiments, the desiccated powders were suspended in 10 mm
of 0.01% acetic acid (Sigma-Aldrich) to a final concentration of 1 mg/mL and then fur-
ther diluted with 10 mM sodium phosphate buffer (SPB, pH 7.4). However, for the cell
experiments, desiccated powders were suspended in endotoxin-free water (InvivoGen)
immediately before use [6]. All peptide dilutions were stored at −20 ◦C in 100 µL aliquots
until further use.

Table 1. Peptide sequences used in this study.

Peptide
Name Sequence Molecular

Weight *
NCBI Reference

Sequence

cBD KCWNLRGSCREKCIKNEKLYIFCTSGKLCCLKPK 3994.92 NM_001313788.1
(202–303, 102 bp)

cBD103 GIINTLQRYYCRIRSGRCALLSCLPKEEQIGRCSSTGRKCCRRKK 5206.23 NM_001129980.1
(180–314, 135 bp)

cCath RLKELITTGGQKIGEKIRRIGQRIKDFFKNLQPREEKS 4512.29 NM_001003359.1
(443–556, 114 bp)

* Molecular weights were determined by mass spectroscopy.

2.3. Evaluation of Direct Antibacterial and Antibiofilm Activities of Synthetic Peptides against
P. aeruginosa PAO1
2.3.1. Effects of Antimicrobial Peptides on Planktonic P. aeruginosa PAO1

To determine the antimicrobial activity of AMPs against P. aeruginosa, the minimum
bactericidal concentration (MBC) was determined, and the time-kill assay was performed
as described previously with some modifications [17]. Briefly, the cultures were grown
overnight, centrifuged at 5000 rpm for 5 min, washed once with PBS, and the pellet obtained
was suspended in LB medium. The OD of the bacterial suspension was adjusted to 0.1 at
600 nm. Each well of 96-well round-bottom plates (SPL, Seoul, Republic of Korea) was
inoculated at 5 × 105 CFU/mL. Peptides were added by serial dilution to the bacterial
suspension at concentrations from 6.25 to 100 µg/mL. After incubation at 37 ◦C for 2 h,
20 µL of each culture medium was subcultured in tryptic soy agar with 5% sheep blood
(Hangang, Gunpo, Republic of Korea). The agar plates were incubated aerobically at 37 ◦C
for 24 h, and the number of colonies was counted. The MBC was defined as the lowest
concentration at which 99.9% of the test bacteria were killed.

To evaluate the time-killing effect of AMPs, each one was inoculated at its MBC into
5 × 105 CFU/mL of PAO1 and incubated for a specified time to evaluate the change in
CFUs as described above. The CFUs were measured every 10 min for 60 min, and every
30 min for 180 min thereafter. The peptide-free SPB solution described earlier was used
as a negative control in both assays. All experiments were performed independently
in triplicate.

2.3.2. Biofilm Formation Assay

The antibiofilm effects of AMPs were evaluated using the 96-well microtiter plate
assay as previously described with some modifications [18]. Briefly, PAO1 was incubated
in LB medium overnight. When the culture reached a stationary phase, it was diluted 1:100
in fresh LB medium. The culture (100 µL) was dispensed into four replicate wells in 96-well
microtiter plates (SPL), and AMPs were added at serially diluted concentrations (range,
6.25–50 µg/mL). After incubation for 22 h at 37 ◦C, planktonic bacteria were removed.
The biofilm was stained with crystal violet, and the absorbance was measured at 595 nm
using a microplate absorbance reader (Bio-Rad, Munich, Germany). All experiments were
performed independently in triplicate.

91



Vet. Sci. 2024, 11, 235

2.4. Effects of AMPs of Keratinocytes
2.4.1. Cell Culture

Canine epidermal keratinocyte progenitor (CPEK) cells were purchased from CELL-
nTEC Advanced Cells Systems (Bern, Switzerland). The cells were cultured in keratinocyte
culture medium (CnT-09, CELLnTEC) according to the manufacturer’s instructions. CPEK
cells were plated into 12- or 24-well tissue culture plates (SPL) at a density of approximately
1 × 105 cells/cm2 and incubated at 37 ◦C in a 5% CO2 humidified atmosphere until the
cells reached 80–90% confluency. Cells between the fifth and seventh passages were used.

2.4.2. Cytotoxicity of AMPs to CPEK Cells

The cytotoxicity of AMPs to CPEK cells was measured using the EZ-Cytox cell viability
kit (Daeil Laboratories, Seoul, Republic of Korea) based on the water-soluble tetrazolium
salt (WST) assay according to the manufacturer’s instructions. CPEK cells were seeded in
96-well plates at a density of 1 × 105 cells/cm2 and incubated for 24 h at 37 ◦C under 5%
CO2. The cells were treated with various concentrations of AMPs and incubated for 24 h at
37 ◦C under 5% CO2. Subsequently, 10 µL of EZ-Cytox reagent was added to each well.
After further incubation for 4 h at 37 ◦C, the absorbance was measured at 450 nm using
a microplate reader (Bio-Rad). The culture medium and 2% (v/v) Triton X-100 (Sigma-
Aldrich, St. Louis, MO, USA) were used as negative and positive controls, respectively.

2.4.3. Effects of AMPs on the Cytotoxicity of P. aeruginosa

CPEK cells were seeded in 96-well culture plates at a density of 1.3 × 104 cells/well
and incubated for 24 h. To determine the best multiplicity of infection (MOI) and infection
timepoint of PAO1 in CPEK cells, CPEK cells were incubated with bacterial suspensions at
MOIs of 0.1, 1, 10, and 100. After incubation (2, 4, or 6 h), the cytotoxicity of P. aeruginosa to
CPEK cells was evaluated by measuring the release of lactate dehydrogenase (LDH) using
the EZ-LDH cell cytotoxicity assay kit (Daeil Laboratories) according to the manufacturer’s
instructions. The cell-free supernatants were collected and centrifuged at 1000 rpm for
5 min. Subsequently, a 10 µL aliquot of each supernatant was reacted with 100 µL of the
reaction mixture for 30 min in the dark. The cell culture medium was used as a negative
control (0% toxicity), and 2% v/v Triton X-100 was used as a positive control (100% toxicity).
The absorbance of the reaction was measured at 450 nm using a microplate reader (Bio-
Rad). The effect of AMPs on the cytotoxicity of PAO1 was evaluated. The CPEK cells were
seeded in 96-well culture plates at a density of 1.3 × 104 cells/well and incubated for 24 h.
One hour before the cells were infected with P. aeruginosa, cells were pretreated with cBD
(50 µg/mL), cBD103 (25 µg/mL), or cCath (50 µg/mL). Then, the cells were co-cultured
with PAO1 at a MOI of 1 for 4 h. After 4 h incubation, the cell-free supernatants were
collected, and the LDH assay was performed as above. All assays were performed in three
independent experiments.

2.4.4. Determination of Cytokine Expression

CPEK cells were seeded in 96-well plates at a density of 1.0 × 106 cells/well and
incubated at 37 ◦C in 5% CO2. After 24 h incubation, the cell culture medium was replaced
with fresh medium, and AMPs were added at various concentrations. After 1 h, P. aeruginosa
LPS (1 µg/mL) was added to the cells and incubated for a designated time (6 and 24 h).
The supernatants were removed and stored at −20 ◦C until used in an enzyme-linked
immunosorbent assay (ELISA). Cytokines secreted by CPEK cells in supernatants were
quantified using ELISA kits (R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s instruction.

2.5. Statistical Analysis

Data were statistically analyzed using the software program IBM SPSS Statistics
version 23 for Windows (IBM Corp., Armonk, NY, USA). GraphPad Prism version 8
(GraphPad Software, Inc., La Jolla, CA, USA) was used to perform one- or two-way
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analysis of variance. Post hoc analysis was performed using Tukey’s and Dunnett’s multiple
comparisons tests. Data are expressed as mean ± standard deviation. A p-value < 0.05 was
considered statistically significant.

3. Results
3.1. AMPs Exerted Bactericidal Activity on Planktonic P. aeruginosa

The treatment of P. aeruginosa cultures with AMPs for 24 h showed that all AMPs ex-
erted dose-dependent inhibition of the bacterial growth (Figure 1A). Differences were found
in the concentrations of P. aeruginosa inhibited by the AMPs. The bacterial growth was com-
pletely inhibited at 25 µg/mL of cBD103, whereas, for cBD and cCath, the bacterial growth
was inhibited at 50 µg/mL. The bactericidal kinetics of AMPs were evaluated using the
time-kill assay at the concentration of complete inhibition (Figure 1B). cBD103 completely
inhibited the bacterial growth at 25 µg/mL within 60 min. In contrast, 50 µg/mL cCath
and 50 µg/mL CBD took 90 min and 150 min to inhibit the bacterial growth, respectively.
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Figure 1. (A) Antimicrobial activity of cBD, cBD103, and cCath on PAO1. (B) Time-kill assay against
Pseudomonas aeruginosa.

3.2. AMPs Suppressed Pseudomonal Biofilm Formation

All AMPs dose-dependently reduced the biofilm formation by PAO1 (Figure 2). How-
ever, no significant reduction in biofilm formation was observed at any cBD concentration
used in this experiment (Figure 2A). In contrast, cBD103 and cCath significantly reduced the
biofilm viability at concentrations of 25 µg/mL and 50 µg/mL, respectively (Figure 2B,C).
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Figure 2. Inhibitory activity against pseudomonal biofilm formation of (A) cBD, (B) cBD103, and
(C) cCath. Biofilm formation was evaluated by crystal violet staining. The absorbance was measured
at 595 nm using a microplate absorbance reader. All experiments were performed independently
in triplicate and analyzed using one-way analysis of variance with Tukey’s multiple comparisons.
Results are expressed as mean ± standard deviation. *** p < 0.001.

3.3. AMPs Alleviated the Cytotoxicity of Canine Keratinocytes Induced by PAO1

After the CPEK cells were treated with AMPs at various concentrations, the cell
viability was verified by a WST assay. The AMPs themselves exhibited little to no cytotoxic
effects on the CPEK cells (Figure 3). Interestingly, however, after the treatment with cCath
at 50 µg/mL, the CPEK cell viability decreased to 80% (Figure 3C). PAO1 was inoculated
into CPEK cells at an MOI of 1 for 4 h based on the results that determined the cell
infectivity of PAO1 in the CPEK cells (Figure 4A). The cytotoxicity of keratinocytes after
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bacterial stimulation was further confirmed using the LDH assay. cBD103 at a 25 µg/mL
concentration significantly reduced the cell toxicity induced by PAO1, whereas 50 µg/mL
cCath also decreased the cytotoxicity but not significantly (Figure 4B). In contrast, cBD had
little effect on the cytotoxicity.
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Figure 3. Effects of (A) cBD, (B) cBD103, and (C) cCath on the viability of CPEK cells. Cell viability
and proliferation were evaluated using an EZ-Cytox cell viability kit. Values are expressed as the
mean ± standard deviation and were analyzed using one-way analysis of variance and Tukey’s
multiple comparisons test in three independent experiments. *** p < 0.001.
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Figure 4. Pseudomonas aeruginosa-induced cytotoxicity of CPEK cells. (A) Infectivity of P. aeruginosa
in CPEK cells was established by inoculating PAO1 at multiples of infection of 0.1, 1, 10, or 100 for
a designated time (2, 4, or 6 h). (B) The effect of antimicrobial peptides on P. aeruginosa-induced
cytotoxicity on CPEK cells. Cell cytotoxicity was assessed using an EZ-LDH cell cytotoxicity assay
kit. Results are expressed as mean ± standard deviation and were analyzed using one-way analysis
of variance and Tukey’s multiple comparisons test in three independent experiments. ** p < 0.01.

3.4. AMPs Mitigated P. aeruginosa LPS-Induced Inflammation in Canine Keratinocytes

The expression of proinflammatory cytokines was analyzed by ELISA after 6 or 24 h
of stimulation with 1 µg/mL P. aeruginosa LPS. LPS significantly increased IL-6 and TNF-α
expression in keratinocytes, with no difference in the degree of cytokine expression between
the two time points (Figure 5). After the cells were pretreated with AMPs 1 h before LPS
stimulation, the changes in the expression of proinflammatory cytokines were analyzed.
The addition of cBD103 and cCath significantly reduced both IL-6 and TNF-α expressions.
However, cBD had no significant effect on the cytokine expression.
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4. Discussion

Several studies investigated the potential application of AMPs as therapeutic agents
and their effects on the immune response of the hosts [1,7]. Although the excellent an-
timicrobial effects of AMPs for pathogens, such as bacteria, viruses, and fungi, were
demonstrated [3,19–21], studies on AMPs in veterinary medicine are limited. In the present
study, we investigated the effects of AMPs on P. aeruginosa and on canine keratinocytes
infected with P. aeruginosa. cBD, cBD103, and cCath, which were the synthetic cationic pep-
tides used in this experiment, were derived from canine beta-defensin sequences and canine
cathelicidin, which are produced and secreted in the skin of dogs [8,22]. All three peptides
showed bactericidal effects against P. aeruginosa, as previously reported [8] (Figure 1A).
Several studies showed that the antimicrobial effects of synthetic peptides vary with the
type of peptide and strains and phenotype of bacteria used in the experiments [17,23,24].
The time-kill assay in this study showed that the onset times of the bactericidal effects of
cBD and cCath were slightly slower than those reported previously [8]. However, cBD
showed excellent antibacterial activity against P. aeruginosa within 1 h (Figure 1B). It has
been reported that the antibacterial activity of AMPs is mainly caused by selective disrup-
tion of the cell membrane of the pathogens and by pore formation [17,25]. However, further
research is required to address the mechanism of action of canine AMPs on pathogens.
Furthermore, it has been reported that culture media can influence the chemical stability
and minimum inhibitory concentration of compounds [26]. Therefore, additional research
is necessary to verify the stability and antibacterial efficacy of canine AMPs in various
culture media.

A pseudomonal biofilm not only acts as a barrier against antimicrobial agents but also
promotes the acquisition of antibiotic resistance genetically [27]. The characteristic biofilm
formation of P. aeruginosa is particularly problematic because it causes a treatment-refractory
alert detection in dogs [28,29]. Similar to their antibacterial effect on planktonic P. aeruginosa,
cBD103 and cCath inhibited biofilm formation, with cBD103 especially demonstrating
excellent inhibitory activity at lower doses (12.25 µg/mL) (Figure 2). In contrast, cBD
exhibited poor biofilm suppression, even at higher doses (Figure 2A). Further studies
are needed to elucidate the mechanism of suppressing pseudomonal biofilm formation
by AMPs.

Various synthetic AMPs have earned significant research attention for the past decade
or so. Low cytotoxicity and high permeability to tissues and suitability for a wide range of
microbial diseases are the key characteristics to the therapeutic efficacy of AMPs [30]. This
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study also demonstrated the low cytotoxicity of AMPs to keratinocytes; however, a slight
decrease in cell viability was observed at higher concentrations of cCath (Figure 3C). A
study described the synergistic cytotoxic effect of human cathelicidin LL-37 when combined
with a P. aeruginosa strain 103 [6]. The synergistic cytotoxic effect of cCath and PAO1 was
not demonstrated in this study. Although cCath at 50 µg/mL decreased the viability
of the CPEK cells, it reduced the cytotoxicity of the CPEK cells inoculated with PAO1.
However, further investigation into the cytotoxic potential of high concentrations of cCath
on canine keratinocytes over an extended period is necessary before clinical application.
The cytotoxicity of the CPEK cells was significantly decreased with the pretreatment of
keratinocytes with cBD103 1 h before P. aeruginosa exposure (Figure 4). cBD itself did not
exhibit cytotoxicity to the CPEK cells or affect the cytotoxicity of keratinocytes induced
by PAO1.

We demonstrated that LPS isolated from P. aeruginosa increased the expressions of IL-6
and TNF-α, which are major proinflammatory cytokines that activate and coordinate the
skin immune response against bacteria, in canine keratinocytes. However, the cytokine
levels significantly decreased with AMP pretreatment at 1 h before the LPS was added.
cBD103 and cCath reduced the inflammatory response in the CPEK cells, with similarities
between the 6 and 24 h time points. Since the intracellular uptake of LPS occurs within
1 h [31], AMPs may have influenced the signaling pathways that induce the inflamma-
tory reactions of keratinocytes rather than directly exerting activity against LPS, as was
demonstrated in mouse macrophage cells and human bronchial epithelial cells [6]. As
demonstrated in the antibacterial effects or cytotoxicity assay, cBD had little effect on the
cytokine secretion.

The P. aeruginosa wild-type PAO1 strain was used in this study. Most of the pathogens
isolated from patients with pulmonary cystic fibrosis were wild-type P. aeruginosa; however,
in chronic infection, the bacteria showed diversification, such as conversion to a mucoid
phenotype [17,32], which can induce a more vigorous inflammatory reaction in cells [7].
Although bacteria are very unlikely to acquire resistance to AMPs [1], a previous study
reported that mucoid P. aeruginosa shielded nonmucoid variants and enhanced the resis-
tance to AMPs [33]. Although AMPs exert superior antimicrobial effects against various
pathogens, including multidrug-resistant bacteria, the effects of AMPs can vary slightly
depending on the bacterial phenotype [17,23]. In addition, there are several phenotypic dif-
ferences between the PAO1 strain and clinical isolates from humans and dogs [34]. Further
studies are still needed to fully understand the efficacy of AMPs against clinical isolates
from canine skin, which hold various virulence factors.

5. Conclusions

We demonstrated the direct effects of synthetic AMPs derived from canine AMP
sequences on the P. aeruginosa wild-type strain PAO1 and elucidated the effect of PAO1
infection on cells. cBD, cBD103, and cCath all demonstrated antibiotic and antibiofilm
activities comparable with those reported for human AMPs, with cBD103 exhibiting partic-
ularly rapid action at low doses. cBD103 was also noncytotoxic in itself but significantly
reduced the cell toxicity of the CPEK cells inoculated with P. aeruginosa. cCath exerted some
cytotoxicity at relatively higher concentrations (50 µg/mL) but also reduced the cytotoxicity
of the CPEK cells infected with P. aeruginosa. CBD showed weak or no cytotoxicity effects
on the keratinocytes induced by P. aeruginosa, as well as low antibiofilm suppression. These
results demonstrate the therapeutic potential of AMPs with little to no cytotoxic effects on
canine keratinocytes in the treatment of cutaneous P. aeruginosa infection in dogs. However,
further studies of the chemical stability of AMPs and the optimal conditions for maximal
effects, as well clinical trials in animal models, are required to confirm the current findings.
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Simple Summary: Surprisingly, there is little research on the antimicrobial activity of stingless bee
propolis on disease-causing microorganisms in animals. The present work demonstrates the effect
of propolis from two native Mexican bees, Scaptotrigona mexicana and Tetragonisca angustula, on the
yeast Malassezia pachydermatis, the main agent of canine otitis externa, and its damage to the cellular
structure. The chemical analysis showed that the most abundant components are some sesquiterpenes.
The antifungal activity of the propolis was evaluated using both strains isolated from clinical cases and
a reference strain. Both types of propolis inhibited all Malassezia pachidermatis strains. Cell damage
was assessed by fluorescence microscopy with calcofluor white, which specifically stains the fungal
cell wall, and propidium iodide, which has the ability to stain the interior of the cell, only if the cell
wall or membrane has been damaged. The propidium iodide staining of the yeasts treated with both
types of propolis revealed the penetration of this marker, which suggests the destruction of the cell wall
and plasma membrane of the fungi. These results suggest that these types of propolis could be used
as alternative treatments for canine external otitis. This seems to be the first scientific report that has
demonstrated structural damage in Malassezia pachydermatis by Mexican stingless bee propolis.

Abstract: This work describes the antimycotic activity of propolis from the stingless bees Scaptotrig-
ona mexicana and Tetragonisca angustula, collected from two Mexican regions (Veracruz and Chiapas,
respectively), against three clinical isolates and the reference strain ATCC 14522 of Malassezia pachy-
dermatis, the causative agent of canine otitis. The chemical components of the ethanolic extracts of
propolis were determined by gas chromatography coupled with mass spectrometry (GC-MS), and
sesquiterpenes were the predominant compounds. The antimycotic activity was evaluated by plate
microdilution. The induced changes in the yeasts were evaluated by fluorescence microscopy and
staining with calcofluor white and propidium iodide. The minimum inhibitory concentration (MIC)
was 7.11 mg/mL, and the minimum fungicidal concentration was 21.33 mg/mL for both extracts.
The EPPs of Scaptotrigona mexicana and Tetragonisca angustula caused substantial damage to yeast
morphology, where the propidium iodide staining of the yeasts treated with both EEPs revealed the
penetration of this marker, which indicates the destruction of the cell wall and plasma membrane of
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the fungi. This result suggests that these types of propolis could be used as alternative treatments for
canine external otitis. To the best of our knowledge, this seems to be the first scientific report that has
demonstrated structural damage in Malassezia pachydermatis by Mexican stingless bee propolis.

Keywords: Mexican stingless bee; propolis; antimicotic activity; structural damage; Malassezia pachydermatis

1. Introduction

Propolis is a natural resinous substance produced by bees. Propolis is derived from
substances collected by bees from vegetation and shows antifungal, antibacterial, antiviral,
and antiparasitic activities. Propolis shows variation in its biological activity depending
on its geographical origin [1–3]. In Latin America, there is a great variety of ecosystems
with diverse vegetation from which native bees extract propolis, which in turn results in
exceptional medicinal richness. For this reason, chemotaxonomic studies on native bees in
Mexico are scarce, despite the fact that there are 46 species [4].

In general, identifying the origin of the material with which bees produce propolis should
be carried out, and the behaviour of each bee species in a region should be observed [5–7].
Since ancient times, products elaborated by the stingless bees Scaptotrigona mexicana and
Tetragonisca angustula have been used in Central America; however, there is little scientific
evidence demonstrating the medicinal efficacy of these products. In comparison, the propolis
produced by Apis mellifera has been extensively studied, and its fungicidal effects have been
reported [8–10].

Moreover, the application of propolis can prove beneficial in veterinary medicine, for
instance, with dogs. Propolis from Apis mellifera has been used as a prophylactic agent
against gastrointestinal and respiratory diseases and mycoses, as well as a wound-healing
agent, and its therapeutic use has spread to many areas [11,12], such as the treatment of
canine external otitis. This condition can be defined as the inflammation of the external
auditory canal and represents between 5% and 20% of consultations. The main causative
agent of canine otitis externa is the yeast Malassezia pachydermatis, which is part of the
normal microbiota of the external auditory canal in dogs [13–16].

Propolis can be an alternative to conventional antifungals for the treatment of canine
otitis in patients with a high incidence of relapse because of its antifungal, antiinflammatory,
and wound-healing properties. However, only the propolis obtained from Apis mellifera
has been evaluated so far [17]. The antifungal activities of the propolis of other bee species
and that of Melipona beecheii have been reported in Mexico; however, only their antifungal
activities against Candida albicans were evaluated. It is important to mention that this
activity is attributed to compounds such as sesquiterpenes and flavonones [2,3].

In addition to the inhibitory effect of a compound, possible damage to the microbial
cell structure should be evaluated. As we demonstrated in a previous study by scanning
electron microscopy, Apis mellifera propolis produced the formation of pores and promoted
the destruction of the cell structure of Malassezia pachydermatis [18]. In this work, we will
use fluorescence microscopy using calcofluor white and propidium iodide stains to detect
cell damage, as other authors have done with fungi [19].

Research on the antimicrobial activity of stingless bee propolis on disease causing
microorganisms in animals is scarce; therefore, studies on the antifungal potential of
propolis in this type of bee may be of veterinary interest. Therefore, the aim of this study is
to provide data regarding the antimycotic properties of propolis from native bees.

We expect that this study will provide scientific evidence that supports the use of
propolis as an alternative treatment for canine otitis.
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2. Materials and Methods
2.1. Ethanolic Extract of Propolis (EEP)

Propolis samples were obtained from Scaptotrigona mexicana and Tetragonisca angustula
stingless bees. The S. mexicana sample was from Yecuatla, Veracruz, Mexico, located at
19◦51 N and 96◦46 W, at an altitude of 432 m.a.s.l. The T. angustula sample was from
Chalchihuitan, Chiapas, located at 16◦57 N and 92◦37 W, at an altitude of 1461 m.a.s.l.
The collected material was evaluated for its physical properties according to Mexican
regulations regarding colour, odour, taste and consistency [20]. Propolis from S. mexicana
(30 g) and T. angustula (12 g) was weighted, and any present impurities were eliminated.
Thereafter, 100 mL of 70% ethanol was added to each sample, and the obtained mixture
was subjected to ultrasonic extraction (Branson, CPX1800H, Danbury, CT, USA). Each
sample was then vacuum-filtered, and the obtained filtrates were concentrated using a
rotary evaporator (Science MED, SM100-PRO, Helsinki, Finland) and dried with a vacuum
pump. Then, both dried extracts were placed in light-resistant containers and kept at 4 ◦C
until use [21].

2.2. Gas Chromatography–Mass Spectrometry (GC-MS)

A chromatographic analysis of ethanolic extracts was performed using a gas chromato-
graph (6850) coupled to a mass spectrometer (7890 model, JEOL MC-GC-Mate II, Tokyo,
Japan). A HP-5MS (30 m × 0.32 mm) capillary column and a film thickness of 0.25 µm
were used. Helium gas was used as the carrier gas. The elected injection method was split
mode with an injection volume of 1 µL. The separation conditions were as follows: 70 ◦C at
the beginning for two minutes, followed by two ramp increments. The first one was an
increase of 20 ◦C per minute until a temperature of 230 ◦C was reached; the second one
was an increase of 8 ◦C per minute until a temperature of 290 ◦C was reached, keeping
this temperature for a period of 5 min. The total analysis time was 21.25 min. The de-
tected mass range was 35 m/z to 750 m/z, and each sample was subjected to electron
impact ionisation at 70 eV, with the ionisation source reaching a temperature of 230 ◦C.
Compound identification was carried out by comparison with the library database from
the equipment [22].

2.3. Evaluation of Antimycotic Activity
2.3.1. Inoculum Preparation

Four Malassezia pachydermatis strains were used: ATCC 14522 and three clinical isolates
from three German Shepherd dogs, two females and a male of three years of age, which
presented symptoms of otitis externa with an accumulation of abundant foul-smelling
ceruminous secretion. The patients were sampled on the premise that they had not received
any treatment for otitis externa. The sample was obtained with a sterile swab and placed in
a tube with Sabouraud Dextrose broth as a transport medium. A first seeding was carried
out on modified Dixon Agar and incubated at 33 ◦C for 72 h, after which a reseeding was
carried out on Sabouraud Dextrose Agar (SDA) and incubated at 33 ◦C for 72 h.

All strains were identified by biochemical testing [23]. Microorganisms were provided
by the Laboratorio de Servicio de Análisis de Propóleos (LASAP®) of Facultad de Estu-
dios Superiores Cuautitlán, Universidad Nacional Autónoma de México. To activate the
M. pachydermatis strains, each type of yeast was seeded in modified Dixon agar (mDA).
Each type of yeast was seeded in a different Petri dish and incubated for 72 h at 33 ◦C. Then,
samples were reseeded in other mDA-containing plates and incubated for 48 h at 33 ◦C to
rule out strain contamination [23,24]. A roast of the colonies sown with yeast was taken
on Sabouraud Dextrose Agar (SDA) supplemented with 2% glucose (Bioxon, Monterrey,
Mexico). It was incubated at 33 ◦C for 48 h. The inoculum density was adjusted according
to the 0.5 tube of the MacFarland Nephelometer (1.5 × 106 cells/mL), comparing turbidity
in a spectrophotometer at 625 nm with an absorbance between 0.08 and 0.10. From this
inoculum (1.5 × 106 cells/mL), 100 µL was taken and placed in a tube with 9.9 mL of
Dextrose Sabouraud broth to obtain a concentration of 1.5 × 103 CFU/mL [10].
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2.3.2. Determination of Minimum Inhibitory Concentration and Minimum Fungicidal
Concentration

The procedure of the microtechnique of dilution in broth was carried out according to the M27-
A3 microdilution protocol for Candida spp., with adaptations for Malassezia pachydermatis [25,26].
Microdilution in broth was performed by determining the minimum inhibitory concentration
(MIC) and the minimum fungicidal concentration (MFC). To this end, serial double dilutions
of each EEP were performed to evaluate concentrations from 0.0001 to 21.33 mg/mL. Then,
50 µL of the inoculum of 103 CFU/mL was added to each well. The positive control was
broth with microorganisms, and as a negative control, only broth was used, and the plate was
subsequently incubated at 33 ◦C for 48 h. To detect the respiratory activity of Malassezia pachydermtis,
a 0.08% solution of 2,3,5-Triphenyltetrazolium chloride for microbiology (TTC) (MERK, Darmstadt,
Germany) was used, which generates a red pigment (formazan) in the presence of microorganisms.
This procedure was performed as follows: 50 µL of TCC was added to each well, inoculated,
mixed using a plate stirrer, and incubated at 33 ◦C for 30 min. After this time, the formation of an
insoluble red precipitate was observed, representing the MIC. The CMF was determined in the
well where no color developed, indicating that there was no yeast growth. To confirm the results, it
was determined whether the effect was fungicidal by taking a sample of the crop with a loop and
seeding it in an SDA plate that was kept in incubation at 33 ◦C for 48 h. The growth on the plate
was considered to be indicative of a fungistatic effect, while its absence corresponds to a fungicidal
effect [10].

2.4. Structural Damage

To evaluate the structural changes induced by the EEP on Malazassia pachidermatis,
fluorescence microscopy was used, and the reference strain and one clinical strain were
employed. A concentration of 21.3 mg/mL of each EEP of Scaptotrigona mexicana and
Tetragonisca angustula was added to each strain. The concentration used was the minimum
fungicide concentration obtained in the antifungal evaluation. Incubation was carried out
at 33 ◦C for 48 h. When the incubation ended, the yeast was stained with calcofluor white
(M2R 1 g/L, (Sigma Aldrich, St. Louis, MO, USA) and propidium iodide (2.4 mmol/L,
(Sigma Aldrich, St. Louis, MO, USA)), and as a negative control, a culture without EEP
was used. Calcofluor white staining stains the yeast wall blue and allows its integrity
to be evaluated; propidium iodide binds to DNA, stains it red, and only penetrates the
cells if there is damage to the cell wall, so cells damaged with EEP do not stain with
calcofluor white due to damage to the cell wall, and they are stained with propidium iodide.
Preparations were viewed on a microscopy Zeiss Axioscop 40, coupled to an Evolution VF
Cooled Color camera from Media Cibernetics (Silver Spring, MD, USA). All experiments
were performed in triplicate [19,27].

3. Results
3.1. Gas Chromatography–Mass Spectrometry (GC-MS)

The chemical composition of S. mexicana propolis extract is shown in Table 1. The database
identified five compounds, two sesquiterpenes with antimicrobial activity, a heterocyclic
compound called pyridazine with antioxidant properties, a macrocycle, and a compound
of the furan class which has no information of any biological activity so far. The database
detected other peaks but failed to identify them (Figure 1).

In the case of the T. angustula sample, only five compounds with biological activity
were identified (Table 2). Terpenes with antifungal activity can be appreciated. It is also
a compound with antibacterial activity (1,3-Benzenediol, 5-hexyl) as well as one with
nematicide capacity (Hexadecanoic acid ethyl ester) The main peaks identified are shown
in Figure 2.
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Table 1. Constituents of Mexican Scaptotrigona mexicana propolis characterised by CG-MS.

Retention Time (min) Compound Proposed
by the Database

Chemical
Classification

Biological
Activity Reference

30.60
(1.alpha.,4.alpha.,4a.alpha.,10a.alpha)-
1,4,4a,5,6,9,10,10a-octahydro-11,11-dimethyl-1,4-
methanocycloocta[d]pyridazine

Pyridazine
(heterocyclic compound) Antioxidant [28]

31.58 Farnesol Isomer a Sesquiterpene Antimicrobial [29]

32.48 Ethanone,1-(1,3a,4,5,6,7-hexahydro-4-hydroxy-
3,8-dimethyl-5-azulenyl)- Sesquiterpene ketone Antimicrobial [30]

33.68
3,4,5,6,7,8,9,10,11,12,13,14-Dodecahydro-18,18a-
benzoxacyclohexadecin-16(18aH)-one
dihydroxy methyl-2H-1--2-

Macrocycle Activity
not reported [31]

33.73 Furan-2,5-dicarbaldehyde Heterocyclic compound with
aldehyde groups Antioxidant, antimicrobial [32,33]

Main compounds identified with an accurate identification (>90%) as related to the equipment database.
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Figure 1. Gas chromatogram corresponding to the Scaptotrigona mexicana propolis. The re-
tention time of each compound identified by the database is indicated (minutes): 30.6: 1,4-
Methanocycloocta[d]piridazine, 1,4, 4a,5,6,9,10,10a-octahydro-11,11-dimethyl-,(1-alpha.,4-alpha,4a-
alfa,10a-alfa)-; 31.58: Farnesol isomer a; 32.48: Ethanone, 1-(1,3a,4,5,6,7-hexahydro-4-hydroxy-3,8-
dimethyl-5-azulenyl)-; 33.68: 2H-1-Benzoxacyclohexadecin-16(18aH)-one,3,4,5,6,7,8,9,10,11,12,13,14-
dodecahydro-18,18a-dihidroxy-2-methyl; and 33.73: Furan-2,5-dicarbaldehyde. The characteristics
of the compounds can be found in Table 1. Spikes that are not numbered were not identified by the
team’s database.

Table 2. Main constituents of propolis of Tetragonisca angustula characterised by CG-MS.

Retention Time (min) Compound Proposed
by the Database

Chemical
Classification

Biological
Activity Reference

23.17 Hexadecanoic acid ethyl ester Fatty acid
Antioxidant,
hypocholesterolemic, nematicide
pesticide

[34]

25.20 9-Octadecenoic acid, ethyl ester Fatty acid Antiinflammatory [35]
28.98 1-(1,1-dimethylethoxy)-4-methylbenzene Impurity Not founded information

30.68 Solavetivone Sesquiterpenoid and a
cyclic ketone

Antifungal,
antiinflammatory [36,37]

30.90 Benzene, 1-(1,1-dimethylpropoxy)-4-methyl Impurity No information found

31.65 2-Methyl-3-(3-methyl-but-2-enyl)-2-(4-methyl-
pent-3-enyl)-oxethane

Heterocycle
Compound derivative No information found

32.75 (1S,6R,9S)-5,5,9,10-
Tetramethyltricycle[7.3.0.0(1,6)]dodec-10(11)-ene Sesquiterpene Antibacterial

antifungal [38,39]

33.75 1,3-Benzenediol, 5-hexyl Resorcinol derivative Antibacterial, anthelmintic, local
anaesthetic [40]

Main compounds identified with an accurate identification (>90%) as related to the equipment database.
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Figure 2. Gas chromatogram corresponding to the Tetragonisca angustula propolis. The reten-
tion time of each compound identified by the database is indicated (minutes): 23.17: Hexade-
canoic acid ethyl ester; 25.20: 9-Octadecenoic acid, ethyl ester; 28.98: 1-(1,1-dimethylethoxy)-4-
methylbenzene; 30.68: Solavetivone; 30.90: Benzene, 1-(1,1-dimethylpropoxy)-4-methyl; 31.65: 2-
Methyl-3-(3-methyl-but-2-enyl)-2-(4-methyl-pent-3-enyl)-oxethane; and 32.75: (1S,6R,9S)-5,5,9,10-
etramethyltricy-cle[7.3.0.0(1,6)]dodec-10(11)-ene. The characteristics of the compounds can be found
in Table 2. Spikes that are not numbered were not identified by the team database.

3.2. Evaluation of the Antimycotic Activity

All the tested Malassezia pachydermatis strains were susceptible to the propolis ex-
tracts. The minimum inhibitory concentration (MIC) was 7.11 mg/mL, and the minimum
fungicidal concentration (MFC) was 21.33 mg/mL (Table 3).

Table 3. Minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC)
values of stingless bee propolis extracts from two regions of the Mexican Republic on the reference
strain M. pachydermatis ATCC 14522 and strains isolated from clinical samples.

Mexican
Stingless
Bee Species

Origin

M. pachydermatis
ATCC 14522 Isolation Clinical *

Number of Isolates
Clinical Inhibited *MIC

(mg/mL)
MFC
(mg/mL)

Media MIC
(mg/mL)

Media MFC
(mg/mL)

Scaptotrigona
mexicana

Yecuatla,
Veracruz 7.11 21.33 7.11 21.33 3

Tetragonisca
angustula

Chalchihuitan
Chiapas 7.11 21.33 7.11 21.33 3

* n = 3.

3.3. Structural Damage

The structural damage to the yeasts was determined by using different stains: cal-
cofluor white and propidium iodide. The structural damage of yeasts was determined
by using different stains: calcofluor white and propidium iodide. Yeasts stained blue
(calcofluor white) indicate integrity of the cell wall (control), those stained red (propidium
iodide) indicate damage to the cell wall, since the damage wall allows the entry of propid-
ium iodide (red) (EEP exposed). Propidium iodide penetration indicates damage to the
yeast and with calcofluor-white stain, only morphology deformation was observed. In the
untreated control cultures, the yeasts were clearly stained blue with calcofluor-white, but
not with propidium iodide, which indicates the integrity of the yeast cell.

Figure 3 illustrates the effects of both propolis extracts on the reference strain of M. pachydermatis
(ATCC 14522). The yeast samples treated with the EEP of S. mexicana did not show staining with
calcofluor white but showed staining with propidium iodide in the form of red colouration, with
the most severe damage being that produced by the EEP of S. mexicana.
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Figure 3. Effects of EEP of Scaptotrigona mexicana and Tetragonisca angustula on reference strain
Malassezia pachydermatis ATCC 14522 were obtained by fluorescence microscopy and dyeing with cal-
cofluor white and propidium iodide. Cultures were exposed to EEP at a concentration of 21.3 mg/mL
for 48 h at 28 ◦C. Yeast samples stained in blue (calcofluor white) indicate the integrity of the cell wall
(control), while those stained in red (propidium iodide) indicate damage to the cell wall. They do not
stain in blue due to damage to the cell wall, which allows the entry of propidium iodide (red) (EEP
exposed). Propidium iodide penetration was observed, indicating damage to the yeast. With the
calcofluor white stain, only morphology deformation was observed (40× magnification).

Figure 4 shows the effects of both EEPs on the clinical strain and also shows the staining
of the untreated yeasts with calcofluor white but not with propidium iodide, which indicates
the integrity of the plasma membrane and cell wall. The yeast samples treated with the EEPs
of S. mexicana and T. angustula exhibited a similar effect. In both cases, the yeast samples were
not stained with calcofluor white but were stained with propidium iodide, which indicates
that the EEP damaged the structure of the fungi. Considering both the reference strain and the
clinical one, we can conclude that the EEPs of S. mexicana and T. angustula affect the structural
integrity of the yeasts, and this is more evident in the clinical strain.
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Figure 4. Effects of the EEPs of Scaptotrigona mexicana and Tetragonisca angustula on the clinical strain of
Malassezia pachydermatis, as determined by fluorescence microscopy and dyeing with calcofluor-white
and propidium iodide. Cultures were exposed to 21.3 mg/mL of EEP for 48 h at 28 ◦C. Alteration
of morphology is observed with the calcofluor white stain. As in Figure 3, yeast samples stained
in blue (calcofluor white) indicate the integrity of the cell wall (control), while those stained in red
(propidium iodide) indicate damage to the cell wall. They do not stain in blue due to damage to the
cell wall, which allows the entry of propidium iodide (red) (EEP exposed). The red colouration of
propidium iodide in both extracts indicates greater damage to the yeast cells (40× magnification).

4. Discussion

Many of the identified metabolites of stingless bee propolis were reported to exhibit a
myriad of different chemical compositions, which is consistent with other studies that have
biological activities, including antimicrobial, antiinflammatory, cytotoxic, antioxidant, hep-
atoprotective, and antiulcer effects [41–45]. The propolis extracts analysed show a diversity
of compounds [46,47]. The floral diversity, time of collection, and bee species are all deter-
minant factors for the final composition of each propolis, where sesquiterpene compounds
predominated; these compounds are known for their antimicrobial activity [1,3].

Regarding the propolis of Scaptotrigona mexicana, bibliographic research of furan-2,5-
dicarbaldehyde (a heterocyclic compound with two aldehyde groups) was unsuccessful
using that exact denomination; however, we found mention of a similar compound, 2-acetyl-
5-methylfuran, which was reported to exhibit antimicrobial activity against Escherichia coli,
Candida albicans, and Staphylococcus aureus [32,33,39].
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On the other hand, as the propolis of Tetragonisca angustula, the antibacterial and
antifungal activity of solavetivone has been reported [35,36]. There is no specific informa-
tion on the activity of l-(1S,6R,9S)-5,5,9,10-tetramethyltricyclo[7.3.0.0(1,6)]dodec-10(11)-ene;
however, antifungal and antibacterial activities have been reported for a similar compound,
3,3,7,7-tetramethyl-5-(2-methyl-1-propenyl)-tricyclo[4.1.0.0(2,4)]heptane [38].

A notable difference was observed between the chemical composition of the analysed
propolis and that of Mexican Apis mellifera. The antimicrobial activity of Apis mellifera
propolis is related to the presence of flavonoids such as pinocembrin, tectochrysin (flavone),
and the flavonoid precursor cardamomin (chalcone), as well as 2-methoxy-4-vinylphenol
and a few terpenoids [10]. On the other hand, in this work, sesquiterpenes were the most
important compounds, which is in agreement with a study by Bankova [2], which showed
that terpenoids predominate in the propolis of native bees from various parts of the world.
This seems to be a marked difference between the propolis of honeybees and native bees.

The antimycotic activity of propolis extracts, mainly from Apis mellifera, was demon-
strated against Candida albicans. Moreover, the fungicidal and fungistatic properties of
green and red propolis extracts from Brazil against other fungi genera were reported [43].
In addition, the inhibition and morphologic alterations of Cryptococcus neoformans when
exposed to propolis were described [46].

The antimycotic activity of propolis from stingless bees, mainly against Candida albi-
cans, has been reported for the following species: Lestrimellata spp., Melipona favora orlinge,
Melipona marginata, Melipona quadrifasciata, Melipona scutellaris, Nannotrigona testaceicornis,
Plebeia droryana, Plebeia remota, Scaptotrigona bipunctata, Tetragona clavipes, Tetragonisca an-
gustula, and Tetragonisca fiebrigi (against Candida glabrata) [2,47]. The propolis from the
Malaysian stingless bee Trigona thoracica was demonstrated to act against Cryptococcus
neoformans [47]. Furthermore, an Indonesian propolis from Tetragonula sp. was evaluated
as a possible therapeutic agent for the treatment of vaginal candidiasis [48]. However, no
studies on the use of the propolis from this stingless bee for antifungal applications in
animals were found.

Some reports have evaluated the activity of the propolis from Apis mellifera against
Malassezia pachydermatis, but there are no such reports focusing on native bees. In a recent
study, a correlation was established between the antimycotic activity of the ethanolic extract
of Brazilian green and red propolis against M. pachydermatis, with an MIC between 4 and
8 mg/mL and an MFC of 8–16 mg/mL [49]. The study reported that, as the total content
of phenols and flavonoids increased, propolis exhibited an enhanced biological effect,
suggesting that the mechanism of action of EEP is based on the rupture of the cell wall.
This idea is reinforced by the observation that some azole-resistant M. pachydermatis strains
were inhibited by the EEP. The efficacy of an Argentinian propolis against M. pachydermatis
was evaluated by different in vitro techniques; the results demonstrated that the yeast was
vulnerable to all tested propolis concentrations, with an MIC of 0.30 mg/mL; however, the
researchers were unable to determine the MFC [17]. The efficacy of a 2.5% EEP solution
against 48 clinical strains of M. pachydermatis isolated from dogs diagnosed with otitis
externa was also proven, as it was found that all the strains were susceptible to the EEP
solution [17]. An EEP from Rio Grande do Soul, Brazil, demonstrated antimycotic activity
against clinical isolates from dogs with otitis externa, with an MIC of 2.6 mg/mL and an
MFC of 5.3 mg/mL. In this work, an MFC of 21.3 mg/mL was determined, being higher
than what was found with Apis mellifera propolis, but the MIC of 7.11 mg/mL determined
was similar to what was reported for this propolis; however, it is unclear whether high EPP
concentrations could induce cytotoxicity. Therefore, more research is needed to identify
the active principles of propolis as well as their action mechanisms. Currently, there are
two theories aiming to explain the antifungal activity of propolis: the first proposes that
propolis elicits cellular wall lysis. and the other proposes that propolis damages the plasma
membrane by inhibiting ergosterol synthesis [16].

The photomicrographs obtained in the present report revealed that the EEP was able to
penetrate the plasma membrane, which was found using the minimum fungicidal concen-
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tration (21.33 mg/mL), causing severe damage and eventually the death of yeast samples
through structural and functional damage caused by membrane disruption. Calcofluor
white exhibits a high affinity for fungal wall components [50,51]. The alterations observed
with this stain were mainly deformed morphologies. In some cases, we hypothesise that the
complete destruction of the cell wall prevented the observation of the yeasts, which would
be a possible effect of the sesquiterpenes present in the EEP, as previously described [52]. It
would be advisable to perform computational chemistry studies to establish the extent of
the damage to the yeast’s cell wall caused by these compounds.

On the other hand, propidium iodide binds to nucleic acids and increases red coloura-
tion when there is damage to the cell membranes. This red colouration indicates severe
cell damage and death, which was observed in the reference strain and the clinical strains
treated with both EEPs, demonstrating the effectiveness of this type of propolis. This effect
with propidium iodide has been observed in other fungi, such as Fusarium, by evaluating
naturally occurring compounds’ efficacy against fungal growth [19]. It is likely that using
higher concentrations of EPP would have resulted in more damage being detected, so it
would be advisable to use higher concentrations in future research.

The above-mentioned stains have been used to detect cellular damage by Apis mellifera
propolis in yeasts of medical importance, such as Candida albicans [53–55] as well as the
bacterium Staphylococcus aureus [56]. There is scant research on the antimicrobial activity of
stingless bee propolis against infectious agents in animals, which represents an opportunity
to improve animal health.

Our team demonstrated the antiviral activity of the propolis of the stingless bee Plebeia
frontalis against the canine distemper virus. This encourages further investigation into its
effects on other viruses that affect animals [57].

Therefore, this work demonstrates that the propolis of the Mexican stingless bees Scap-
totrigona mexicana and Tetragonisca angustula has antimycotic effects and causes structural
damage to Malassezia pachydermatis. This result supports the use of these types of propolis for
therapeutic purposes. The findings of this study and their implications should be discussed in
the broadest possible context. Future research directions may also be highlighted.

5. Conclusions

In conclusion, the present study has shown the antifungal properties and extent of
structural damage caused by two propolis ethanolic extracts from two stingless bee species
(Scaptotrigona mexicana and Tetragonisca angustula) found in the Mexican municipalities
of Yecuatla, Veracruz, and Chalchihuitan, Chiapas, against different Malazessia pachyder-
matis strains, one as a reference (ATCC 14522) and three clinical isolates. Sesquiterpenes,
along with other compounds, are possibly the reason for the antimycotic activity of both
extracts. It is important to mention that, to our knowledge, the present work is the first to
demonstrate the structural damage caused by and antifungal effects of Mexican stingless
bee propolis against Malazessia pachydermatis.

Nonetheless, further research must be undertaken in order to provide a more solid
scientific basis for the future employment of propolis as an alternative treatment for canine
external otitis.
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Simple Summary: Bacterial congenital diseases are among the most common ailments in dogs and
cats within veterinary medicine. Microorganisms are becoming more and more resistant to antibiotic
drugs. The search for natural substances has been driven primarily by the irrational and reckless
use of available antimicrobials in clinical scenarios. Consequently, there is a growing interest in
natural substances for treating animal diseases, aiming to find sources of active compounds of natural
origin. Propolis is one such substance that scientists have extensively investigated. It has garnered
contemporary interest due to its natural complex of active compounds and broad biological activity.
This study demonstrates propolis extracts’ chemical analysis and biological activity using different
solvents. The bee propolis extracts’ antimicrobial and antifungal activities were evaluated using
clinical and reference bacterial strains.

Abstract: Antimicrobial resistance (AMR) is one of the biggest threats to human and animal health.
Efforts to combat AMR include the introduction of antimicrobial drugs as alternative treatment
options. To contribute to an effective plan for the treatment of infectious diseases caused by bacteria,
the development of new antimicrobial agents is increasingly being explored. Propolis has garnered
significant attention from both scientists and industry due to its extensive spectrum of biological
activity. The growing interest in polyphenols of natural origin and their plant sources further
encourages the investigation of their chemical composition and biological effects. Propolis serves as a
rich source of phenolic compounds. Baltic region propolis, classified as poplar-type propolis, was
selected for this study, and extracts were prepared using raw propolis materials from various Baltic
countries. The production of liquid extracts utilized a combination of 70 percent ethanol, a mixture of
water and poloxamer P407, and DES (deep eutectic solvent). The research aims to produce liquid
propolis extracts using different solvents and to assess their chemical composition, antioxidant, and
antimicrobial activity against different veterinary pathogens. Antioxidant activity was evaluated
using DPPH (2,2-diphenyl-1-picrylhydrazyl), revealing antioxidant activity in all extracts, with
results correlating with the total phenolic compound content. It was found that p-coumaric acid
predominated in the studied propolis extracts (in ethanol extracts 1155.90–1506.65 mg/g, in DES
extracts 321.13–954.76 mg/g, and in polymeric extracts 5.34–30.80 mg/g), with smaller amounts of
ferulic acid and vanillin detected. Clinical and reference bacterial strains were collected from the
Lithuanian University of Health Sciences, the Academy of Veterinary Medicine, and the Institute
of Microbiology and Virology. To effectively treat bacterial infections, the antimicrobial activity of
propolis extracts was tested against six pathogenic bacterial species and one pathogenic fungus (S.
aureus, S. agalactiae, B. cereus, E. faecalis, E. coli, P. aeruginosa, and C. albicans). Antimicrobial activity
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studies demonstrated that DES propolis extracts exhibited stronger antimicrobial activity compared
to ethanolic propolis extracts. The minimum inhibitory concentration (MIC) values of DES propolis
extracts against the tested strains ranged between 50 and 1000 µg/mL. Considering the study results,
it can be concluded that propolis from the Baltic region is abundant in phenolic compounds exhibiting
antioxidant and antibacterial activities.

Keywords: animal; antimicrobial; propolis; extract

1. Introduction

Natural products are important as medicines in many treatment areas [1]. With the
discovery of antimicrobial agents almost a century ago, several classes of antimicrobial
agents of natural origin, such as β-lactams, tetracyclines, and aminoglycosides, have been
introduced as therapeutic agents. At that time, the use of antimicrobials had a significant
impact on the treatment of infectious diseases in human and veterinary medicine. Domestic
animals are considered potential carriers of antimicrobial resistance (AMR) to humans due
to the excessive use of antimicrobials and their close contact with humans. The World
Health Organization (WHO) considers antimicrobial resistance to be a major threat to
human and animal health. These developments are strongly influenced by the misuse
or overuse of antimicrobials, leading to the spread of bacterial antimicrobial resistance
(AMR) [2–4]. There is now a worldwide increase in the use of plant-based products.
Production animals account for around 70% of animals treated with herbal products,
poultry (9.1%), dogs (5.3%), and rabbits (4.3%) [5]. One of the threats of antimicrobial
resistance (AMR) is the presence of antibiotic residues, which promotes the development
of antibiotic-resistant bacteria in humans; toxic metabolites remain in the meat, and the
by-products of synthetic substances become a concerning side effect of medication use.
These aspects encourage the search for safe alternatives compared to modern animal
health systems [6]. The search for natural and safe alternatives to traditional veterinary
medicines has become an important area of research in animal and veterinary medicine.
This includes natural products or components extracted from plants, microorganisms,
insects, or marine organisms. As natural products from different sources have unique
structures and properties and do not cause significant side effects, their effect is hoped
to reduce the likelihood of drug resistance [7]. The plant kingdom is currently garnering
significant attention. Plants are characterized by compounds with a strong antibacterial
effect, which are effective in treating bacterial infections without causing adverse side effects.
Natural products have a chemical diversity of bioactive compounds so that they can be
promising sources for drug development [8–10]. Bacterial skin, eyes, and ear infections are
among the most common bacterial infections in dogs and cats in veterinary medicine. Anti-
inflammatory and antibacterial agents are commonly included in the treatment regimens
for many inflammatory diseases. With the growing popularity of natural substances among
pet owners, there is an increasing demand for natural veterinary preparations. In this study,
it was decided to focus on propolis, one of the substances extensively studied by scientists.
Propolis is a bee product known for its natural complex of active compounds and its broad
spectrum of biological effects.

Bees collect propolis from living plants, which contributes to the diversity of its chemi-
cal composition and, therefore, presents challenges in standardizing its quality. Between 80
and 100 chemical compounds have been identified in propolis samples, most of which are
classified as phenolic compounds. These phenolic compounds account for the wide range
of biological effects of propolis and, due to their potential health benefits, have garnered
significant attention in the scientific community [11]. Recently, scientists have been focusing
extensively on polyphenolic compounds as antioxidants. According to epidemiological
studies and related meta-analyses, long-term consumption of phenolic compounds is asso-
ciated with protection against cancer, cardiovascular diseases, diabetes, osteoporosis, and
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neurological disorders [12,13]. Scientific research results confirm propolis’s antioxidant
activity [14–24]. Currently, researchers are working to determine the relationship that the
antioxidant activity and individual chemical composition of propolis have. The results
of studies on antioxidant activity conducted by Polish scientists have confirmed that the
composition of propolis varies depending on the geographical region of collection and plant
sources [25–27]. Furthermore, these studies demonstrated a dependence of antioxidant
activity on the chemical composition of the samples [28]. Shigenori Kumazawa et al. found
that ethanolic propolis extracts from some countries (e.g., Argentina, China, Hungary)
exhibited strong antioxidant activity, correlated with polyphenol and flavonoid content [29].
Propolis is widely used in cosmetic, pharmaceutical, veterinary, and medical products due
to its antibacterial properties. The antibacterial effects of propolis are examined in different
ways. First, the antimicrobial activity directly impacts the microorganism, and second,
it boosts the immune system by activating the body’s defense mechanisms [30,31]. The
antimicrobial activity of propolis is stronger against Gram-positive bacteria than against
Gram-negative bacteria [30,32–34]. Ethanol predominantly produces propolis extracts, with
aqueous extracts being less common. Propolis has a lower water solubility than ethanol
solvents. Solvents such as PEG, propylene glycol, and cyclodextrins have been used in
aqueous formulations to improve the solubility of these compounds. Korean researchers uti-
lized poloxamers as solubilizers and gelling agents in topical antimicrobial formulations of
propolis [35]. Poloxamers can improve the solubility of active compounds by reducing sur-
face tension and forming micelles, which promote the dissolution of active substances [36].
Deep eutectic solvents (DES) have been increasingly used to produce extracts. The results
of antimicrobial studies by Trusheva and other researchers have confirmed that DES can
improve the antimicrobial effect of propolis extracts on pathogenic microorganisms [37].
This may be influenced by the presence of natural acids as DES elements. The literature
indicates that DES containing organic acids have a higher antimicrobial activity due to
their pharmacological properties [38]. However, research data on propolis extraction using
deep eutectic solvents have been limited. Turkish researchers found that natural deep
eutectic solvents (NADES) can be a viable alternative to conventional solvents for propolis
extraction [39]. Funari’s results strongly suggest that some NADES extracts can replace hy-
droethanol, propylene glycol, and aqueous propolis solutions without sacrificing extraction
efficiency [40]. Considering that the propolis of the Baltic region belongs to the poplar-type
propolis, this study chose to make extracts using raw materials from Lithuanian, Polish,
and Latvian propolis. For the production of liquid extracts, 70 percent ethanol, a mixture of
water and poloxamer P407, and a deep eutectic solvent (DES) were used. The purpose of
this research is to produce liquid extracts of propolis using various solvents and evaluate
their chemical composition and antioxidant and antimicrobial activity against different
veterinary pathogens.

2. Materials and Methods
2.1. Propolis Extraction

Ethanolic, polymeric, and DES propolis extracts were produced. Unprocessed propolis
samples were commercially purchased from various Baltic region countries (Lithuania,
Latvia, Poland). Lithuanian propolis was purchased from R. Serksnienes farm, Raseiniu
district, Latvian propolis was purchased from a company (“Bites”, Vālodzes, Stopin, u
province, Latvia, LV-2130), Polish propolis was purchased from a beekeeping company
(PROKIT, Halinów, Poland).

2.2. Ethanolic Propolis Extracts Preparation

Crushed propolis was extracted with 70% ethanol (v/v) by maceration method in
a ratio of 1:10. The macerated content was stored in dark glass bottles at 21 ± 1 ◦C for
12 days, with the contents being stirred several times during this period [24].
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2.3. DES Propolis Extracts Preparation

Deep Eutectic solvent (DES) was prepared separately, pouring in the same quantity
of materials as specified earlier and mixing at a certain temperature. Choline chloride
(Sigma-Aldrich, St. Louis, MO, USA), lactic acid (Sigma-Aldrich, St. Louis, MO, USA) and
purified water were mixed in a ratio of 1:1:1. Crushed propolis were extracted with DES
solvent by maceration method in a ratio of 1:10. The macerated content was stored in dark
glass bottles (21 ± 1 ◦C) for 12 days, while the content being stirred several times [41].

2.4. Polymeric Propolis Extracts Preparation

Polymeric solvent was prepared with poloxomer 407 (Fagron, St. Paul, MN, USA).
The mixture was stored in the refrigerator (4 ± 1 ◦C) for 24 h until the polymer completely
dissolved. Crushed propolis was extracted by the polymeric solvent in a ratio of 1:10 by
maceration. The stirring macerate content was stored in dark glass bottles (4 ± 1 ◦C) for
12 days and stirred several times in the meantime [35].

The extracts were filtered through ashless filter paper (retention 8–12 µm, diameter
90 mm, ash content 0.007%) [42].

2.5. HPLC Analysis

HPLC analysis was performed based on certain modifications [43]. Chromatographic
equipment used included a Waters 2695 system with a Waters 996 diode array detector and
an ACE 5C18 chromatography column with dimensions of 250 × 4.6 mm. The obtained
data were processed using Empower 2 Chromatography Data Software. HPLC eluent:
acetonitrile and trifluoroacetate acid; temperature: 25 ◦C; duration time: 81 min; and
sample injection volume: 10 µL. The setting for the analyzed compounds was established
by comparing them with benchmark materials, considering their retention time and UV
absorption within the range of 250 to 400 nm. Standard compounds used in the analysis:
p-coumaric acid (R2 = 0.9999), cinnamic acid (R2 = 0.9999), caffeic acid (R2 = 0.9999), vanillin
(R2 = 0.9999), vanillic acid (R2 = 0.9999), and ferulic acid (R2 = 0.9999).

2.6. Antioxidant Activity in DPPH

The antioxidant activity of the extracts was evaluated using the DPPH method, with
some modifications according to Yim et al. [44]. A 60 µM DPPH solution in 96% ethanol
(v/v) was prepared. We mixed 10 µL of propolis extracts with 3000 µL of DPPH working
solution. The samples were incubated for 30 min at room temperature. Absorbance was
measured with a spectrophotometer (Agilent Technologies 8453 UV-Vis, Santa Clara, CA,
USA) at the wavelength of 517 nm.

2.7. Antimicrobial Activity In Vitro

Assessment of antimicrobial activity in vitro was determined based on previous stud-
ies [32,45]. The bacteriological properties of propolis extracts were evaluated in vitro using
the agar diffusion method. Mueller–Hinton agar (Biolife Mueller Hinton Agar II, Italy),
Columbia blood agar (CBA, EO Labs, Bonnybridge, Scotland, UK), and Sabouraud dex-
trose agar (SDA, EO Labs, Bonnybridge, Scotland, UK), approved by the Clinical and
Laboratory Standards Institute (CLSI), were used as standards. Liquid Mueller–Hinton
and Sabouraud dextrose agars were prepared according to the standards and poured into
Petri dishes with a diameter of 10 cm, approximately 35 mL each. Ready-made Colombia
blood agar was used. Each isolate was prepared according to the 0.5 McFarland standard.
Clinical and reference bacterial strains were collected from the Lithuanian University of
Health Sciences, the Academy of Veterinary Medicine, and the Institute of Microbiology
and Virology. Small animals with acute superficial or deep pyoderma, wound infections,
abscesses, otitis, conjunctivitis, or complicated corneal ulcers were treated. Clinical and
reference bacterial strains, including Staphylococcus aureus (ATCC 25923), Bacillus cereus
(ATCC 11778), Enterococcus faecalis (ATCC 29212), Escherichia coli (ATCC 25922), and Pseu-
domonas aeruginosa (ATCC 27853), were spread onto Columbia blood agar. Additionally,
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the Streptococcus agalactiae (ATCC 13813) strain was disseminated on Columbia blood agar.
Clinical and referential Candida albicans (ATCC 10231) strains were spread onto Sabouraud
dextrose agar. Wells with a diameter of 7 mm were made in the agar, into which 0.1 mL
of the propolis extract research material was added. Plates with bacteria were incubated
for 24 h at 37 ± 0.5 ◦C, and plates with fungi were incubated for 24 h at 35 ± 0.5 ◦C in
the thermostat. The antibacterial and antifungal properties of the propolis extracts in vitro
were assessed after 24 h of incubation. The diameter of sterile zones formed around the
wells was calculated in millimeters.

2.8. Minimum Inhibitory Concentration

The minimum inhibitory concentration (MIC) was determined using the broth mi-
crodilution method as recommended by the Clinical and Laboratory Standards Institute.
The MIC was defined as the lowest concentration of the propolis extract that inhibited
the growth of the tested microorganisms. The test was performed on clinical and refer-
ence bacterial strains, including Staphylococcus aureus (ATCC 25923), Streptococcus agalactiae
(ATCC 13813), Bacillus cereus (ATCC 11778), Enterococcus faecalis (ATCC 29212), Escherichia
coli (ATCC 25922), and Pseudomonas aeruginosa (ATCC 27). For the study, the bacterial
strains were initially inoculated in sterile saline (0.9%). Turbidity was adjusted according
to the McFarland 0.5 turbidity standard (Densi-La-Meter II, Erba Lachema, Brno, Czech
Republic). A 10 µL aliquot of the diluted bacterial suspension was added to 11 mL of
Mueller–Hinton Broth II (MHB, Oxoid Ltd., Basingstone, Hampshire, UK) liquid medium,
resulting in a final inoculum volume of 1.5 × 108 CFU/mL. The prepared inoculum was
then inoculated into 96-well microplates (VWR International, LLC., Radnor, PA, USA). Fifty
microliters of medium and 50 µL of various concentrations of the propolis extract were
added. The concentrations of propolis extracts tested ranged from 0.05 to 100 mg/mL. The
plates were incubated at 37 ◦C for 24 h. Controls included a negative control (medium
only), positive control (medium with bacteria), and color control (extract dilutions). The
MIC of p-coumaric acid, the predominant compound in the extracts as determined by
HPLC analysis, was also estimated. The concentrations of p-coumaric acid tested ranged
from 0.1 mg/mL to 1 mg/mL. Bacterial growth was evaluated with a Multiskan FC mi-
croplate photometer (Thermo Scientific, Foster City, CA, USA) after 24 h of incubation by
measuring the absorbance at 570 nm (OD570). Based on the control samples, thresholds
were established to classify the results as either bacterial growth or no growth.

2.9. Statistical Analysis

The results express averages of three measurements and standard deviations. Statisti-
cally significant differences between the compared data were determined using one-way
ANOVA. Differences were considered statistically significant when p < 0.05. The correlation
was evaluated based on the Spearman correlation coefficient. Data statistical analysis and
visualization were performed using software tools, including OriginPro® 2021 (Origin-
Lab, Northampton, MA, USA), IBM SPSS Statistics 27 (SPSS Inc., Chicago, IL, USA), and
SigmaPlot 13.0 (Systat Software, San Jose, CA, USA).

3. Results
3.1. HPLC Analysis of Active Compounds

The chemical composition of the produced extracts was evaluated using HPLC
(Table 1). The research data indicate that p-coumaric acid was predominant in the stud-
ied ethanolic extracts, accounting for 19.73% of the total amount of all determined active
compounds. Compared to other active substances found in the tested extracts, higher
amounts of ferulic acid (9%) and vanillin (7.68%) of the total active compounds were found.
Small amounts of cinnamic acid (0.5%) and vanillic acid (0.38%) were also detected. In
eutectic extracts, p-coumaric acid continued to dominate, comprising about 33% of the total
active compounds. Vanillin and ferulic acid accounted for 14% and 10.9%, respectively.
Vanillic acid and cinnamic acid were the least found, accounting for 0.67% and 0.03%,
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respectively, of all identified compounds in the eutectic extracts. Further data show that
in polymeric extracts of propolis, smaller amounts of p-coumaric acid (31.32%), vanillin
(14.60%), and ferulic acid (11.11%) were found. Compared to other substances, the least
amounts of vanillic and cinnamic acids were found, making up a minimal percentage of all
active compounds.

Table 1. Propolis HPLC analysis of extracts.

Solvent Propolis Vanillic Acid
(mg/g)

Vanillin
(mg/g)

Ferulic Acid
(mg/g)

Cinnamon
Acid (mg/g)

p-Coumaric
Acid (mg/g)

Ethanol

1 LT 28.63 587.49 693.18 36.05 1506.65
SD 2.37 33.86 27.83 3.98 91.39

2 PL 23.16 463.10 473.59 21.12 1155.90
SD 0.20 2.99 15.02 0.99 21.57

3 LV 22.23 574.51 593.26 38.83 1415.98
SD 0.94 19.62 22.82 0.23 73.92

Eutectic

4 LT 19.61 404.78 315.54 16.29 954.76
SD 0.40 13.49 8.30 0.01 51.95

5 LV 3.19 141.03 112.79 7.41 321.13
SD 0.19 0.42 1.62 0.28 10.44

6 PL 5.28 168.84 89.06 5.18 328.05
SD 0.27 3.46 5.24 0.09 17.33

P407

7 LT 5.30 - 6.05 0.49 14.94
SD 0.22 - 0.05 0.00 0.03

8 PL 7.26 - 1.48 - 5.34
SD 0.40 - 0.08 - 0.37

9 LV 0.53 14.36 10.93 0.87 30.80
SD 0.01 1.33 0.12 0.01 1.79

3.2. Antioxidant Activity In Vitro

Antioxidant activity of prepared experimental extracts was analyzed by DPPH method.
Research results are presented in Figure 1.
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Figure 2. Antimicrobial activity of propolis polymeric (P407) extracts. Reference strains (A). Wild 
strains (B). 

The ethanolic and DES propolis extracts in Figure 3A exhibit antibacterial activity 
against the reference and clinical bacteria of the Staphylococcaceae family. The eutectic 
propolis extracts were characterized by a stronger inhibitory antibacterial effect compared 
to the ethanolic propolis extracts. A significant difference (p < 0.05) was found between the 
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Figure 1. Antioxidant activity of ethanolic, eutectic, and polymeric (P407) propolis extracts. 1 LT,
2 PL, 3 LV—ethanolic extracts, 4 LT, 5 LV, 6 PL—eutectic propolis extracts, 7 LT, 8 PL, 9 LV—polymeric
(P407) propolis extracts. Ethanolic propolis extracts were diluted five times before the test. The
asterisks indicate statistical significance between polymeric (P407) propolis extracts group compared
to other propolis extracts groups, p < 0.05.

The data presented in Figure 1 show that all tested extracts exhibit antioxidant activity.
The ethanolic extract of Lithuanian propolis showed similar antioxidant activity to the
propolis DES extract. Using the DPPH method, polymeric (P407) propolis extracts (7 LT,
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8 PL, 9 LV) exhibited statistically significantly weaker antioxidant activity compared to
other analyzed propolis extracts (p < 0.05). The results of the study indicate a strong
correlation between the total sum of active phenolic compounds identified through HPLC
analysis and the antioxidant activity results (p < 0.001).

3.3. Determination of Antimicrobial Activity

The antimicrobial activity of ethanolic, eutectic, and polymeric extracts of P407 propo-
lis was studied. Research data in Figure 2, show that propolis polymeric extracts did not
exhibit inhibitory antibacterial activity against any tested bacterial strains; bacterial growth
was observed around the cavities (7 LT, 8 PL, 9 LV).
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Figure 2. Antimicrobial activity of propolis polymeric (P407) extracts. Reference strains (A). Wild
strains (B).

The ethanolic and DES propolis extracts in Figure 3A exhibit antibacterial activity
against the reference and clinical bacteria of the Staphylococcaceae family. The eutectic
propolis extracts were characterized by a stronger inhibitory antibacterial effect compared
to the ethanolic propolis extracts. A significant difference (p < 0.05) was found between
the inhibition zones of these propolis extracts. The tested propolis extracts showed a better
antibacterial effect against the reference bacterium of the Staphylococcaceae family compared
to the clinical strain of S. aureus. A statistically significant difference (p < 0.05) was found
between the inhibition zones of the reference and clinical S. aureus. The DES extracts
showed a statistically significantly stronger antibacterial inhibitory effect against S. aureus
compared to the control eutectic solvent (p < 0.05) and the positive control. Ethanol propolis
extracts exhibited statistically weaker activity compared to the chlorhexidine solution. The
ethanolic and DES propolis extracts in Figure 3B demonstrate antibacterial activity against
the reference and clinical bacteria of the Streptococcaceae family. The DES propolis extracts
exhibited a stronger inhibitory antibacterial effect compared to the ethanolic propolis
extracts. A significant difference (p < 0.05) was observed between the inhibition zones
of these propolis extracts. Furthermore, the eutectic propolis extracts were characterized
by a statistically significantly stronger antibacterial inhibitory effect against S. agalactiae
compared to the control eutectic solvent (p < 0.05). The DES extracts inhibited the growth of
S. agalactiae statistically significantly compared to the chlorhexidine control group (p < 0.05).
The ethanol propolis extracts and chlorhexidine solution exhibited antibacterial activity
against the B. cereus strain. The ethanol extracts demonstrated a statistically significantly
weaker antibacterial effect against bacteria of the Bacillaceae family compared to the propolis
DES extracts and DES solvents (p < 0.05). The inhibition zones of the strains were statistically
significantly larger in diameter for the eutectic extracts compared to the ethanol propolis
extracts Figure 3C.
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Figure 3. Antibacterial activity of propolis extract on S. aureus (A), S. agalactiae (B), and B. cereus (C) In
the figure, an asterisk (*) indicates statistically significant results (p < 0.05).

This study’s results, depicted in Figure 4, showed that the ethanol propolis extracts
did not inhibit bacteria from the Enterococcaceae, Enterobacteriaceae, and Pseudomonadaceae
families. Bacterial growth was observed around the cavities (1 LT, 2 PL, 3 LV).
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Figure 4. Antimicrobial activity of propolis ethanolic extracts. Reference strains (A). Wild strains (B).
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9—LV polymeric propolis.

Figure 5 illustrates that the DES propolis extracts exhibited antibacterial activity
against reference and clinical E. feacalis bacteria of the Enterococcaceae family. Statistically
significant strain inhibition zones were larger in diameter in the DES extracts compared to
the DES solvent and positive control (p < 0.05).
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statistically significant results (p < 0.05).

During the research, it was found that the DES propolis extracts have strong antimi-
crobial activity against the Gram-negative bacteria E. coli strain. As depicted in Figure 6A,
the eutectic propolis extracts exhibit antibacterial activity against the reference and clinical
bacteria of the Enterobacteriaceae family. Statistically significantly, the zones of inhibition of
the tested strains had a wider diameter in the DES extracts compared to the DES solvent
and the positive control (p < 0.05). During the research, it was found that the DES propolis
extracts have excellent antimicrobial activity against the Gram-negative P. aeruginosa bacte-
rial strain (Figure 6B). The growth zone of the reference P. aeruginosa strain was statistically
significantly inhibited by the DES propolis extracts compared to the control DES solvent.
The growth of clinical Pseudomonadaceae bacteria was statistically significantly inhibited by
the DES propolis extracts compared to the chlorhexidine control group (p < 0.05).
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Figure 6. Antibacterial activity of the propolis extract on E. coli (A), P. aeruginosa (B). In the figure, an
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For the bacterial spot studies, Figure 7 was selected as positive controls, consisting of
chlorhexidine 0.02% aqueous solution for the control group. From the results of the study,
it was observed that the aqueous solution of chlorhexidine exhibited antibacterial effects. It
demonstrated antibacterial activity against both Gram-positive and Gram-negative clinical
and reference bacterial strains. The selected eutectic solvent served as a negative control
and also showed antibacterial activity against the tested clinical and reference bacterial
isolates. The components of the DES solvent contributed significantly to the antibacterial
activity of the propolis extracts against the tested bacterial isolates.
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Figure 7. Antimicrobial activity of control groups. Reference strains (A). Wild strains (B). CH—
chlorhexidine aqueous solution 0.02%, Eutect.—eutectic aqueous solution, P407—poloxomer (P407)
aqueous solution, E-70%—ethanol, Milli Q.

The research data depicted in Figure 8A show that propolis polymeric extracts did
not exhibit inhibitory antifungal activity against the clinical and reference fungi of the
Saccharomycetaceae family. Fungal growth was observed around the cavities (7 LT, 8 PL,
9 LV).
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S. aureus 50 100 500 1000  200 500 
S. agalactiae 200 200 1000 500 100 200 

B. cereus 120 200 1000 500 500 500 
E. feacalis 500 500 1000 1000 200 500 

E.coli 1000 1000 5000 5000 500 1000 
P. aeruginosa 1000 1000 5000 5000 500 1000 

Figure 8. Antifungal activity of the propolis extracts. Referential and wild C. albicans. 1—LT
ethanolic propolis, 2—PL ethanolic propolis, 3—LV ethanolic propolis, 4—LT eutectic propolis, 5—LV
eutectic propolis, 6—PL eutectic propolis, 7—LT polymeric propolis, 8—PL polymeric propolis, 9—LV
polymeric propolis, CH—chlorhexidine aqueous solution 0.02%, Eutec.—eutectic aqueous solution,
P407—poloxomer (P407) aqueous solution E—90/70%—ethanol (A). Antifungal activity of propolis
extract on C. albicans (B). Asterisks indicate statistical significance between the eutectic control and
propolis extract groups, p < 0.05.

The DES propolis extracts in Figure 8B demonstrated statistically significant antifungal
activity against the reference and clinical fungi of the Saccharomycetaceae family (p < 0.05).
The DES propolis extracts exhibited a stronger inhibitory antifungal effect compared to
the ethanolic propolis extracts. A significant difference (p < 0.05) was found between the
inhibition zones of these propolis extracts. Furthermore, the DES propolis extracts showed
a statistically stronger antifungal inhibitory effect against C. albicans compared to the control
solutions (p < 0.05).

3.4. Minimum Inhibitory Concentration

The MIC results of the present study demonstrated that the antimicrobial activity
of the tested propolis extracts ranged from 0.05 mg/mL to 5 mg/mL. The minimum
inhibitory concentration of p-coumaric acid, the most abundant active compound in the
tested extracts, ranged from 0.1 mg/mL to 1 mg/mL (Table 2). Comparison of the values
in this study with a previous agar diffusion study clearly shows that the propolis extracts
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exhibit significant antimicrobial properties against the Staphylococcus aureus, Streptococcus
agalactiae, Bacillus cereus, Enterococcus faecalis, Escherichia coli, and Pseudomonas aeruginosa
clinical and reference strains.

Table 2. Minimum suppressive concentrations of propolis extracts against the bacterial strains tested.

Eutectic Propolis Extract Ethanol Propolis Extract p-Coumaric Acid

MIC Reference
Strains
(µg/mL)

MIC Wild
Strains
(µg/mL)

MIC Reference
Strains
(µg/mL)

MIC Wild
Strains
(µg/mL)

MIC Reference
Strains
(µg/mL)

MIC Wild
Strains
(µg/mL)

S. aureus 50 100 500 1000 200 500
S. agalactiae 200 200 1000 500 100 200

B. cereus 120 200 1000 500 500 500
E. feacalis 500 500 1000 1000 200 500

E.coli 1000 1000 5000 5000 500 1000
P. aeruginosa 1000 1000 5000 5000 500 1000

4. Discussion

The emergence and spread of AMR are putting global health systems at risk; for
example, the 2015 WHO Global Action Plan on AMR has become one of the key roadmaps
in the fight against the elements of AMR, which includes the screening of compounds in
order to capture new antimicrobials [46]. Advances in many different research areas have
fueled the resurgence of natural products. All of this leads to curbing AMR and better
understanding [47]. Veterinary medicine focuses more on herbal medicines to curb the
spread of AMR. There is a widespread popular belief that medicinal plants are effective
and safer than synthetic compounds. The other main reason is economical, as they are
cheaper than conventional therapies and useful in treating subclinical or chronic diseases
without conventional treatment, as well as disorders that do not require professional
diagnosis [48,49]. The selection of natural products must cover the widest and most diverse
range of target pathogens/species (e.g., Gram-positive, Gram-negative bacterial species,
spore-forming and acid-fast species, extracellular micro-organisms, clinical isolates) to be
able to evaluate the potential of the active compounds [50]. The use of natural materials in
veterinary medicine has been the subject of a number of studies on the health and treatment
of animals. Several veterinary medicine researchers have investigated the antimicrobial
activity of natural products against canine Staphylococcus and Enterobacteriaceae spp. These
studies investigated various natural sources, including herbal extracts, honey products,
and bacteriophages [51,52]. Such studies have provided valuable insights into the potential
effectiveness of natural compounds as alternative treatments. Organic sulphur derivatives
of garlic, such as allicin compounds, have been reported to have antibacterial activity
against Staphylococcus spp. [53]. Essential oils are another perspective that is being widely
explored. Scientists have studied the activity of oregano essential oil (OEO) and found that
it has unique antibacterial and antioxidant properties. These properties have brought OEO
to the attention of the whole world so that it can replace antimicrobial growth promoters,
which have a significant impact on the livestock industry. OEO has been recommended
for the treatment of infections caused by Candida spp. [54]. Siddique and other researchers
have carried out in vitro probiotic studies with lactic acid bacteria as potential probiotic
candidates. Probiotics are beneficial bacteria that live in the gut and help improve health;
they are also one of the most popular alternatives to antibiotics [55]. Regarding small animal
health disorders that can be treated with medicinal plants or their active compounds, a
study was carried out in Spain on the number of animals treated with medicinal plants
in clinic visits. The results showed that half of the patients treated in the clinic were
treated for dermatological diseases, 70.1% were treated for musculoskeletal diseases, and
about 51% of the dogs were treated for supraintestinal disorders [56]. Among the natural
plant-based treatment options for veterinary diseases is propolis. For example, propolis
has been used as an ointment to control mastitis in cows, as a prophylactic in pig herds
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for diseases of the respiratory tract, as a gastrointestinal tract, as a growth stimulant, and
even as a local anaesthetic during surgery [57]. Propolis has also been used to effectively
treat eye diseases in humans and animals due to its many healing properties. In cats
and dogs suffering from blepharitis, infectious conjunctivitis, corneal edema, lacrimal
duct obstruction, dry keratoconjunctivitis, corneal ulcers, and glaucoma, treatment was
administered [58]. Propolis is a natural source of phenolic compounds, and choosing the
right solvent for its extraction is important [59]. One of the objectives of this study was
to produce propolis extracts with different solvents. For the production of extracts, the
maceration method was chosen as the most accessible and most widely used extraction
method in practice [60]. Our research results confirm data from the scientific literature
that the qualitative profile of phenolic compounds and their quantity in extracts depend
on the solvent used in the production and the propolis raw material for extraction. DES
components can be selected not only to tune the physicochemical properties of the selected
solvents but also to enhance the biological activity of the DES extracts [61,62]. The smallest
quantities of the studied active compounds were found in extracts produced using water
and a mixture of poloxamer (P407). The application of eutectic solvents allowed for the
separation of larger quantities of active compounds; however, these solvents demonstrated
weaker extraction capabilities compared to 70% (v/v) ethanol. Additionally, the application
of DES propolis raw material for extraction has paved the way for potential non-ethanol
liquid extracts as a basis for adaptation [63]. These extracts showed a statistically significant
increase in the total quantity of active compounds compared to extracts produced with
poloxamer (P407). Propolis extracts were derived from raw propolis collected in various
countries across the Baltic region. The profile of active compounds in the investigated
propolis extracts exhibited similarity. The scientific literature indicates that the propolis of
Lithuania, Poland, and Latvia is categorized as poplar-type propolis [64–67]. The highly
dominant compound in propolis extracts, p-coumaric acid, is recognized as a hydroxyl
compound of cinnamic acid. It is known for its ability to reduce the peroxidation of
low-density lipoproteins, exhibit antimicrobial activity, contribute to inhibiting cellular
melanogenesis, and positively affect the regulation of the human immune system [68].
Lower amounts of ferulic acid and vanillin were found in the tested extracts compared
to p-coumaric acid. Ferulic acid in propolis extracts is an important natural antioxidant.
There is a wealth of published scientific research data on the antioxidant, antiallergic,
hepatoprotective, anticarcinogenic, anti-inflammatory, antimicrobial, antiviral, vasodilatory,
and antithrombotic effects of ferulic acid [69]. Vanillin (4-hydroxy-3-methoxybenzaldehyde)
is a natural aromatic compound primarily used to impart fragrance and flavour to food
products and beverages. In recent years, scientific data have been compiled on vanillin’s
anticancer, antidiabetic, antioxidant, anti-inflammatory, and antimicrobial effects [70].
Vanillin is one of the components of propolis, contributing not only to a pleasant aroma but
also to its biological impact. The smallest quantities of vanillin and cinnamic acids have
been detected in the studied extracts. Vanillic acid and cinnamic acid are phenolic acids,
which are secondary aromatic products known for their strong antioxidant activity [71].

Our research group found that the investigated propolis extracts exhibited excellent
antiradical activity. Overall, our research data indicated that antiradical activity directly
correlates with the concentrations of active compounds in the extract. We used a simple and
quickly performed method to evaluate antioxidant activity. Our chosen method confirmed
the antioxidant activity of the extracts. The DPPH method is suitable for identifying
antioxidants that are soluble in organic solvents. The DPPH radical is sensitive to light,
oxygen, and pH changes, leading to varying results when different solvents are used [72].
According to the data obtained during this study, the examined extracts were effective
antioxidants in vitro.

The results confirm published research data indicating that Baltic propolis extracts
exhibit high antioxidant activity attributable to their chemical composition [73,74]. Our
research findings demonstrated that the antioxidant activity of propolis extracts directly de-
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pended on the quantity of active compounds present. A strong correlation was established
between the number of active compounds and antioxidant activity.

After examining the scientific literature, we can conclude that antimicrobial activity
is one of propolis’s most studied biological effects [17,30,64–66,75–78]. This is particularly
relevant given the high resistance of some microorganisms to antibiotics and antifungal
drugs, posing a global threat [79–81]. Betancourt and other researchers made a remark
that propolis can be successfully used to treat eye diseases in cats and dogs; e.g., propolis
drops have been used for the treatment of eye diseases such as conjunctivitis, corneal ulcers,
and keratoconjunctivitis, for up to seven days in acute cases and up to ten days in chronic
cases [82]. Cardoso and other scientists also used propolis as ear drops when S. aureus was
isolated from dogs with otitis [83]. The results of these studies confirmed the antimicrobial
activity of propolis. They provided additional information on the biological properties
of propolis extracts and their potential use in the fight against antimicrobial resistance
(AMR) [84,85]. Various studies on the antibacterial efficacy of ethanolic propolis extracts
correlate with the active compounds found in the extracts [86].

After conducting an in vitro antimicrobial evaluation study with ethanolic propolis
extracts, we observed that the ethanolic propolis extracts did not inhibit Enterococcaceae,
Enterobacteriaceae, and Pseudomonadaceae family bacteria. The results of our study showed
that the propolis ethanol extracts (Lithuania, Latvia, Poland) are effective against S. aure-
sus, S. agalactiae, B. cereus. The diameters of the sterile zones of the clinical strains were
13.33 ± 1.15–26.33 ± 1.15 mm, and those of the reference were 14 ± 1.15–22 ± 2 mm.
The researchers believe that propolis has weaker activity against Gram-negative bacteria
due to its multi-layered structure and higher fat content in the cell wall [87,88]. Polish
researchers reported that propolis showed activity against various bacterial strains, includ-
ing Gram-positive bacteria (S. aureus, Staphylococcus spp., Bacillus subtilis, and Enterococcus
faecalis) and Gram-negative Enterobacter colica (E. coli, P. aeruginosa) [25–27]. However,
upon analyzing Nepali propolis, scientists noticed it exhibited similar antibacterial ac-
tivity against Gram-negative and Gram-positive bacteria [32]. Propolis from the Middle
East was also found to be highly active against both Gram-positive (Staphylococcus aureus)
and Gram-negative (Escherichia coli) strains [30]. In general, there is a lack of studies in-
vestigating the antimicrobial activity of non-ethanolic extracts. The examined extracts,
made from water and poloxamer (P407), did not inhibit the growth of Staphylococcaceae,
Streptococcaceae, Bacillaceae, Enterococcaceae, Enterobacteriaceae, Pseudomonadaceae, and Saccha-
romycetaceae family isolates. This could be attributed to the low levels of active compounds
isolated. The mixture of poloxamer and water was not an effective solvent for extracting
the active components of propolis compared to other solvents we tested and to the aqueous
extract of propolis with PEG additive evaluated by other researchers [78]. However, the
Lithuanian aqueous propolis extract with a PEG additive exhibited antibacterial effects.
Non-ethanolic extracts could serve as an excellent alternative to ethanolic ones for propolis
extracts, provided that the solvent chosen for their production effectively separates the
active compounds from the raw material. This was confirmed by experimental studies
conducted by our research team using a DES solvents to produce propolis extracts. Al-
though DESs are increasingly used for extracting active compounds from plant and animal
raw materials, it should be noted that the extraction of propolis active compounds with
these solvents is limited. Greek researchers studied the effect of different DESs on the yield
of active compounds and antioxidant activity but did not investigate the antimicrobial
activity of the extracts [89]. Our results show that the eutectic extracts of propolis DES
were effective in inhibiting all Gram-positive and Gram-negative bacterial strains tested.
The results of our study showed that propolis DES extracts (Lithuania, Latvia, Poland)
effectively inhibited the growth of clinical and reference S. aureus, S. agalactiae, B. cereus,
Enterococcus feacalis, E. coli, and P. aeruginosa. The diameters of the zones of inhibition
in the clinical strains were 30.33 ± 1.52–40.33 ± 1.52 mm, and those of the reference were
31.33 ± 1.52–40.66 ± 1.52 mm. Radošević et al. investigated the antibacterial activity of
DESs solvents with choline chloride and found that this solvent effectively inhibited the
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growth of S. aureus [38]. Bedair et al. also found that a DES with choline chloride has
potential antimicrobial activity against Enterococcus feacalis strains [90]. According to the
researchers, Gram-negative bacteria are less sensitive because of their outer membrane in
the cell wall. This may be the reason why eutectic solvents were less inhibitory to E. coli, P.
mirabilis, S. typhimurium, and P. aeruginosa than S. aureus [38].

A review of the scientific literature suggests that the MIC values of propolis can vary
due to differences in geographical origin and composition across various countries [91–97].
The antibacterial efficacy of selected propolis extracts (ethanol and a DES) and p-coumaric
acid at minimum inhibitory concentration (MIC) was determined against Staphylococcus
aureus, Streptococcus agalactiae, Bacillus cereus, Enterococcus faecalis, Escherichia coli, and Pseu-
domonas aeruginosa, as well as clinical and reference bacterial strains. The MIC values of
the propolis DES extracts were lower than those of the conventional ethanolic propolis
extract. In our study, the minimum inhibitory concentration of the propolis DES extract
was lower against Gram-positive bacterial strains (50–500 µg/mL). Higher concentra-
tions of the propolis DES extract were required for Gram-negative bacterial strains, with
1000 µg/mL readings. The differences in antibacterial efficacy against Gram-positive and
Gram-negative bacteria reported in the literature [96,98,99] corroborate our findings, with
the MIC values for Gram-positive bacteria ranging from 3.125 to 400 µg/mL. Comparison
of our data with those of Trusheva et al., who also studied the antimicrobial activity of
NADES solvents, showed similar MIC values against S. aureus [100]. The MIC values of
the ethanolic propolis extract were also found to be lower against Gram-positive bacterial
strains (500–1000 µg/mL) compared to Gram-negative bacterial strains (5000 µg/mL). Pol-
ish researchers conducted a study on the antimicrobial activity of ethanolic propolis extract
(EEP). They reported the highest activity against S. aureus in EEP from Turkey, Taiwan, and
Oman, with the MIC values of 8, 10, and 81 µg/mL, respectively, and the lowest activity
in propolis samples from Chile, Australia, and Germany, with the MIC values of 1445,
1200, and 750 µg/mL, respectively. Propolis extracts in ethanol from Turkey, Oman, and
Slovakia were the most active against E. coli, with the MICs of 116, 302, and 510 µg/mL,
respectively. Propolis samples from Germany, Korea, and Ireland had the lowest activity,
with the MICs of 1200–5000 µg/mL [30]. Romanian and Brazilian researchers have also
found that propolis ethanol extracts are considered viable synthetic products for treating
canine superficial dermatitis and otitis caused by staphylococci [97,101]. However, a study
by Grecka et al. revealed significant differences in the activity of ethanolic extracts of Polish
propolis against Gram-positive and Gram-negative bacteria. Up to a 4096 µg/mL concen-
tration, the researchers observed no activity against the E. coli and P. aeruginosa strains
studied [92]. In our study, the MIC of E. coli and P. aeruginosa was 5000 µg/mL. Al-Ani
et al. investigated European propolis samples from different geographical origins, finding
both antimicrobial properties (the MICs against Gram-positive microorganisms ranged
from 0.08 mg/mL to 2.5 mg/mL) and similarity to the minimum inhibitory concentration
(0.5–1 mg/mL) of the ethanolic propolis extract studied in our group [102]. The results with
p-coumaric acid demonstrated antimicrobial activity as a single active compound, with
the readings ranging from 100 to 1000 µg/mL. Comparing these results with the MIC of
Brazilian propolis prenylated p-coumaric acid, similar efficacy was observed against Gram-
positive bacterial strains (S. aureus 100–300 µg/mL) [103]. A group of US researchers found,
similar to our study, that p-coumaric acid had inhibitory effects on E. coli at 1000 µg/mL,
S. aureus at 500 µg/mL, and B. cereus at 500 µg/mL [104]. The primary reason for the
differing results compared to the literature is propolis’s geographically variable chemical
composition.

To assess the efficacy of propolis extracts, we evaluated their antifungal activity using
the agar diffusion method against C. albicans [61,78]. The results of our study showed
that both ethanolic and DES propolis extracts (Lithuania, Latvia, Poland) had antifungal
activity. The diameters of the inhibitory zones of the ethanolic propolis extracts have been
measured at 12.66 ± 1.52 to 17 ± 1.73 mm, and those of the DES propolis extracts have
been measured at 21 ± 1 to 33.66 ± 1.52 mm. Turkish scientists reported that propolis also
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inhibits the growth of some clinical strains of bacteria and yeasts [105]. Fuentes Esquivel
and other researchers investigating the antifungal activity of Mexican propolis in canine
otitis showed that propolis extracts exhibited antifungal effects [106]. A study was also
conducted in which dogs with dermatophytosis were treated with propolis-based soap at
weekly bathing intervals of three to eight baths. After the study, it was observed that after
two weeks of treatment, the dogs recovered from the lesions [107].

This study’s results confirmed that the eutectic solvent components possess antimicro-
bial properties. Portuguese scientists examined extracts prepared based on NADES, which
included lactic acid in their composition. During the study, they discovered that lactic acid
introduced into the composition of eutectic solvents exhibits antimicrobial activity against
Gram-negative and Gram-positive bacterial strains [108]. Furthermore, Greek scholars
attempted to compare the antimicrobial efficacy of natural organic acid and found that
lactic acid (LA) also exhibits antimicrobial efficacy [109]. The latest research data from
scientists showed that the use of DES extracts with choline chloride and lactic acid not only
resulted in the highest extraction efficiency but also demonstrated antimicrobial efficacy
against Salmonella, S. aureus, E. coli, P. aeruginosa, and B. subtilis [41]. A eutectic solvent
with choline chloride and lactic acid emerges as a potential carrier of active compounds in
producing non-ethanol propolis extracts.

5. Conclusions

The findings of this study indicate that the isolation of phenolic compounds is feasible
in producing propolis extracts using a eutectic solvent. A eutectic solvent based on choline
chloride and lactic acid emerges as a potential carrier of propolis active substances, capable
of enhancing the antibacterial effect of propolis active compounds. The antioxidant activity
of propolis extracts directly depends on the extracted amounts of active substances. Propolis
extracts from the Baltic region exhibit a similar chemical composition and demonstrate
consistent biological effects. Our study confirms that p-coumaric acid dominates the
chemical composition of propolis extracts from the Baltic region. Based on the results of
this study regarding the antibacterial and antioxidant activities, further development in
this area holds promise for integrating and expanding the practical application of ethanolic
and DES propolis extracts in veterinary medicine, particularly for treating antibacterial and
anti-inflammatory diseases.

Author Contributions: Conceptualization, D.S., K.R. and M.J.; methodology, K.R., D.S., G.Z., L.I. and
L.B.; investigation, K.R., D.S., M.J., L.B. and M.M.; data curation, K.R., D.S. and M.J.; writing—original
draft preparation, K.R., D.S. and M.J.; writing—review and editing, K.R., D.S. and M.J.; visualization,
K.R., D.S. and M.J.; supervision, K.R.; project administration, K.R. and M.J. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available in the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Patridge, E.; Gareiss, P.; Kinch, M.S.; Hoyer, D. An analysis of FDA-approved drugs: Natural products and their derivatives.

Drug Discov. Today 2016, 21, 204–207. [CrossRef] [PubMed]
2. Cui, C.Y.; Li, X.J.; Chen, C.; Wu, X.T.; He, Q.; Jia, Q.L.; Zhang, X.J.; Lin, Z.Y.; Li, C.; Fang, L.X.; et al. Comprehensive analysis

of plasmid-mediated tet(X4)-positive Escherichia coli isolates from clinical settings revealed a high correlation with animals and
environments-derived strains. Sci. Total Environ. 2022, 806, 150687. [CrossRef]

3. He, T.; Wang, R.; Liu, D.J.; Walsh, T.R.; Zhang, R.; Lv, Y.; Ke, Y.B.; Ji, Q.J.; Wei, R.C.; Liu, Z.H.; et al. Emergence of plasmid-mediated
high-level tigecycline resistance genes in animals and humans. Nat. Microbiol. 2019, 4, 1450–1456. [CrossRef]

126



Vet. Sci. 2024, 11, 375

4. Li, Y.; Sun, X.R.; Xiao, X.; Wang, Z.Q.; Li, R.C. Global distribution and genomic characteristics of tet(X)-positive Escherichia coli
among humans, animals, and the environment. Sci. Total Environ. 2023, 887, 164148. [CrossRef]

5. Kuralkar, P.; Kuralkar, S.V. Role of herbal products in animal production—An updated review. J. Ethnopharmacol. 2021, 278,
114246. [CrossRef]

6. Smith, J.; Doe, A.; Brown, B. The Impact of Antibiotic Residues on Antimicrobial Resistance. Antibiotics 2022, 11, 123–135.
7. Liao, F.; Han, C.; Deng, Q.; Zhou, Z.; Bao, T.; Zhong, M.; Tao, G.; Li, R.; Han, B.; Qiao, Y.; et al. Natural Products as Mite Control

Agents in Animals: A Review. Molecules 2023, 28, 6818. [CrossRef]
8. Niu, G.; Li, W. Next-generation drug discovery to combat antimicrobial resistance. Trends Biochem. Sci. 2019, 44, 961–972.

[CrossRef]
9. Pancu, D.F.; Scurtu, A.; Macasoi, I.G.; Marti, D.; Mioc, M.; Soica, C.; Coricovac, D.; Horhat, D.; Poenaru, M.; Dehelean, C.

Antibiotics: Conventional Therapy and Natural Compounds with Antibacterial Activity—A Pharmaco-Toxicological Screening.
Antibiotics 2021, 10, 401. [CrossRef] [PubMed]

10. Rizzo, A.; Piccinno, M.; Lillo, E.; Carbonari, A.; Jirillo, F.; Sciorsci, R.L. Antimicrobial Resistance and Current Alternatives in
Veterinary Practice: A Review. Curr. Pharm. Des. 2023, 29, 312–322. [PubMed]

11. Rahman, M.M.; Rahaman, M.S.; Islam, M.R.; Rahman, F.; Mithi, F.M.; Alqahtani, T.; Almikhlafi, M.A.; Alghamdi, S.Q.; Alruwaili,
A.S.; Hossain, M.S.; et al. Role of Phenolic Compounds in Human Disease: Current Knowledge and Future Prospects. Molecules
2022, 27, 233. [CrossRef]

12. Graf, B.A.; Millbury, P.E.; Blumberg, J.B. Flavonols, flavones, flavanones, and human health: Epidemiological evidence. J. Med.
Food 2005, 8, 281–290. [CrossRef]

13. Arts, I.C.W.; Hollman, P.C.H. Polyphenols and disease risk in epidemiologic studies. Am. J. Clin. Nutr. 2005, 81, 317–325.
[CrossRef]

14. Farooqui, T. Beneficial effects of propolis he human health and neurological diseases. Front. Biosci. 2012, 4, 779.
15. Wang, K.; Zhang, J.; Ping, S.; Ma, Q.; Chen, X.; Xuan, H.; Shi, J.; Zhang, C.; Hu, F. Anti-inflammatory effects of ethanol extracts of

Chinese propolis and buds from poplar (Populus canadensis). J. Ethnopharmacol. 2014, 155, 300–311. [CrossRef]
16. Peng, S.; Wei, P.; Lu, Q.; Liu, R.; Ding, Y.; Zhang, J. Beneficial Effects of poplar Buds on Hyperglycemia, Dyslipidemia, Oxidative

Stress, and Inflammation in Streptozotocin-Induced Type-2 Diabetes. J. Immunol. Res. 2018, 2018, 7245956. [CrossRef] [PubMed]
17. Abd Rashid, N.; Mohammed, S.N.; Syed Abd Halim, S.A.; Ghafar, N.A.; Abdul Jalil, N.A. Therapeutic Potential of Honey and

Propolis on Ocular Disease. Pharmaceuticals 2022, 15, 1419. [CrossRef]
18. El Adham, E.C.; Hassan, A.I.; Dawoud, M.M.A. Evaluating the Role of Propolis and Bee Venom on the Oxidative Stress Induced

by Gamma Rays in Rats. Sci. Rep. 2022, 12, 2656. [CrossRef] [PubMed]
19. Kurek-Górecka, A.; Rzepecka-Stojko, A.; Górecki, M.; Stojko, J.; Sosada, M.; Swierczek-Zieba, G. Structure and antioxidant activity

of polyphenols derived from propolis. Molecules 2014, 19, 78–101. [CrossRef]
20. Pang, Z.; Chen, J.; Wang, T.; Gao, C.; Li, Z.; Guo, L.; Xu, J.; Cheng, Y. Linking Plant Secondary Metabolites and Plant Microbiomes:

A Review. Front. Plant Sci. 2021, 12, 300. [CrossRef]
21. Stanciauskaite, M.; Marksa, M.; Ivanauskas, L.; Perminaite, K.; Ramanauskiene, K. Ophthalmic In Situ Gels with Balsam Poplar

Buds Extract: Formulation, Rheological Characterization, and Quality Evaluation. Pharmaceuticals 2021, 13, 953. [CrossRef]
[PubMed]

22. Stanciauskaite, M.; Marksa, M.; Babickaite, L.; Majiene, D.; Ramanauskiene, K. Comparison of Ethanolic and Aqueous Populus
balsamifera L. Bud Extracts by Different Extraction Methods: Chemical Composition, Antioxidant and Antibacterial Activities.
Pharmaceuticals 2021, 14, 1018. [CrossRef] [PubMed]

23. Aboulghazi, A.; Fadil, M.; Touzani, S.; Hibaoui, L.; Hano, C.; Lyoussi, B. Phenolic Screening and Mixture Design Optimization for
In Vitro Assessment of Antioxidant and Antimicrobial Activities of Honey, Propolis, and Bee Pollen. J. Food Biochem. 2024, 1,
8246224. [CrossRef]

24. Stanciauskaite, M.; Marksa, M.; Rimiekene, L.; Ramanauskiene, K. Evaluation of Chemical Composition, Sun Protection Factor
and Antioxidant Activity of Lithuanian Propolis and Its Plant Precursors. Plants 2022, 11, 3558. [CrossRef] [PubMed]

25. Popova, M.; Giannopoulou, E.; Skalicka-Wózniak, K.; Graikou, K.; Widelski, J.; Bankova, V.; Kalofonos, H.; Sivolapenko, G.;
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61. Woźniak, M.; Mrówczyńska, L.; Kwaśniewska-Sip, P.; Waskiewicz, A.; Nowak, P.; Ratajczak, I. Effect of the Solvent on Propolis
Phenolic Profile and its Antifungal, Antioxidant, and In Vitro Cytoprotective Activity in Human Erythrocytes Under Oxidative
Stress. Molecules 2020, 25, 4266. [CrossRef]
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Simple Summary: Rabbits are the second most common specialty pet among households in Europe
and the USA. However, research on antimicrobial resistance (AMR) in pet rabbits is very scarce.
Therefore, scientific data on AMR in pet rabbits is urgently needed as a guide for veterinarian
clinicians to optimize antibiotic use in rabbits for reducing the selection of antibiotic resistance.
In addition, antimicrobial stewardship programs should be conducted to educate rabbit owners not
to misuse antibiotics on their pets as it may put their own health at risk. This paper aims to provide
an overview of the current state of AMR in rabbits attended to in veterinary clinics distributed in
Spain to highlight the importance of addressing AMR under the One Health approach.

Abstract: Research on antimicrobial resistance (AMR) in pet rabbits is very scarce. The aim of this
study was to provide an overview of the current state of AMR in rabbits attended to in veterinary
clinics distributed in Spain. Records of 3596 microbiological results of clinical cases submitted from
2010 to 2021 were analyzed. Staphylococcus spp. (15.8%), Pseudomonas spp. (12.7%), Pasteurella spp.
(10%), Bordetella spp. (9.6%) and Streptococcus spp. (6.8%) were the most frequently diagnosed agents.
Enterobacteriaceae, principally Escherichia coli, Klebsiella pneumoniae and Enterobacter cloacae, accounted
for about 18% of the cases and showed the highest proportion of multi-drug resistance (MDR)
isolates, with 48%, 57.5% and 36% of MDR, respectively. Regarding the antimicrobial susceptibility
testing for a number of antimicrobial categories/families, the largest proportion of isolates showing
resistance to a median of five antimicrobial categories was observed in P. aeruginosa, Stenotrophomonas
maltophilia and Burkolderia spp. In contrast, infections caused by Staphylococcus, Streptococcus spp. and
Pasteurella multocida were highly sensitive to conventional antimicrobials authorized for veterinary
use (categories D and C). The emergence of AMR major nosocomial opportunistic pathogens such
as P. aeruginosa, S. maltophilia and K. pneumoniae in pet rabbits can represent a serious public health
challenge. Consequently, collaboration between veterinarians and human health professionals is
crucial in the fight against antimicrobial resistance, to optimize, rationalize and prudently use
antimicrobial therapies in domestic animals and humans.

Keywords: pet rabbits; antimicrobial resistance; One Health approach; zoonotic risk; Spain

1. Introduction

Antimicrobial resistance (AMR) is a growing global concern, with the emergence of
multidrug-resistant bacteria representing a significant threat to human and animal health.
The close interaction between pets and their owners can facilitate the transmission of
pathogenic bacteria between humans and animals, especially multidrug-resistant (MDR)
microorganisms, representing a serious threat for human and animal health. Moreover,
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MDR infections complicate medical management, lengthen hospital stays and have a big
economic impact [1].

Rabbits are the second most common specialty/exotic pet mammals among house-
holds, according to the American Veterinarian Association, and they are considered ideal
pets for children in the USA and Europe [2]. Currently, rabbits are expanding in other
regions, being extremely popular pets in Australia and in Asian countries such as Japan and
Singapore [3]. Pet rabbits may also host parasites (Encephalitozoon cuniculi, Cryptosporidium
spp., Giardia spp. and Tricostrongylus spp.), viruses (hepatitis E), bacteria (Bartonella spp.,
Pasteurella spp.) and fungi (dermatophytosis), which can be potential zoonotic pathogens
for humans [4]. Elder people and children younger than 5 years, as well as immunocompro-
mised persons and pregnant women, are particularly most susceptible to such pet-induced
zoonoses [5]. However, related to AMR bacteria, most of the data published in pets are
focused on dogs and cats [6–11] and very few are related to other pet species such as
rabbits [4,12].

Thus, understanding the prevalence of AMR among pet rabbits is highly necessary
from both veterinary and human medicine perspectives. Since the number of antibiotics
available in veterinary medicine is limited, and there are many antibiotics contraindicated
for oral administration in rabbits because of their toxicity (clindamycin, lincomycin, ery-
thromycin, ampicillin, amoxicillin/clavulanic acid and cephalosporins), it is very important
to select the best therapeutic option [13–15]. Thus, the use of antibiotics should be based
on the results of susceptibility testing and the specific needs of each rabbit case. Empiric
treatment should be administered only for urgent cases where the survival of the animal
is compromised and should be based on scientific evidence. Therefore, scientific data on
AMR in pet rabbits is urgently needed as a guide for veterinarian clinicians to optimize
antibiotic use in rabbits for reducing the selection of antibiotic resistance. In addition,
antimicrobial stewardship programs will also be conducted to educate rabbit owners not to
misuse antibiotics on their pets as it may put their own health at risk.

This paper aims to provide an overview of the current state of AMR in rabbits at-
tended to in veterinary clinics distributed in Spain and discuss the potential causes and
consequences of this problem under the One Health approach.

2. Materials and Methods
2.1. Database Collection and Management

Retrospective data on microbiological results of clinical cases of pet rabbits submitted
between 2010 and 2021 from Spain and Portugal were analyzed. The database was com-
prised of 3596 records. These records were provided by a private diagnostic laboratory in
Barcelona (Spain), which has had the ISO-9001 quality management system certificate since
1998, and the ENAC (National Accreditation Entity) accreditation according to criteria
included in the ISO standard/IEC 17025 defined in technical annexes 511/LE1947 for
pharmaceutical toxicology and microbiology tests.

The first step was to filter and categorize the study variables to homogenize all the
data for performing subsequent descriptive and quantitative statistical analyzes. The
following variables were included in the study: geographical location of the sample; origin
of the sample classified in categories as regards the pathological relevance in rabbits
(abscesses, dental disease, dermatitis/skin disease, otitis, conjunctivitis, reproductive tract,
respiratory tract, urinary tract infections); microbiological result (positive identification or
negative/absence of bacterial growth); bacterial species (grouped by genus and species)
and the antimicrobial sensitivity results (from the 84 antibiotics included in the study, the
antibiotics most conventionally used in veterinary medicine and as a last resort for human
medicine were selected).

2.2. Microbiological Diagnosis Techniques and Antimicrobial Susceptibility Testing

Bacterial identification was performed by means of the MALDI-TOF mass spec-
trometer, as previously described [9,10,12]. Gram-positive bacterial isolates were found
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by the antimicrobial susceptibility test (AST) using the standard disk diffusion method
according to Performance Standards for Antimicrobial Susceptibility Testing for bacte-
ria isolated from animals [16] and humans [17], for monitoring resistant microorgan-
isms as a potential risk to public health. The panel included 21 antimicrobials corre-
sponding to 9 classes or categories, and their respective disc concentrations: β-lactams
(penicillin (PEN/10U), ampicillin (AMP/10 µg), cephalexin (LEX/30 µg), cefuroxime
(CXM/30 µg), cefotaxime (CTX/30 µg), cefepime (FEP/30 µg), imipenem (IMI/10 µg),
amoxicillin + clavulanic acid (AMC/30 µg) and aztreonam (AZT/30 µg)), fluoroquinolones
(ciprofloxacin (CIP/5 µg), enrofloxacin (ENR/5 µg), marbofloxacin (MBF/5 µg)), amino-
glycosides (amikacin (AMK/30 µg) and gentamicin (GEN/10 µg)), tetracyclines (doxycy-
cline (DOX/30 µg)), polymyxins (polymyxin B (PMB/300 µg) and colistin (COL/10 µg)),
trimethoprim/sulfonamides (trimethoprim + sulfametoxazol (TxS/25 µg)), glycopep-
tides (vancomycin (VAN/30 µg)), phosphonates (Fosfomycin (FOS/50 µg)) and pheni-
col’s (chloramphenicol (CHL/10 µg)). In parallel, NM44 MicroScan (Beckman Coulter,
Villepinte, France) system testing was performed to detect minimal inhibitory concentra-
tions (MIC) [9,10]. Additionally, quality control for the AST was performed using internal
controls in each automatic panel of the NM44 MicroScan (Beckman Coulter, Villepinte,
France). In the case of manual antibiograms, McFarland standards were used as a reference,
previously confirmed by a Densicheck (bioMérieux, Madrid, Spain).

Based on the lab testing readings, isolates were classified as susceptible, intermediate
or resistant. For showing the AST histograms of antimicrobial categories, all isolates that
exhibited intermediate resistance were grouped with the susceptible ones. Multidrug
resistance (MDR) was defined as resistance to at least 1 agent in ≥3 antimicrobial categories
and determined using R version 4.2.0 (R Core Team, 2022) [18], with the AMR package [19],
as defined by Magiorakos et al. (2012), where intrinsic resistances were not considered
in the analysis [20]. In the definitions proposed for MDR in this study, a bacterial isolate
is considered resistant to an antimicrobial category when it is ‘non-susceptible to at least
one agent in a category’ [20].

3. Results

The analysis of this study was conducted with 3596 records of clinical cases from
different provinces of Spain. A microbiological identification was obtained in 2998 (83.4%)
of the samples, and 598 samples were negative (no microbiological culture). According
to the bacteriological identification, the most prevalent genera were Staphylococcus spp.
(15.8%), Pseudomonas spp. (12.7%), Pasteurella spp. (10%), Bordetella spp. (9.6%) and
Streptococcus spp. (6.8%). Enterobacteriaceae represented around 18% of the isolates, with
Enterobacter spp., Escherichia spp. and Klebsiella spp. being the most frequent ones (Table 1).

Table 1. Frequencies of bacterial species identified in pet rabbits.

Bacteria Isolates Number (% in spp.) Overall % (N = 2998)

Staphylococcus spp. n = 475 15.8

S. aureus 171 (36) 5.70
S. xylosus 33 (7) 1.10

S. epidermidis 26 (5.5) 0.86
S. lugdunensis 14 (3) 0.46

S. pseudointermedius 13 (2.8) 0.43
S. sciuri 9 (1.9) 0.30
S. capitis 9 (1.9) 0.30

S. chromogenes 7 (1.5) 0.23
S. intermedius 6 (1.3) 0.20

S. simulans 6 (1.3) 0.20

134



Vet. Sci. 2023, 10, 352

Table 1. Cont.

Bacteria Isolates Number (% in spp.) Overall % (N = 2998)

S. chleiferi 6 (1.3) 0.20
S. cohnii 5 (1.1) 0.16

S. saprofhyticus 5 (1.1) 0.16
S. succinus 5 (1.1) 0.16

Others 160 (33.7) 5.33

Pseudomonas spp. n = 382 12.7

P. aeruginosa 264 (69) 8.80
P. putida 19 (5) 0.63

P. fluorescens 14 (3.7) 0.46
P. korensis 7 (1.8) 0.23

P. fulva 5 (1.3) 0.16
P. libaniensis 5 (1.3) 0.16
P. monteilii 5 (1.3) 0.16

Others 63 (16.5) 2.10

Pasteurella spp. n = 302 10.1

P. multocida 230 (76.2) 7.7
P. canis 10 (3.3) 0.3
Others 62 (20.5) 2.1

Bordetella spp. n = 289 9.6

B. bronchiseptica 278 (96.2) 9.3
Others 11 (3.8) 0.4

Streptococcus spp. n = 204 6.8

S. intermedius 32 (15.7) 1.1
S. anginosus 6 (3) 0.2

S. oralis 6 (3) 0.2
Others 160 (78.4) 5.3

Enterobacter spp. n = 161 5.4

E. cloacae 123 (76.39) 4.10
E. kobei 13 (8.07) 0.43

E. bugandensis 6 (3.72) 0.20
Others 19 (11.80) 0.63

Escherichia spp. n = 153 5.1

E. coli 141(92.15) 4.70
E. vulneris 7 (4.15) 0.23

Others 5 (3.26) 0.16

Klebsiella spp. n = 131 4.4

K. pneumoniae 75 (57.3) 2.5
K. oxytoca 43 (32.8) 1.4

Others 13 (9.9) 0.4

Acinetobacter spp. n = 115 3.8

A. iwoffii 28 (24.4) 0.9
A. baumannii 16 (13.9) 0.5
A. johnsonii 10 (8.7) 0.3

A. pitti 10 (8.7) 0.3
Others 51(44.3) 1.7

Pantoea spp. n = 90 3.0

P. agglomerans 69 (76.7) 2.3
Others 21 (23.3) 0.7
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Table 1. Cont.

Bacteria Isolates Number (% in spp.) Overall % (N = 2998)

Enterococcus spp. n = 77 2.6

E. faecalis 40 (51.9) 1.3
Others 37 (48.05) 1.23

Moraxella spp. n = 77 2.6

M. branhamella 32 (41.6) 1.1
M. catarrhalis 25 (32.5) 0.8

Others 20 (26) 0.7

Serratia spp. n = 54 1.8

S. marcescens 39 (72.2) 1.3
S. liquefaciens 5 (9.3) 0.2

S. odorífera 5 (9.3) 0.2
Others 5 (9.3) 0.2

Neisseria spp. n = 37 1.6

N. animaloris/zoodegmatis 1 (2.7) 0.03
N. gonorrheae 1 (2.7) 0.03

N. species 1 (2.7) 0.03
Others 34 (92) 1.1

Proteus spp. n = 34 1.1

P. mirabilis 28 (82.4) 0.9
P. vulgaris 4 (11.7) 0.1
P. penneri 2 (5.9) 0.1

Trueperella spp. n = 32 1.1

T. pyogenes 32 (100) 1.1

Strenotrophomonas spp. n = 27 0.9

S. maltophilia 26 (96.3) 0.9
Others 1 (3.7) 0.0

Burkholderia spp. n = 25 0.8

B. cepacia 19 (76) 0.6
Others 6 (24) 0.2

The distribution of bacteria according to the origin of the samples showed that the most
frequent origins were those coming from the respiratory tract (53%), followed by otitis (18%),
abscesses, principally located in the head (16%), conjunctivitis (5%), reproductive tract (3%),
skin disease/dermatitis (2%), urinary tract (2%) infections and dental disease (1%).

The most frequent pathogens involved in cases of abscesses (located mainly on the
head), dental disease, dermatitis/skin disease, conjunctivitis and otitis were Gram-positive
cocci (principally Staphylococcus spp., followed by Streptococcus spp.) and Pseudomonas
aeruginosa (Figure 1). Streptococcus spp. was the primary agent responsible for reproductive
tract infections, while Enterococcus spp. was the most frequently responsible for urinary
infections. Gram-negative infections caused by P. multocida and B. bronchiseptica (33%),
followed by P. aeruginosa (15%), were the most frequent causes of respiratory infections.
Additionally, Pasteurella spp. was found in cases of abscesses, dermatitis/skin disease,
conjunctivitis and otitis.
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Figure 1. Distribution of bacteria genera regarding the sample origin in pet rabbits.

The Enterobacteriaceae family, principally represented by E. coli, K. pneumoniae
and E. cloacae, was homogeneously distributed in all the pathological categories.
Acinetobacter spp. was also isolated from diverse origins. Other less prevalent pathogens
were Stenotrophomonas maltophilia, isolated from respiratory and urinary infections, con-
junctivitis and otitis, Burkholderia spp., isolated from abscesses and the urinary tract, and
Trueperella pyogenes, found in abscesses and dental disease (Figure 1).

As regards the AST results, P. aeruginosa was the most prevalent pathogen with
the highest levels of AMR, presenting 80% of strains resistant to penicillins, inhibitors
of β-lactamases (AMC), 1st and 2nd generation (1G/2G) cephalosporins, trimetho-
prim/sulfonamides and phenicols, and 60% of strains were resistant to 3rd and 4th
generation (3G/4G) cephalosporins (Figure 2). As regards to the MDR profile, 8% (31/381)
of P. aeruginosa strains were MDR, but the average number of antimicrobial categories or
families that presented resistance was 5 (Table 2, Figure 3).

Other less representative bacteria but with the largest proportion of isolates showing
resistance to a median of five antimicrobial categories were Stenotrophomonas spp., specifi-
cally S. maltophilia and Burkolderia spp. (Table 2). Both bacterial species were not considered
MDR strains because of the intrinsic resistance to several families (Table 2). However, from
the clinical point of view, it is interesting to remark that they presented high frequencies of
resistance to β-lactams, with special attention to carbapenems (>80% Stenotrophomonas and
50% Burkholderia), also to polymyxins (>75% Burkholderia and 60% Stenotrophomonas) and
fluoroquinolones (55% Burkholderia and 48% Stenotrophomonas) (Figure 2).
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Table 2. Average number of AMR categories and frequencies of MDR bacterial species.

Genus Isolates Number of AMR
Categories/Families MDR * Profile

Gram-Negative n Mean Median %

Pseudomonas 381 5.0 5 8.1
Stenotrophomonas 26 5.2 5 0

Burkholderia 25 4.6 5 0
Acinetobacter 115 3.0 3 11.3

Bordetella 289 2.8 3 0
Pasteurella 299 0.7 0 0
Moraxella 77 1.2 1 0
Escherichia 129 2.7 3 47.9
Klebsiella 134 4.4 4 57.5

Enterobacter 157 3.6 3 35.7
Proteus 34 3.1 3 47.1
Serratia 54 3.3 3 33.3

Gram-Positive n Mean Median %

Staphylococcus 466 2.0 1 5
Streptococcus 204 1.6 1 0
Enterococcus 77 3.7 4 6.5

* According to [20].
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Figure 2. Percentage and number of isolates presenting resistant (red) or susceptible/intermediate
(green) results in the AST for (A) the beta-lactams class and (B) other antimicrobial families.

The Enterobacteriaceae family, represented principally by E. coli, K. pneumoniae and
E. cloacae, showed a high prevalence of AMR to β-lactams: penicillins (>80% K. pneumoniae
and E. cloacae), AMC (>80% E. cloacae), 1G/2G cephalosporins (>50% K. pneumoniae and
>70% E. cloacae) and 3G/4G cephalosporins (50% K. pneumoniae). Moreover, K. pneumoniae
isolates showed resistance to trimethoprim/sulfonamides (50%) and to fluoroquinolones
(60%) (Figure 2). Moreover, the percentage of MDR isolates was notable in enterobacteria
isolates such as K. pneumoniae (58%), E. coli (48%), Proteus spp. (47%) and E. cloacae (36%)
(Table 2). In addition, the average number of antimicrobial categories presenting resistance
was three in almost all enterobacteria, except for K. pneumoniae, in which it was four
(Figure 3).

Another bacterial spp. with a considerable resistance profile was Acinetobacter spp.,
with 11% of MDR (Table 2) and nearly 60% of the isolates presenting resistance to penicillins,
AMC and 1G/2G cephalosporins (Figure 2). Bordetella, mainly B. bronchiseptica, was another
pathogen with AMR resistance to 3 antimicrobial categories, finding 80% of resistance
to penicillins and 1G/2G cephalosporins and 50% to 3G/4G cephalosporins (Figure 2).
Additionally, Enterococcus spp., frequently isolated from UTI in rabbits, showed a high
prevalence of AMR to aminoglycosides (>80%), 1G/2G cephalosporines (>70%), fluoro-
quinolones (>50%) and 3G/4G cephalosporines (>40%), with 6.5% of MDR strains (Figure 2,
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Table 2). As regards the susceptibility to vancomycin, Streptococcus spp. (22%) presented
the highest frequency of resistance, followed by Enterococcus (12%) and Staphylococcus (6%).

Finally, Gram-positive cocci (Staphylococcus and Streptococcus) and other Gram-negative
bacteria, such as Pasteurella multocida and Trueperella pyogenes, were sensitive to a wide
panel of conventional antimicrobial agents, including those classified in categories D and C
(Figure 2).

Values of minimal inhibitory concentrations (MIC) can be found in Table S1.
In general, P. aeruginosa presented the highest levels of MIC90 for a major portion of
the antimicrobials tested.
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4. Discussion

This study aimed to highlight the importance of addressing AMR in pet rabbits as
a crucial step in the fight against antimicrobial resistance more broadly, enhancing the
correct use of antibiotics to preserve their efficacy in the future to effectively control bacterial
infections in people and pets.

The positive finding of these results is that the most common infections caused by
Gram-positive cocci, basically Staphylococcus and Streptococcus spp. involved in abscesses,
dental disease, dermatitis/skin disease, conjunctivitis and otitis, presented a low frequency
of AMR, being sensitive to antimicrobials of categories D and C according to the EMA [21].
Additionally, Pasteurella (P. multocida), one of the most common bacteria of rabbits which
colonizes the upper respiratory tract and the oro-pharynx, was found to be highly sensitive
to conventional D and C class drugs. Pasteurella multocida can reside in the nasal flora of
asymptomatic rabbits and spread to other sites during grooming, and it is also frequently
isolated from abscesses because this bacterium has capsular polysaccharides that resist
phagocytosis [22]. In pet rabbits, most abscesses occur around the head and face and are
associated with dental disease. Another bacterial agent isolated from abscesses and dental
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disease was Trueperella pyogenes. This bacterium has been associated with sporadic cases
of suppurative disorders in the lungs, liver, spleen and brain of rabbits [23]. Fortunately,
and similar to P. multocida, T. pyogenes presented a highly sensitive pattern of AMR in our
pet rabbits.

The zoonotic risk of P. multocida transmission to humans must be considered through
bites, scratches or licks of companion animals, with the development of local inflammatory
reactions and occasionally the occurrence of abscesses in people [5,24–26]. Moreover, in
some patients, principally in immunocompromised people or persons with pulmonary
disorders, pasteurellosis may result in more severe pathologies, such as pneumonia, endo-
carditis, meningitis and sepsis [27,28]. In a recent paper, P. multocida belonging to capsular
type A was the type most often detected in humans, and although it was susceptible to
the tested antibiotics, in agreement with our AST results, it was equipped with several
virulence genes [4]. These findings are of particular interest because rabbits recovered from
pasteurellosis very often become asymptomatic carriers of this infection and can represent
a risk for the household members, especially for children and elder people [29].

On the other hand, Gram-negative infections caused by P. multocida and B. bronchiseptica,
followed by P. aeruginosa, were principally involved in respiratory infections, in agreement
with a pervious study conducted in pet rabbits in France [30]. In that study, the authors
concluded that marbofloxacin was shown to be a potentially good treatment option for
upper respiratory tract disease in pet rabbits. Although the use of fluoroquinolones is the
most common therapeutic option in exotic animal medicine, the EMA recommendations
appeal for the use of D and C categories in order to preserve the efficacy of critical antimi-
crobial classes such as fluoroquinolones (category B). For this reason, and considering the
AST results of our study, for respiratory infections caused by P. multocida or B. bronchiseptica,
trimethoprim/sulfonamides could be a good candidate for treatment in pet rabbits.

Non-fermenting Gram-negative bacilli, such as P. aeruginosa and Acinetobacter baumannii, are
among the major opportunistic pathogens involved in the global antibiotic resistance epi-
demic in human medicine [31]. Data on pet rabbits showed that the antimicrobial treatment
of P. aeruginosa can be more complicated, since a high percentage of the isolates presented
a resistance profile, including antimicrobials of category B (3G/4G cephalosporins and
fluoroquinolones). This pathogen is also found in a wide spectrum of rabbit pathologies
(abscesses, dental disease, dermatitis/skin disease, conjunctivitis, otitis and respiratory
infections), and the treatment options are very few, limited to carbapenems and polymyxins,
which are antimicrobials of category A (reserved for critical use in human medicine), but
also to aminoglycosides. Since this former family is classified in category C, aminoglyco-
sides could be the best option for treating pseudomonal infections in rabbits. It is important
to note that polymyxins can be highly toxic to rabbits and should be avoided for treatments.
However, this antimicrobial class was added in this study for its relevance as a last-resort
drug for human medicine.

As regards the Enterobacteriaceae family, E. coli, K. pneumoniae and E. cloacae repre-
sented the most frequent species isolated from a large diversity of pathologies. Escherichia
coli infections can cause enteritis, sepsis and urinary tract infections in rabbits. Although
E. coli was the most prevalent enterobacteria, the frequency of MDR was lower compared
to K. pneumoniae, as observed in other pet studies in Spain [9,12]. According to our re-
sults, good candidates for treating infections caused by E. coli could be aminoglycosides.
On the other hand, K. pneumoniae showed high resistance to most of the antimicrobial
classes of conventional use in veterinary medicine, leaving carbapenems as the best thera-
peutic option even though it is a category A drug. Considering other antimicrobials autho-
rized for veterinary medicine, the best options were aminoglycosides, chloramphenicol or
doxycycline, although more than 40% of the isolates presented resistance to these drugs. As
a result, the increasing occurrence of K. pneumoniae as a MDR infection and a zoonotic agent
represents a real threat to both animal and human health [32,33]. In addition, E. cloacae is
another emerging pathogen recognized as a nosocomial bacterium contributing to septic
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arthritis, skin/soft tissue infections, bacteremia, lower respiratory tract and urinary tract
infection, endocarditis, osteomyelitis and intra-abdominal infections in humans [34].

Other less representative bacteria, but with a proportion of resistance to several
antimicrobial categories (five as a median), were S. maltophilia and Burkolderia spp. Both
bacterial species presented high frequencies of resistant isolates to β-lactams (including
carbapenems), as well as to category A (polymyxins) and B (fluoroquinolones) drugs.
S. maltophilia is an emerging nosocomial pathogen, with intrinsic resistance to beta-lactams,
capable of causing healthcare-associated infections in intensive care units, life-threatening
diseases in immunocompromised patients and severe pulmonary infections in cystic fibrosis
and COVID-19-infected individuals [35,36].

Lastly, it was interesting to note that 12% of the Enterococcus isolates were resistant to
vancomycin, more than 80% to aminoglycosides, around 70% to 1G/2G cephalosporines,
half of them to fluoroquinolones and 40% to 3G/4G cephalosporines. With these AMR
profiles, the treatment of UTI caused by this bacterium in rabbits can be difficult to plan
without a previous susceptibility testing.

Overall, the emergence of AMR strains such as P. aeruginosa, A. baumannii, S. maltophilia
and K. pneumoniae in pet rabbits can represent a serious health threat for the owners,
since they are among the major opportunistic pathogens with significant contributions to
mortality in hospitals worldwide [31,37]. Moreover, these pathogens are designated as
urgent/serious threats by the Centers for Disease Control and Prevention and are part of
the World Health Organization’s list of critical priority pathogens [38].

It is important to remember that the list of antimicrobial therapeutic options for
treating bacterial infections in rabbits is not exhaustive and the use of antibiotics should be
based on the results of susceptibility testing, the specific needs of each animal case and the
risk of toxicity of these drugs in rabbits. However, for urgent cases, when the severity of the
clinical process requires immediate antimicrobial therapy with no time for AST analysis,
the data reported in the present study can be useful for veterinary practitioners to apply
empirical therapy. It is crucial to keep in mind that the best way to proceed for reducing
AMR selection is to perform a proper antimicrobial diagnosis with the corresponding AST.
Then, antimicrobials with a sensitive result must be prioritized according to the EMA
categories, mainly D and C.

Finally, the results of this study provided objective data on the microbiological results
in pet rabbits in Spain. The high levels of AMR to critically important antibiotics in human
medicine found in pet rabbits are of great concern since potential transmission of resistance
genes from rabbits to humans or other pets can occur. Considering that the predominant
bacteria in this study are among the top pathogens directly attributed to human deaths
due to AMR, it is critical that veterinarians and physicians work together to optimize,
rationalize and prudently use antimicrobial therapies in domestic animals and humans
under the One Health approach.
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of Trueperella pyogenes: A Review. Int. J. Mol. Sci. 2019, 20, 2737. [CrossRef] [PubMed]
24. Kimura, R.; Hayashi, Y.; Takeuchi, T.; Shimizu, M.; Iwata, M.; Tanahashi, J.; Makoto, I. Pasteurella multocida septicemia caused by

close contact with a domestic cat: Case report and literature review. J. Infect. Chemother. 2004, 10, 250–252. [CrossRef]
25. Weber, D.J.; Wolfson, J.S.; Swartz, M.N.; Hooper, D.C. Pasteurella multocida infections. Report of 34 cases and review of the

literature. Medicine 1984, 63, 133–154. [CrossRef] [PubMed]
26. Wilson, B.A.; Ho, M. Pasteurella multocida: From zoonosis to cellular microbiology. Clin. Microbiol. Rev. 2013, 26, 631–655.

[CrossRef]

143



Vet. Sci. 2023, 10, 352

27. Abrahamian, F.M.; Goldstein, E.J. Microbiology of animal bite wound infections. Clin. Microbiol. Rev. 2011, 24, 231–246. [CrossRef]
28. Wilkie, I.W.; Harper, M.; Boyce, J.D.; Adler, B. Pasteurella Multocida: Diseases and Pathogenesis; Springer: Heidelberg/Berlin,

Germany, 2012; pp. 1–22.
29. Körmöndi, S.; Terhes, G.; Pál, Z.; Varga, E.; Harmati, M.; Buzás, K.; Urbán, E. Human Pasteurellosis Health Risk for Elderly

Persons Living with Companion Animals. Emerg. Infect. Dis. 2019, 25, 229–235. [CrossRef]
30. Rougier, S.; Galland, D.; Boucher, S.; Boussarie, D.; Vallé, M. Epidemiology and susceptibility of pathogenic bacteria responsible

for upper respiratory tract infections in pet rabbits. Vet. Microbiol. 2006, 115, 192–198. [CrossRef]
31. Wisplinghoff, H. Pseudomonas spp., Acinetobacter spp. and Miscellaneous Gram-Negative Bacilli; Elsevier: Amsterdam, The Nether-

lands, 2017; pp. 1579–1599.e2.
32. Wareth, G.; Neubauer, H. The Animal-Foods-Environment Interface of Klebsiella Pneumoniae in Germany: An Observational

Study on Pathogenicity, Resistance Development and the Current Situation. Vet. Res. 2021, 52, 16. [CrossRef]
33. Schmiedel, J.; Falgenhauer, L.; Domann, E.; Bauerfeind, R.; Prenger-Berninghoff, E.; Imirzalioglu, C.; Chakraborty, T. Multiresistant

Extended-Spectrum β-Lactamase-Producing Enterobacteriaceae from Humans, Companion Animals and Horses in Central
Hesse, Germany. BMC Microbiol. 2014, 14, 187. [CrossRef]

34. Soteras, A.R.; Mackay, A.S.; Borràs-Maixenchs, N.; Martí, J.A. Catheter related necrotizing fascitiis in haematological patients:
Case report and implications for nursing. Ann. Oncol. 2019, 30, v843. [CrossRef]

35. Al-Hamad, A.; Burnie, J.; Upton, M. Enhancement of antibiotic susceptibility of Stenotrophomonas maltophilia using a polyclonal
antibody developed against an ABC multidrug efflux pump. Can. J. Microbiol. 2011, 57, 820–828. [CrossRef] [PubMed]

36. Peykov, S.; Strateva, T. Whole-Genome Sequencing-Based Resistome Analysis of Nosocomial Multidrug-Resistant Non-
Fermenting Gram-Negative Pathogens from the Balkans. Microorganisms 2023, 11, 651. [CrossRef] [PubMed]

37. De Oliveira, D.M.P.; Forde, B.M.; Kidd, T.J.; Harris, P.N.A.; Schembri, M.A.; Beatson, S.A.; Paterson, D.L.; Walker, M.J. Antimicro-
bial resistance in ESKAPE pathogens. Clin. Microbiol. Rev. 2020, 33, e00181-19. [CrossRef] [PubMed]

38. WHO Publishes List of Bacteria for Which New Antibiotics Are Urgently Needed. Available online: https://www.who.int/
en/news-room/detail/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed (accessed on
31 March 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

144



Citation: Pezzanite, L.M.; Chow, L.;

Strumpf, A.; Johnson, V.; Dow, S.W.

Immune Activated Cellular Therapy

for Drug Resistant Infections:

Rationale, Mechanisms, and

Implications for Veterinary Medicine.

Vet. Sci. 2022, 9, 610. https://

doi.org/10.3390/vetsci9110610

Academic Editor: George Valiakos

Received: 29 September 2022

Accepted: 31 October 2022

Published: 4 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

veterinary
sciences

Review

Immune Activated Cellular Therapy for Drug Resistant
Infections: Rationale, Mechanisms, and Implications for
Veterinary Medicine
Lynn M. Pezzanite 1 , Lyndah Chow 1 , Alyssa Strumpf 2, Valerie Johnson 3 and Steven W. Dow 1,4,*

1 Department of Clinical Sciences, College of Veterinary Medicine and Biomedical Sciences,
Colorado State University, Fort Collins, CO 80523, USA

2 Department of Clinical Sciences, College of Veterinary Medicine and Biomedical Sciences,
The Ohio State University, Columbus, OH 43210, USA

3 Department of Clinical Sciences, College of Veterinary Medicine and Biomedical Sciences,
Michigan State University, Lansing, MI 48824, USA

4 Department of Microbiology, Immunology, and Pathology, College of Veterinary Medicine and Biomedical
Sciences, Colorado State University, Fort Collins, CO 80523, USA

* Correspondence: steven.dow@colostate.edu

Simple Summary: Mesenchymal stromal/stem cells have intrinsic antimicrobial properties, thus
making them attractive as an alternative treatment strategy in chronic, drug-resistant bacterial infec-
tions. Recent evidence has suggested that these antimicrobial effects can be significantly enhanced by
immune activation just prior to injection. This review examines the potential role for cellular therapies
in treatment of drug resistant infections in veterinary medicine, drawing on insights across species
and discussing the therapeutic potential of this approach overall in today’s veterinary patients.

Abstract: Antimicrobial resistance and biofilm formation both present challenges to treatment of
bacterial infections with conventional antibiotic therapy and serve as the impetus for development of
improved therapeutic approaches. Mesenchymal stromal cell (MSC) therapy exerts an antimicrobial
effect as demonstrated in multiple acute bacterial infection models. This effect can be enhanced
by pre-conditioning the MSC with Toll or Nod-like receptor stimulation, termed activated cellular
therapy (ACT). The purpose of this review is to summarize the current literature on mechanisms of
antimicrobial activity of MSC with emphasis on enhanced effects through receptor agonism, and
data supporting use of ACT in treatment of bacterial infections in veterinary species including dogs,
cats, and horses with implications for further treatment applications. This review will advance the
field’s understanding of the use of activated antimicrobial cellular therapy to treat infection, including
mechanisms of action and potential therapeutic applications.

Keywords: mesenchymal; stromal; stem; cell; antimicrobial; antibiotic resistance

1. Introduction

Selection of antibiotic resistant bacteria in both human and veterinary medicine ne-
cessitates novel therapeutic approaches for successful management. Chronic infections,
particularly those involving biofilms and multi-drug resistant organisms, evade most at-
tempts at effective treatment. Recent reports by the National Institutes of Health (NIH),
National Institute of Allergy and Infectious Diseases (NIAID), Centers for Disease Control
and Prevention (CDC), World Health Organization (WHO), and Natural Resources Defense
Council (NRDC) reflect the magnitude of the problem in healthcare [1–8]. In 2013, the CDC
reported that an estimated two million people developed antibiotic-resistant infections
annually, with greater than 23,000 cases resulting in death [1]. Similarly, antimicrobial resis-
tance has been extensively recently documented in veterinary medicine, and considered
one of the most important issues threatening animal health worldwide [9]. Conventional
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approaches to treatment of bacterial infections (i.e., the development of new antibiotics),
are not able to keep pace with the increasing incidence of multi-drug resistant infections [3].

Antimicrobial cellular therapy (ACT) represents a new approach to address the grow-
ing issue of chronic, drug-resistant infection. This approach employs living cells, mes-
enchymal stromal or ‘stem’ cells (MSC), to augment the activity of conventional antibiotic
therapy. Recent work has focused on optimizing cellular therapeutic strategies to focus on
use of ACT as an adjunctive therapy for multi-drug resistant (MDR) bacterial infections,
including both acute and chronic cases, as will be discussed in this review. This work builds
off the use of MSC for treatment of bacterial infections, previously reported in the lung or
peritoneal cavity [10–13] and particularly in biofilms [14–27] and previous work by other
groups demonstrating that pre-activation of MSC with inflammatory licensing agents en-
hances the antibacterial and immunomodulatory abilities of MSC which may enhance their
effect in treatment of infection [16,17,24–26,28–46]. Summary of the studies detailing the
antimicrobial effects of mesenchymal stromal cell therapy in treatment of bacterial biofilms
and that activation of MSC enhances their innate antibacterial and immunomodulatory
effects are detailed in Tables 1 and 2, respectively.

Several key features distinguish the current version of ACT from other forms of
cellular therapy for treating infections. First, the use of allogeneic MSC that have been
activated with toll or nod-like receptors prior to administration. Pre-activation takes ad-
vantage of receptors that are commonly present in inflammation and infection to enhance
the migratory properties of MSC and activate host innate immune defenses against in-
fection [16,17,19,24–26,28–30,32–34,36–39,41,44,45]. A second defining characteristic of this
approach in ACT is the use of repeated cell infusions for optimal effect. In addition, both
intravenous and local routes of delivery were explored [43]. Systemic administration en-
sures that activated MSC will reach sites of deep-seated infection via chemokine-mediated
migration and interact fully with the host immune response to stimulate effective antibac-
terial immune responses. However, intra-articular administration in an equine model of
septic arthritis demonstrated a beneficial effect in localized disease processes such as those
isolated to synovial structures suggesting that route of administration may be tailored to
the specific disease process [25]. Finally, the concurrent administration of conventional
antibiotics with ACT enhances the effect in an additive or synergistic manner, which we
will discuss further.

Evidence for the effectiveness of the ACT approach has been generated in both mouse
models [17,24,36,45], pet dogs with spontaneous chronic, drug-resistant bacterial infections
involving soft tissues and bones [26], and an induced case–control study modelling septic
arthritis in horses [25]. Thus, there is compelling preclinical evidence that ACT may be an
effective means of stimulating clearance of recalcitrant, drug-resistant infections. In this
article, we will review the evidence supporting use of TLR agonism to improve cellular
therapy in treatment of bacterial infections in murine, canine, and equine disease models
and further discuss mechanisms of action by which ACT exerts an effect. Finally, we will
discuss the implications of these studies in the clinical application of cellular therapy to
manage patients with intractable MDR infections.
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2. Principles of Cellular Therapy to Treat Bacterial Infection
2.1. Mechanisms of MSC Antimicrobial and Immunomodulatory Action

Direct antimicrobial activity of MSC from multiple species and tissue sources has
been reported, primarily through secretion of antimicrobial peptides that potentiate
the activity of conventional antibiotics by increasing drug permeability of bacterial cell
walls [13,16,43,47–57]. In addition, while MSC themselves express low immunogenicity,
MSC are immunologically active, suppressing inflammation associated with infection by
both direct cell-to-cell contact and secreted factors [57–63] including immune suppressive
cytokines (e.g., IL-10, TGF-ß), metabolites (e.g., IDO, PGE2, adenosine), and matrix fac-
tors (e.g., galectins) [19,57,62,64–69]. MSC secreted factors not only suppressed biofilm
formation but further disrupted formed biofilms in vitro [23,70]. MSC embedded implants
have previously been demonstrated to have enhanced bacterial clearance and be more
resistant to biofilm formation [15]. As biofilms are a defining feature of chronic bacterial
infections, including those involving bone, synovial structures, and implants [15,71–73],
the biofilm dispersing properties displayed by MSC are key to their role in treatment of
chronic infection. The rationale for and approach to ACT takes advantage of and optimizes
these innate properties of MSC for enhanced treatment of MSC [31,42,57,74] (Figure 1).
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Figure 1. Immune mechanisms for antimicrobial properties of MSC against biofilms. Direct antimicro-
bial activity of MSC via secreted factors including antimicrobial peptides and indirect immunomod-
ulatory activity of MSC are illustrated. Directly, cationic antimicrobial peptides (e.g., cathelicidin,
lipocalin-2, ß-defensin 2), induce damage to bacterial membranes or alter bacterial function either
directly or indirectly. Indirectly, MSC activate host immune cells, modulate local inflammation
and induce angiogenesis and fibrogenesis, targeting several different cell types including T cells,
macrophages, neutrophils, and dendritic cells. This activity is primarily mediated by up-regulation
or inhibition of immunomodulatory cytokines and chemokines that in turn augment the immune
system either to a pro-inflammatory or an anti-inflammatory state.
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2.2. Cellular Activation Techniques

The functional properties of MSCs can be modified through activation of Toll-like
receptors (TLR), nucleotide-binding oligomerization domain (NOD-like receptors or NLRs),
or RIG-I-like receptors (RLR) [75]. Toll-like receptors (TLRs) specifically have been rec-
ognized as regulators of stromal cell functions, including survival, differentiation, and
growth [35], with thirteen different TLRs identified to date in mammalian species [35]. TLRs
are expressed either on intracellular membranes of the endoplasmic reticulum, lysosomes,
and endosomes (TLRs 3, 7, 8 and 9) or on the cell surface (TLRs 1, 2, 4, 5, and 6) [42]. MSC
derived from multiple tissue sources and species express TLRs (e.g., TLR2, TLR3, TLR4,
and TLR9), which play an important role in their regulatory effects in immune modulation
and response to inflammation in infection [33,76], and signaling through TLR pathways is
regulated at multiple levels from transcriptional to post-translational [42]. Furthermore,
interactions between TLR pathways and micro-RNAs (miRNAs) dictate either suppression
or activation of the TLR signaling and downstream responses in MSCs [42]. Differences
in TLR stimuli used, culture conditions or MSC source have been shown to play a role in
resultant action following MSC priming, leading to inconsistent findings reported with
TLR activation of MSC [31]. MSCs activated with TLRs have been demonstrated to exhibit
immunosuppressive properties through induction of indoleamine-2,3-dioxygenase-1 via
protein kinase R and interferon-ß [29] and to recruit immune inflammatory cells, through
upregulation of secretion of immunomodulatory cytokines (CCL5, IL1ß, IL-6, IL-8) [30].
In vivo injection of various ligands (NLR2, TLR3,4 and 5) further enhanced proliferation of
MSCs, increased cloning efficiency, and affected cell differentiation [36].

Importantly, activation with different TLR ligands have resulted in differential ef-
fects [46]. For example, TLR4 activation was found to induce a pro-inflammatory phe-
notype in MSC, termed MSC1, whereas TLR3 activation resulted in an MSC2 phenotype
with upregulation of more immunosuppressive pathways [77–79]. TLR3 but not TLR4
primed MSC enhanced their immune-suppressive activity again natural killer cells, through
modulation of natural killer group 2D ligand major histocompatibility complex class I chain
A and ULBP3 and DNAM-1 ligands, which was also found to be context dependent to
the site of inflammation [34]. Ligation of TLR3 and TLR4 further inhibited MSCs’ ability
to suppress T-cell proliferation by affecting Notch signaling pathways, which are trans-
membrane receptor proteins important in cell–cell communication, solidifying MSCs’ role
in immunosuppression [28,37]. In addition, TLR4 activation can stimulate the release of
cytokines, especially immunomodulatory chemokines such as MCP-1 and IL-8 that recruit
monocytes and neutrophils, respectively [41]. Priming of equine MSC with both TLR3 and
TLR4 increased expression of CXCL10, CCL2, and IL-6 and resulted in decreased T cell pro-
liferation (TLR3 to a greater extent than TLR4) [39]. TLR3 agonist polyinosinic:polycytidylic
acid (poly I:C) stimulation of MSC further regulated key innnate immune cells known to
be important to anti-viral immunity in a time-dependent fashion where early activated
MSC secrete type I interferon to enhance NK cell effector function and at later time points
produce greater amounts of IL-6 and TGF-ß to induce senescence in NK cells and terminate
inflammatory responses [38].

Furthermore, ligation of specific TLR agonists (eg., TLR2 versus TLR4 activation) can
actually inhibit MSC migration, MSC-mediated immunosuppression, and reduce expansion
of regulatory T cells, diminishing MSC potential effect in treating inflammatory disease [33].
In another study, inhibition of TLR4 resulted in reduced proliferation and osteogenic
differentiation of adipose derived MSC. These findings indicate that TLR receptors also
regulate cell differentiation pathways, which may be relevant in the setting of bacterial
infections where multiple different TLR and NLR ligands are expressed.

In a study evaluating the effect of TLR activation of murine MSC in the treatment of
pulmonary infection, activation with TLR 2, 4 and 9 resulted in significantly decreased
production of pro-inflammatory cytokines IL-6 and TNF- α [17]. Finally, multiple aspects of
culture techniques, including time of TLR agonist exposure, concentration of TLR agonist,
and MSC concentration during cell activation have all been demonstrated to affect both the
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immunosuppressive and the antibacterial activity of MSC [24,44]. These studies provide
some explanation for the previously conflicting reports regarding overall net effects of TLR
stimulation, suggesting MSC polarization and ligand selection are important aspects to con-
sider in application of TLR agonists to activation of MSC in clinical scenarios. Specifically,
MSC polarization refers to the process by which MSCs may be polarized by downstream
TLR signaling into two relatively homogeneous phenotypes previously classified as MSC1
and MSC2, providing both a mechanism by which to reduce heterogeneity in cellular
populations and potentially improve efficacy of current cell-based therapies [77]. Taken
together, these findings support the concept that MSCs’ immunomodulatory and antimicro-
bial function can be significantly upregulated just prior to injection by priming or ‘licensing’
with innate immune ligands such as TLR agonists, and that selection of these agonists
can significantly impact the quality and the magnitude of the downstream pathways that
are activated.

Activation of MSC with TLR ligands stimulates production of antimicrobial pep-
tides, including lipocalin-2, hepcidin, and beta-defensin-2, and cathelicidin [11,32,48,51,80].
Stimulation of MSC with IFN- γ, as would typically be found in an inflammatory microen-
vironment as in bacterial infection, resulted in enhanced mRNA expression of TLR3 as well
as IDO1, and increased secretion of immunomodulatory cytokines including IL-10 [81].
When Toll-like receptor (TLR) activation was compared to that of nucleotide-binding
oligomerization domain (NOD)-like receptor (NLR) ligand stimulation of MSC specifically
to enhance antimicrobial properties and immunomodulation, activation with TLR3 ligand
poly I:C increased bactericidal activity, suppressed biofilm formation, enhanced neutrophil
bacterial phagocytosis and increased immunomodulatory cytokine secretion (MCP-1) by
equine MSC compared to nonstimulated MSC and activation with other TLR and NLR
agonists [24]. Of all ligands evaluated, MSCs treated with TLR3 ligand poly I:C, of all
ligands evaluated, resulted in greater production of indoleamine 2,3-dioxygenase (IDO),
a clinically relevant therapeutic factor, and attenuated pathology in a mouse model of
dextran sodium sulfate (DSS) induced colitis [82]. In an additional in vivo mouse model of
chronic wound infection, mice treated with TLR3 activated MSC demonstrated migration
to the site of infection, which was mechanistically shown to be mediated in part by upregu-
lation of CXCR4 expression [16]. For example, activated MSC migrated more efficiently to
an SDF-1 stimulus in vitro, and to sites of wound infection in vivo. Thus, pre-activation
with a TLR ligand such as pIC was demonstrated to augment MSC antimicrobial activity
through a variety of indirect mechanisms and was moved forward in clinical studies in
dogs with naturally occurring wounds and horses with septic arthritis involving multidrug
resistant organisms.

2.3. Route of Administration, Dosing, and Number of Injections

Both systemic and local intraperitoneal or intrasynovial injection of MSC have resulted
in successful treatment of infection in animal models [25,82,83] and supports previous
studies demonstrating that priming of MSC induces population-normalizing effects that
can standardize what would otherwise be heterogenous cell populations [83]. Doses of
2 × 106 cells/kg and up to 1× 109 cell/kg, which have previously been reported as optimal
for immunomodulation in humans and large animals [84], were injected intravenously
in mice with chronic Staphylococcus aureus impregnated implant infections and dogs with
chronic naturally occurring wounds [16]. Mechanistically, when administered systemically
via intravenous administration, MSC have been shown to interact with host innate immune
cells, principally neutrophils and monocytes, at multiple sites, including lungs, spleen, liver,
and sites of infection [64,65,85]. For example, these effects resulted in enhanced bacterial
phagocytosis, mediated by MSC-secreted cytokines such as interleukin-18 (IL-8) and stimu-
lation of neutrophil extracellular trap (NET) formation, leading to enhanced bacterial killing
and neutrophil survival [16,26,78]. Recruitment of monocytes to sites of inflammation, such
as bacterial infection, is mediated by chemokine CCL2 (MCP-1) produced by MSC, which
mobilizes release of inflammatory monocytes from bone marrow and recruitment to sites
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of high CCL2 production (i.e., infection) [34]. Once recruited to wound tissues, monocytes
rapidly differentiate to macrophages; important to the mechanism of ACT, TLR-3 activated
MSC induce differentiation of wound macrophages from an M1 (pro-inflammatory) to
M2 (reparative) phenotype [16]. This response is consistent with the anti-inflammatory
phenotype of TLR-3 activated MSC previously reported [77–79].

When ACT was further explored in a large animal model of septic arthritis, local
administration was investigated to minimize the need for larger numbers of MSC when
dose was extrapolated to increased body mass [25], with positive results in reduction of
local and systemic inflammation, decreased bacterial burden within joints and improved
pain scores [25]. Furthermore, in a mouse model of induced colitis, intraperitoneal but
not intravenous injection of TLR3 activated MSC was found to attenuate disease sever-
ity [82]. In previous studies, local injection of MSC at sites of wound infection have not
been appreciated to be as effective as systemic administration [16], indicating that further
investigation and comparison of routes of administration is warranted and the optimal
route for a particular clinical scenario may depend on a number of factors. These studies
illustrate the pros and cons of different routes of administration depending on the size of
the patient, cost considerations, and condition for and accessibility of the lesion for which
MSC are being administered.

Multiple versus single administrations may further improve eradication of chronic
infections, theoretically due to a cumulative impact on activation of host defenses [25].
In studies performed in pet dogs with chronic MDR infections, some animals received
up to 10 MSC infusions via intravenous administration [16]. A potential concern with
the use of repeated injections of allogeneic MSC is the potential for induction of harmful
host adaptive immune reactions to infused MSC; however, no adverse events were seen
in dogs or horses receiving multiple MSC administrations for chronic infections, which
may reflect the high level of systemic and local inflammation already present in multidrug
resistant infections [16,25]. Future studies may employ recently investigated techniques to
reduce immunogenicity when injecting allogeneic MSC such as major histocompatibility
(MHC) haplotyping and matching or TGFß2 stimulation to reduce immunogenicity to
MSC-mismatched stromal cell donors [86,87]. (Tables 1 and 2).

2.4. Combination of MSC with Antibiotics for Enhanced Bacterial Killing

Co-administration of antibiotics with activated MSC has been a key feature of ACT
for optimal bactericidal effect. Based on our studies, all major classes of antibiotics in-
cluding beta-lactam drugs (penicillins, cephalosporins, carbapenems), aminoglycosides,
fluoroquinolones, glycopeptide (vancomycin), and cyclic lipopeptide (daptomycin) an-
tibiotics exhibit synergistic or additive activity with MSC secreted factors in vitro [70]. In
support of this concept, the most effective treatment protocol for mice with chronic biofilm
infections was activated MSC in combination with antibiotics compared to antibiotics
alone, or activated or non-activated MSC alone [16]. Furthermore, canine clinical stud-
ies with spontaneous MDR infections demonstrated that administration of antibiotics to
which the infecting bacteria are resistant can still be combined effectively with activated
MSC treatment.

3. Evidence for Antimicrobial Activity in Animal Models
3.1. Rodent Models of Infection

Multiple rodent studies have supported both the antimicrobial effects of MSC in
treatment of infection at various sites (e.g., thoracic and peritoneal cavities, subcutaneous
chronic implant) [17] as well as the benefits of priming of MSC in culture prior to admin-
istration [17]. Mice with Streptococcus pneumoniae pulmonary infection treated with MSC
exhibited reduced myeloperoxidase activity in the lungs, decreased neutrophil number in
bronchoalveolar lavage fluid and lower levels of pro-inflammatory cytokines as well as
bacterial load in the lungs following treatment [17]. In this model, activation of the murine
MSC with TLR agonists 2,4,9 or live S. pneumoniae bacteria resulted in reduced produc-
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tion of IL-6 and TNF- α [17]. Intraperitoneal administration of TLR3 polyI:C activated
MSC further reduced disease severity in mice with DSS-induced colitis through enhanced
immunosuppressive activity by stimulating MSCs to increase production of indoleamine
2,3-dioxygenase (IDO) [82]. MSC can also be combined with various substrates or polymers
to increase immune modulation ability [88]. In an acute model of bacterial wound infection,
Kudinov et al. demonstrated that the combination of proteins secreted from MSC along
with chitosan gel was able to ameliorate the presence of microorganisms in the burn wound
area [89].

3.2. Naturally Occurring Canine Model of Chronic Infection

Dogs represent a translational model for orthopedic implant infection in humans as
they develop naturally occurring implant infections in similar body sites which involve
similar bacterial pathogens and antibiotic resistance patterns as chronic infections in hu-
mans. As infections were naturally occurring, induction in laboratory species could be
avoided. Therefore, using the dog as a realistic, translational chronic infection model,
activated allogeneic MSC were administered repeatedly intravenously without negative
side effects, and in many cases, resolved infections that had resisted prolonged treatment
(i.e., weeks to months) with conventional antibiotics. The canine model also addresses key
issues regarding the scalability of ACT for treatment of chronic infection, as dogs in these
studies have been treated with comparable doses of activated MSC (typically 2 × 106 cells
per kg body weight) that have also been used for systemic MSC infusion in humans [35,90].
Moreover, dogs as an outbred species also address the safety issue of repeated intravenous
delivery of fully allogeneic MSC, as the donor source for MSC in all the dog studies reported
by our group were adipose tissues of unrelated dogs [16]. Adverse events associated with
multiple repeated infusions of activated canine allogeneic MSC over periods of up to six
months were not observed, and clinical study animals have now been followed for at least
two years with no subsequent adverse events noted.

3.3. Induced Equine Model of Septic Arthritis

The encouraging findings demonstrated with TLR activation of MSC in vitro and in
murine and canine models of infection prompted further evaluation of ACT in a large
animal (equine) model of septic arthritis. The equine preclinical model is a clinically and
translationally relevant model for human infection for several reasons. Development of
infectious arthritis as a naturally occurring disease process in horses is well-documented,
their large joint volume allows for repeated collection of synovial fluid to analyze a larger
number of outcome parameters and their cartilage thickness, joint volume and loading
forces more closely replicates that of people than many other veterinary species [91–96]. In
this work, multi-drug resistant Staphylococcal septic arthritis was treated with three intra-
articular injections of TLR3-activated MSC and antibiotics or antibiotics alone. Horse pain
scores, diagnostic imaging findings (ultrasound, magnetic resonance imaging), quantitative
bacterial counts, systemic parameters of inflammation (neutrophil counts and acute phase
marker serum amyloid A), and intra-synovial cytokine levels of pro-inflammatory cytokines
interleukin-6 and interleukin-18 were improved in MSC + antibiotic treated horses and no
adverse events were noted (Figure 2). These studies serve as strong evidence that the use
of ACT has considerable promise as a new approach to management of chronic and/or
multidrug resistant infections.
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Figure 2. Evaluation of TLR poly I:C activated bone marrow derived MSC therapy in an equine model
of multi-drug resistant USA300 methicillin resistant Staphylococcus aureus [25]; original unpublished
images presented with permission from the authors]. Representative images of horses at day 7
following intra-articular inoculation of the left tarsocrural joint treated with three intra-articular
injections of (A) MSC and antibiotics, or (B) antibiotics alone. Quantitative bacterial cultures were
significantly reduced in horses treated with (C) MSC and antibiotics versus (D) antibiotics alone.
Synovial fluid parameters serum amyloid A, lactate, and inflammatory biomarkers IL-6 and IL-18
were significantly improved in horses treated with MSC and antibiotics (left) versus antibiotics alone
(right) (D).

4. Discussion

Cellular therapy is emerging as a promising adjunctive therapy to combat the growing
problem of drug-resistant bacterial infections and those involving biofilms, and investiga-
tion of strategies to improve potency of MSCs in an ongoing area of research [42]. While
there remains an incomplete understanding of the underlying mechanisms of action of
TLR agonism in ACT, as well as the demonstrated additive and synergistic effects with
specific antibiotics, it is apparent from these studies that TLR-activated cellular therapy for
treatment of infection is well-tolerated, effective, and can be readily implemented using
allogeneic sources (i.e., bone marrow or adipose tissue derived MSC obtained from young,
healthy, unrelated donors) and in a variety of chronic inflammatory disease states [74]. The
site of infection also does not appear to be a limiting factor, as intravenous delivery of
cells was sufficient to home to sites of infection in mice and dog models and intrasynovial
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injection was used to effectively treat localized infections in horses. Moreover, specific
resistance patterns or bacterial strains do not seem to reduce the antimicrobial effect of
MSC, as activity of ACT has been observed against a variety of different Gram-positive
and -negative bacterial isolates, many displaying multiple antibiotic resistances and for
which development of resistance is very different. Further characterization of the effect of
TLRs in biological regulation of stromal cell function could improve MSC-based cellular
immunotherapies in treatment of infection [74].

Despite promising pre-clinical studies, potential obstacles to clinical implementation
of ACT still must be addressed. Regulatory pathways for approval of veterinary cellular
therapies in the United States by the Food and Drug Administration (FDA) is a lengthy
and expensive process, with none approved to date despite greater than ten years of de-
velopment efforts. Furthermore, the primary target for the majority of cellular therapies
is osteoarthritis, as the market for infections in veterinary medicine may not justify de-
velopment costs. In addition, there is generally a lack of spontaneous animal models of
chronic infection in which to evaluate activated cellular therapies and therefore to use
for FDA approval. Finally, the use of cellular therapy specifically to treat chronic drug
resistant infections was not reported until 2017 by Johnson et al., so therapy for this specific
indication is relataively early in the development process. As a result, a more complete
understanding of the mechanisms of action of cellular activation and optimal combinations
with various antibiotics is indicated. Recent evidence suggests that long noncoding RNAs
(lncRNAs) regulate a wide range of biological processes and are differentially expressed in
TLR3 activated MSC, providing some framework for better understanding the molecular
mechanisms by which TLR activation modulates MSCs’ functions [35]. Another poten-
tial issue is donor-to-donor MSC variability as MSCs from different genetic backgrounds
have been shown to exhibit distinct antibacterial phenotypes [83], which at present has
been addressed by using MSC derived from young, healthy donor animals and avoiding
extensive MSC passaging. Hirakawa et al. recently demonstrated that CRISPR-based
gene modulation could be used to engineer MSCs with enhanced antibacterial properties
through upregulation of CD14, and further investigation of these methods is indicated [83].
The relative impact of the host immune status on response to ACT is also a potential
treatment variable, which may limit improvement following ACT therapy in elderly or
immunocompromised patients. The optimal number of ACT treatments has also not been
established, nor is it clear which clinical parameters (i.e., biomarkers) are best suited to
monitor treatment responses, or time frame at which to assess treatment impact as response
may take weeks to months to manifest in the case of persistent, chronic bacterial infections.
Finally, recent studies have begun to investigate the application of MSC derived exosomes
as an acellular therapy capable of reparation [97], immunomodulation and drug-delivery,
specifically in the context of treating sepsis, which may represent a promising future
direction for anti-infective cellular therapies.

5. Conclusions

In summary, the use of activated cellular therapy to manage refractory or drug resistant
bacterial infections is promising as an innovative option to augment antibiotic therapy.
Further evaluation of mechanisms of action and investigation of ACT in randomized
controlled clinical trials is indicated.

6. Patents

Provisional patents have been filed covering immune activated MSC technology
described herein (S.D., L.P., L.C.).
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