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The emergence of antimicrobial resistance (AMR) in dogs constitutes a threat to animal

and human health. There is a lack of studies in Illinois that evaluated the prevalence

of AMR among urinary bacterial pathogens. In the study, we included 803 isolates

(299 Gram-positive and 504 Gram-negative) that were isolated from 2,583 canine urine

samples submitted to the Veterinary Diagnostic Laboratory, the University of Illinois

between 2019 and 2020 from dogs suspected of urinary tract infections (UTI). The most

common Gram-positive isolates included Staphylococcus pseudintermedius (17.93%),

Enterococcus faecalis (9.46%), Streptococcus canis (6.10%), and Enterococcus faecium

(3.74%), while Gram-negative isolates included Escherichia coli (45.58%), Proteus

mirabilis (11.08%), Klebsiella pneumoniae (3.11%), and Pseudomonas aeruginosa

(2.99%). Among the Gram-positive isolates, Staphylococcus pseudintermedius isolates

showed a very high prevalence of resistance to penicillin (56.94%), a high prevalence

of resistance to trimethoprim-sulfamethoxazole (31.94%), enrofloxacin (29.17%), and

oxacillin (27.08%). Among Gram-negative bacteria, Escherichia coli isolates showed a

high prevalence of resistance to ampicillin (31.42%). Considering the high prevalence of

resistance to antimicrobials commonly used to treat UTI in dogs, urine samples should

be collected for bacterial culture and susceptibility testing before treatment initiation

to prevent treatment failures and the development of multidrug resistance. Given the

possibility of zoonotic transmission of antimicrobial-resistant bacteria, veterinarians when

treating UTI cases, should inform dog owners of the potential transmission risk.

Keywords: urinary tract infection, bacteria, antimicrobial resistance, Illinois, dog, USA (America)

INTRODUCTION

The emergence of antimicrobial resistance (AMR) in bacteria isolated from dogs with urinary
tract infections (UTI) is an important animal health and public health issue (1–3). Urinary tract
infections with multidrug-resistant (MDR) bacteria increase morbidity, treatment failures, and
therapeutic cost (4). Direct contact among humans and dogs favors the zoonotic transmission
of MDR bacteria (5), posing a health risk to vulnerable populations, especially children, and
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immunocompromised persons (6). In the United States of
America (US), previous studies showed that the most common
sources of MDR bacteria of dogs included the respiratory tract,
urinary tract, and skin (7–9). It was also estimated that UTI
affects ∼14% of dogs during their lifetime (10). The most
common bacteria isolated from canine UTI were Escherichia
coli, Staphylococcus sp., Enterococcus sp., Proteus mirabilis,
Pseudomonas aeruginosa, Streptococcus sp., and Klebsiella sp.
(11–13). Often, major urinary bacterial pathogens of dogs can
be resistant to antimicrobials commonly used to treat UTI or to
antimicrobials important for human medicine. Previous studies
described resistance to carbapenems in E. coli isolates (14),
and resistance to fluoroquinolones in Pseudomonas aeruginosa
isolates (15, 16). Also, an increase in MDR methicillin-resistant
Staphylococcus pseudintermedius (MRSP) isolated from dogs with
UTI has been reported (17–19).

Best practices for UTI diagnosis and management in
companion animals involve the bacterial culture and sensitivity
testing of isolated pathogens from urine before starting treatment
(10, 20). However, antimicrobial treatment of UTI is often started
empirically to relieve clinical symptoms, without performing
these practices (20, 21). While uncomplicated UTI in dogs
resolve within 3–10 days of treatment (20), recurrent infections
are difficult to treat with first-line antimicrobials (22). Without
urine culture and antimicrobial susceptibility tests, treatment of
recurrent UTI may lead to improper antimicrobial choices and
the development of MDR bacteria (23). Additionally, treatment
with broad-spectrum antimicrobials of UTI of dogs might
increase selection for MDR bacteria (24).

Retrospective evaluation of the most common bacteria
isolated from urine samples of dogs with suspected UTI and
assessment of their AMR patterns can guide clinicians on their
first-line drug choices to treat UTI (13). The International
Society for Companion Animal Infectious Diseases (ISCAID)
has published UTI treatment guidelines for dogs (20), which
emphasize that the first-line empirical drug choice should be
based on the local prevalence of bacterial pathogens and their
resistance profiles. Overall, amoxicillin, amoxicillin-clavulanic
acid, and trimethoprim-sulphonamides are considered as the
first empirical antimicrobial choices for UTI treatment in dogs;
meanwhile, nitrofurantoin, fluoroquinolones, and 3rd generation
cephalosporins are only recommended if resistance to first-line
antimicrobials is detected or the condition of the patient warrants
it (20).

Although in dogs the UTI diagnosis and management
guideline is available, it is known that the prevalence of
urinary bacterial pathogens and their AMR patterns vary across
regions (23). Several previous studies were conducted in the US
describing the AMR patterns of bacteria of companion animals
(8, 9, 15, 24–27); however, no data is available from Illinois.
Therefore, our study aims to address this knowledge gap by

Abbreviations: AMR, antimicrobial resistance; CLSI, Clinical and Laboratory
Standards Institute; MALDI-TOFMS, matrix-assisted laser desorption ionization-
time of flight mass spectrometry; MIC, minimum inhibition concentration; MDR,
multidrug-resistant; US, United States of America; UTI, urinary tract infections.

describing the prevalence of major Gram-positive and Gram-
negative bacteria isolated from canine urine samples submitted
to the Veterinary Diagnostic Laboratory, University of Illinois,
and evaluating their AMR patterns. The provided information
will support Illinois and US veterinarians in their antimicrobial
choices when treating UTIs to minimize treatment failures and
reduce the emergence of MDR bacteria. This study also intends
to raise awareness among companion animal veterinarians of
the importance of performing bacterial culture and susceptibility
tests before starting UTI treatment.

METHODS

Data Source and Management
De-identified laboratory data were acquired for 2,583 canine
urine samples submitted to the Veterinary Diagnostic
Laboratory, University of Illinois, between 2019 and 2020
from suspected UTI cases for bacterial culture and AMR testing.
Of the total samples, 1,439 were culture-negative or did not
contain pathogens. The 1,144 culture-positive isolate data were
reviewed for duplicates and missing values, and 803 isolates
were kept for further analysis. The following variables were
extracted from the laboratory records: de-identified sample ID,
year of submission, bacterial species, and their antimicrobial
susceptibility test results. Information on the collection method
of urine samples was not available.

Bacterial Culture and Identification
For each submission, 10–100 µl of urine or a swab containing
urine was plated onto a Columbia agar with 5% sheep blood
and a MacConkey agar plate. The culture plates were inoculated
aerobically at 37◦C, and the growth of bacteria was evaluated after
24 and 48 h of incubation. Representative colonies of individual
bacterial species were selected and identified by matrix-assisted
laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF MS) (Microflex R©, Bruker, Germany) following
the manufacturer’s instruction. For bacterial identification, a
MALDI-TOF score of≥ 2.0 was considered confident to identify
bacteria to the species level, and a score between 1.70 and 1.99
was considered as reliable to identify bacteria to the genus level.
For scores lower than 1.70 the bacteria were not identified.

Antimicrobial Susceptibility Testing and
Analysis
Antimicrobial susceptibility testing was performed using
the broth microdilution method following the Clinical
and Laboratory Standards Institute’s (CLSI) guidelines. The
minimum inhibition concentration (MIC) value of individual
antibiotics for each tested bacterial strain was tested by using
commercially available Sensititre R© COMPGPIF (for Gram-
positive bacteria) or COMPGNIF (for Gram-negative bacteria)
panel plates. In brief, bacterial isolates were first purified on
Columbia agar with 5% sheep blood and incubated aerobically
at 37◦C for 24 h. A 1–100 µl bacterial suspension, depending
on the bacterial species, was transferred into a tube containing
11ml of Mueller-Hinton broth with or without lysed horse
blood following the manufacturer’s (Sensititre R©, Remel Inc.)
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instructions. Fifty microliters of broth with bacteria were further
seeded into the wells of Sensititre R© GPIF or GNIF plates and
incubated in a 35◦C incubator. The MIC values were evaluated
after 18–24 h of incubation. Antimicrobial susceptibility for
each bacteria was determined based on the MIC breakpoints of
the Vet01S CLSI guidelines (28). When the MIC breakpoints
were not available in the veterinary specific CLSI guidelines, the
human specific M100 CLSI was used (29). The breakpoints were
labeled as no breakpoints (NB) when the MIC breakpoints were
not available in these guidelines. Bacterial isolates were classified
as susceptible, intermediate, or resistant. For descriptive and
statistical analysis, the intermediate isolates were re-classified as
resistant. We used the AMR data interpretation implemented in
the European Union as a guideline (30), to classify the prevalence
of AMR of isolates as: rare: <0.1%, very low: 0.1–1.0%, low:
> 1.0–10.0%, moderate: > 10.0–20.0%, high: > 20.0–50.0%,
very high: >50.0–70.0% and extremely high: > 70.0%. Besides,
the MIC50 and MIC90 values were determined to identify the
necessary minimum inhibitory concentrations that inhibit the
growth of 50% and 90% of bacteria (Tables 2, 5).

The AMR pattern was analyzed for both Gram-positive
and Gram-negative bacterial groups. Hierarchical clustering
dendrograms (heatmaps) were only constructed for bacteria with
at least 30 isolates that had MIC breakpoints listed in the Vet01S
or M100 CLSI guidelines. Isolates were categorized as MDR
if they were resistant to at least one antimicrobial agent in at
least three different antimicrobial classes and extensively drug-
resistant (XDR) if they were resistant to all classes except 2 or
less (31).

Data Analysis
Statistical analyses were performed by using R Studio (Version

1.4.1106© 2009-2021 RStudio, PBC) and STATA Intercooled
(Version 14.2, Stata Corporation, College Station, TX) software.
For each Gram-positive and Gram-negative bacteria, the
prevalence of AMR to individual antimicrobials was computed
by dividing the number of bacterial isolates resistant to an
antimicrobial agent by the total number of bacterial isolates.

Hierarchical single-linkage clustering dendrograms
(heatmaps) were constructed using the heatmap.2 package
with ggplots and RColorBrewer libraries in R software to assess
bacterial isolates in terms of their similarity in their AMR status.
Ward’s hierarchical clustering method with Euclidean distances
was used (32).

In addition, a logistic regression analysis using a generalized
linear model was conducted to identify differences in AMR
to individual antimicrobials between two of the most
prevalent bacteria in each of the Gram-positive and Gram-
negative bacterial groups. In the first model, the outcome
binomial variable represented whether the bacterial isolate
was Staphylococcus pseudintermedius (yes=1) or Streptococcus
canis (no=0), while the independent binomial variable was
represented by the antimicrobial agents to which an isolate was
resistant. The second model’s outcome variable represented
whether the isolate was E. coli (yes=1) or Proteus mirabilis
(no=0). For all models, the odds ratio was the measure of effect,

and a p ≤ 0.05 on the Wald χ2 test represented a statistically
significant association.

RESULTS

Description of Submissions
A total of 803 isolates were available for inclusion in this study,
after eliminating duplicate isolates, and isolates with missing
information. Of the total positive bacterial isolates on aerobic
culture, 299 were Gram-positive, and 504 were Gram-negative.
The most common Gram-positive isolates were Staphylococcus
pseudintermedius (n = 144, 17.93%), Enterococcus faecalis (n =

76, 9.46%), Streptococcus canis (n= 49, 6.10%), and Enterococcus
faecium (n = 30, 3.74%). The most common Gram-negative
isolates were Escherichia coli (n= 366, 45.58%), Proteus mirabilis
(n = 89, 11.08%), Klebsiella pneumoniae (n = 25, 3.11%), and
Pseudomonas aeruginosa (n= 24, 2.99%).

Antimicrobial Resistance of Gram-Positive
Bacterial Isolates
Staphylococcus pseudintermedius isolates had a very high
prevalence of resistance to penicillin (56.94%); a high resistance
to doxycycline (48.61%), tetracycline (48.61%), minocycline
(45.83%), ampicillin (36.11%), clindamycin (34.72%),
erythromycin (34.03%), trimethoprim-sulfamethoxazole
(31.94%), enrofloxacin (29.17%), cefovecin (27.78%), cefazolin
(27.08%), cefpodoxime (27.08%), cephalothin (27.08%),
amoxicillin-clavulanic acid (27.08%), oxacillin (27.08%),
marbofloxacin (26.39%), pradofloxacin (26.39%), and
gentamicin (20.14%); a moderate resistance to chloramphenicol
(18.06%); a low resistance to nitrofurantoin (1.39%); and
no resistance was observed to rifampin and vancomycin
(Table 1). Among the Staphylococcus pseudintermedius isolates,
39 isolates (27.08%) had a MIC breakpoint ≥ 0.5µg/ml to
oxacillin that defines an isolate as MRSP (Methicillin-Resistant
Staphylococcus pseudintermedius).

Streptococcus canis isolates had a very high prevalence of
resistance to enrofloxacin (65.31%) and marbofloxacin (55.1%);
and a moderate prevalence of resistance to erythromycin (10.2%)
and clindamycin (10.2%). At the same time, no resistance
was observed to cephalosporins, vancomycin, penicillin,
and ampicillin (Table 1). In both Enterococcus faecalis and
Enterococcus faecium, there were no breakpoints available for
14 out of 24 antimicrobials tested. Therefore, their susceptibility
was only described for the ten remaining antimicrobials. Among
the Enterococcus faecalis isolates, there was an extremely high
prevalence of resistance to rifampin (88.16%) and a very high
prevalence of resistance to erythromycin (65.79%). While in
the Enterococcus faecium isolates, there was an extremely high
prevalence of resistance to erythromycin (100%), nitrofurantoin
(100%), penicillin (76.67%), and ampicillin (73.33%); and a very
high prevalence of resistance to rifampin (70%) (Table 1).

In addition, susceptibility to amikacin in the case of
Staphylococcus pseudintermedius and Streptococcus canis isolates;
to chloramphenicol for Streptococcus canis isolates; and to the
tetracyclines class for Enterococcus faecalis and Enterococcus
faecium isolates were not interpreted because the MIC test range
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TABLE 1 | The proportion of antimicrobial resistance in Gram-positive bacteria isolated from urine samples submitted to the Veterinary Diagnostic Laboratory, University of Illinois, College of Veterinary Medicine,

2019–2020.

Antimicobial

class

Antimicrobial

agents

Staphylococcus

pseudintermedius

(N = 144)

Streptococcus

canis (N = 49)

Enterococcus

faecalis (N = 76)

Enterococcus

faecium (N = 30)

MIC Breakpointa

(S ≤ x µg/mL)

n (%)b MIC Breakpointa

(S ≤ x µg/mL)

n (%)b MIC Breakpointa

(S ≤ x µg/mL)

n (%)b MIC Breakpointa

(S ≤ x µg/mL)

n (%)b

Ansamycins RIF 1 0 (0) NB NB 1 67 (88.16) 1 21 (70)

Aminoglycosides/

Aminocyclitols

AMI 4 NI 4 NI IR IR IR IR

GEN 4 29 (20.14) NB NB IR IR IR IR

β-Lactam

combination

agents

AUG2 0.25/0.12 39 (27.08) NB NB NB NB NB NB

Cephalosporins FAZ 2 39 (27.08) 2 0 (0) IR IR IR IR

FOV 0.5 40 (27.78) 0.12 0 (0) IR IR IR IR

POD 2 39 (27.08) 2 0 (0) IR IR IR IR

CEP 2 39 (27.08) 2 0 (0) IR IR IR IR

Carbapenems IMI NB NB NB NB NB NB NB NB

Folate Pathway

Antagonists

SXT 2 46 (31.94) NB NB IR IR IR IR

Fluoroquinolones ENRO 0.5 42 (29.17) 0.5 32 (65.31) NB NB NB NB

MAR 1 38 (26.39) 1 27 (55.1) NB NB NB NB

PRA 0.25 38 (26.39) NB NB NB NB NB NB

Glycopeptides VAN 4 0 (0) 1 0 (0) 4 0 (0) 4 0 (0)

Macrolides ERY 0.5 49 (34.03) 0.25 5 (10.2) 0.5 50 (65.79) 0.5 30 (100)

Lincosamides CLI 0.5 50 (34.72) 0.5 5 (10.2) IR IR IR IR

Nitrofurans NIT 32 2 (1.39) NB NB 32 0 (0) 32 30 (100)

Penicillins AMP 0.25 52 (36.11) 0.25 0 (0) 8 0 (0) 8 22 (73.33)

PEN 0.12 82 (56.94) 0.25 0 (0) 8 0 (0) 8 23 (76.67

OXA 0.25 39 (27.08) NB NB NB NB NB NB

Phenicols CHL 8 26 (18.06) 4 NI 8 13 (17.11) 8 9 (30)

Tetracyclines DOX 0.12 70 (48.61) NB NB 4 NI 4 NI

TET 0.25 70 (48.61) NB NB 4 NI 4 NI

MIN 0.5 66 (45.83) NB NB 4 NI 4 NI

RIF, Rifampin; GEN, gentamicin; AUG2, amoxicillin-clavulanic acid; FAZ, cefazolin; FOV, cefovecin; POD, cefpodoxime; CEP, cephalothin; IMI, imipenem; SXT, trimethoprim-sulfamethoxazole; ERY, erythromycin; ENRO, enrofloxacin;

MAR, marbofloxacin; PRA, pradofloxacin; VAN, vancomycin; CLI, clindamycin; NIT, nitrofurantoin; AMP, ampicillin; PEN, penicillin; OXA, oxacillin; CHL, chloramphenicol; DOX, doxycycline; TET, tetracycline; MIN, minocycline.
aMinimum inhibitory concentration (MIC) based on Vet01S and M100 Clinical Laboratory Standards Institute (CLSI) guidelines.
bNumber and percentage of isolates resistant to antimicrobial; NB (No breakpoints), MIC breakpoint is not available in Vet01S and M100 CLSI guidelines; NI (Not interpretable), Test range do not contain the MIC breakpoint; IR, Intrinsic

resistance.
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TABLE 2 | The MIC50 and MIC90 values of the Gram-positive bacterial isolates.

Antimicrobial

agents

Staphylococcus

pseudintermedius

(N = 144)

Streptococcus

canis (N = 49)

Enterococcus

faecalis (N = 76)

Enterococcus

faecium (N = 30)

Test

range

MIC 50 MIC 90 MIC range MIC 50 MIC 90 MIC range MIC 50 MIC 90 MIC

range

MIC 50 MIC 90 MIC range

RIF ≤ 1 ≤ 1 ≤ 1, ≤ 1 ≤ 1 ≤ 1 ≤ 1, 2 > 2 > 2 ≤ 1, > 2 > 2 > 2 ≤ 1, > 2 1–2

AMI ≤ 16 ≤ 16 ≤16, ≤16 > 32 > 32 ≤16, > 32 IR IR IR IR IR IR 16–32

GEN ≤ 4 16 ≤ 1, 16 ≤ 4 16 ≤ 4, > 16 IR IR IR IR IR IR 4–16

AUG2 ≤ 0.25 4 ≤ 0.25, > 8 ≤ 0.25 ≤ 0.25 ≤ 0.25, ≤ 0.25 1 1 0.5, 2 > 8 > 8 ≤ 0.25, > 8 0.25/0.12–

8/4

FAZ ≤ 2 ≤ 2 ≤ 1, > 4 ≤ 2 ≤ 2 ≤ 2, ≤ 2 IR IR IR IR IR IR 2–4

FOV 0.25 > 8 ≤ 0.06, > 8 ≤ 0.06 ≤ 0.06 ≤ 0.06, 0.12 IR IR IR IR IR IR 0.06–8

POD ≤ 2 > 8 ≤ 2, > 8 ≤ 2 ≤ 2 ≤ 2, ≤ 2 IR IR IR IR IR IR 2–8

CEP ≤ 2 ≤ 2 ≤ 2, > 4 ≤ 2 ≤ 2 ≤ 2, ≤ 2 IR IR IR IR IR IR 2–4

IMI ≤ 1 ≤ 1 ≤ 1, > 4 ≤ 1 ≤ 1 ≤ 1, ≤1 ≤ 1 ≤ 1 ≤ 1, 2 > 4 > 4 ≤ 1, > 4 1–4

SXT ≤ 2 > 4 ≤ 0.5, > 4 ≤ 2 ≤ 2 ≤ 2, ≤ 2 IR IR IR IR IR IR 2/38–

4/76

ENRO ≤ 0.25 > 4 ≤ 0.25, > 4 1 2 ≤ 0.25, 4 1 > 4 ≤ 0.25, >

4

> 4 > 4 1, > 4 0.25–4

MAR ≤ 1 > 4 ≤ 0.25, > 4 2 4 ≤ 1, > 4 4 > 4 ≤ 1, > 4 > 4 > 4 2, > 4 1–4

PRA ≤ 0.25 2 ≤ 0.25, > 2 ≤ 0.25 ≤ 0.25 ≤ 0.25, 1 0.5 > 2 ≤ 0.25, >

2

> 2 > 2 ≤ 0.25, > 2 0.25–2

VAN ≤ 1 ≤ 1 ≤ 1, ≤ 1 ≤ 1 ≤ 1 ≤ 1, ≤ 1 ≤ 1 2 ≤ 1, 4 ≤ 1 ≤ 1 0.5, 2 1–16

ERY ≤ 0.25 > 4 ≤ 0.25, > 4 ≤ 0.25 > 4 ≤ 0.25, > 4 1 > 4 ≤ 0.25, >

4

> 4 > 4 1, > 4 0.25–4

CLI ≤ 0.5 > 4 ≤ 0.5, > 4 ≤ 0.5 ≤ 4 ≤ 0.5, > 4 IR IR IR IR IR IR 0.5–4

NIT ≤ 16 ≤ 16 ≤ 16, 64 ≤ 16 ≤ 16 ≤ 16, ≤ 32 ≤ 16 ≤ 16 ≤ 16, 32 64 > 64 64, > 64 16–64

AMP ≤ 0.25 > 8 ≤ 0.25, > 8 ≤ 0.25 ≤ 0.25 ≤ 0.25, ≤ 0.25 1 1 0.5, 4 > 8 > 8 0.5, > 8 0.25–8

PEN 0.25 > 8 ≤ 0.06, > 8 ≤ 0.06 ≤ 0.06 ≤ 0.06, < 0.06 4 4 2, 4 > 8 > 8 1, > 8 0.06–8

OXA ≤ 0.25 > 2 ≤ 0.25, > 2 ≤ 0.25 ≤ 0.25 ≤ 0.25, ≤0.25 > 2 > 2 > 2, > 2 > 2 > 2 > 2, > 2 0.25–2

CHL ≤ 8 > 32 ≤ 8, > 32 ≤ 8 ≤ 8 ≤ 8, ≤ 8 ≤ 8 32 ≤ 8, > 32 ≤ 8 32 ≤ 8, 32 8–32

DOX ≤ 0.12 > 0.5 ≤ 0.12, >

0.5

0.25 > 0.5 ≤ 0.12, > 0.5 0.25 > 5 ≤ 0.12, >

0.5

> 0.5 > 0.5 ≤ 0.12, >

0.5

0.12–0.5

TET ≤ 0.25 > 1 ≤ 0.25, > 1 > 1 > 1 1, > 1 0.5 > 1 0.5, > 1 > 1 > 1 ≤ 0.25, > 8 0.25–1

MIN ≤ 0.5 > 2 ≤ 0.5, > 2 ≤ 0.5 > 2 ≤ 0.5, > 2 ≤ 0.5 > 2 ≤ 0.5, > 2 > 2 > 2 ≤ 0.5, > 2 0.5–2

RIF, Rifampin; GEN, gentamicin; AUG2, amoxicillin-clavulanic acid; FAZ, cefazolin; FOV, cefovecin; POD, cefpodoxime; CEP, cephalothin; IMI, imipenem; SXT, trimethoprim-sulfamethoxazole; ERY, erythromycin; ENRO, enrofloxacin;

MAR, marbofloxacin; PRA, pradofloxacin; VAN, vancomycin; CLI, clindamycin; NIT, nitrofurantoin; AMP, ampicillin; PEN, penicillin; OXA, oxacillin; CHL, chloramphenicol; DOX, doxycycline; TET, tetracycline; MIN, minocycline; IR,

Intrinsic resistance.
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TABLE 3 | The most common antimicrobial resistance patterns in Gram-positive bacteria isolated from canine urine samples.

Bacteria Antimicrobial resistance patternsa,b Number of

antimicrobial classes

in pattern

n (%)

Staphylococcus PEN 1 15 (10.42)

pseudintermedius AUG2-AMP-FAZ-FOV-POD-CEP-CLI-DOX-ENRO-ERY-

MAR-MIN-PEN-OXA-PRA-TET-SXT

8 10 (6.94)

AUG2-AMP-FAZ-FOV-POD-CEP-CLI-DOX-ENRO-ERY-

GEN-MAR-MIN-PEN-OXA-PRA-TET-SXT

9 7 (4.86)

DOX-MIN-TET 1 7 (4.86)

Susceptible 0 36 (25.00)

Streptococcus canis ENRO-MAR 1 15 (30.61)

ENRO 1 13 (26.53)

MAR 1 7 (14.29)

CLI-ENRO-ERY-MAR 3 4 (8.16)

Susceptible 0 9 (18.37)

Enterococcus faecalis ERY-RIF-AMI*-GEN*-AUG2*-FAZ*-FOV*-POD*-CEP*-

SXT*-CLI*

7 36 (47.37)

RIF-AMI*-GEN*-AUG2*-FAZ*-FOV*-POD*-CEP*-SXT*-

CLI*

6 22 (28.95)

CHL-ERY-RIF-AMI*-GEN*-AUG2*-FAZ*-FOV*-POD*-

CEP*-SXT*-CLI*

8 7 (9.21)

Enterococcus faecium AMP-ERY-NIT-PEN-RIF-

AMI*-GEN*-AUG2*-FAZ*-FOV*-POD*-CEP*-SXT*-CLI*

9 9 (30)

AMP-CHL-ERY-NIT-PEN-RIF-

AMI*-GEN*-AUG2*-FAZ*-FOV*-POD*-CEP*-SXT*-CLI*

10 4 (13.33)

aResistance patterns to 24 antimicrobial agents from COMPGP1F SensititreTM Gram-positive plate.
bRIF, Rifampin; GEN, gentamicin; AUG2, amoxicillin-clavulanic acid; FAZ, cefazolin; FOV, cefovecin; POD, cefpodoxime; CEP, cephalothin; IMI, imipenem; SXT, trimethoprim-

sulfamethoxazole; ERY, erythromycin; ENRO, enrofloxacin; MAR, marbofloxacin; PRA, pradofloxacin; VAN, vancomycin; CLI, clindamycin; NIT, nitrofurantoin; AMP, ampicillin; PEN,

penicillin; OXA, oxacillin; CHL, chloramphenicol; DOX, doxycycline; TET, tetracycline; MIN, minocycline.

*Intrinsic resistance.

included on the plate wells did not contain the MIC value (e.g.,
MIC breakpoint) that defines a susceptible isolate (Table 2).

The most common AMR patterns are presented in Table 3.
Among Staphylococcus pseudintermedius isolates the most
common AMR pattern was resistance to penicillin (15 isolates,
10.42%). Among the Streptococcus canis isolates, enrofloxacin-
marbofloxacin (15 isolates, 30.61%) was the major AMR pattern.
For the Enterococcus faecalis isolates, the main AMR pattern
was erythromycin-rifampin-amikacin-gentamicin-amoxicillin
clavulanic acid-cefazolin-cefovecin-cefpodoxime-cephalotin
(36 isolates, 47.37%). While, among the Enterococcus
faecium isolates ampicillin-erythromycin-nitrofurantoin-
penicillin-rifampin-amikacin-gentamicin-amoxicillin clavulanic
acid-cefazolin-cefovecin-cefpodoxime-cephalotin-trimethoprim
sulfamethoxazole-clindamycin was the most common pattern (9
isolates, 30%).

The heatmaps (clustering dendrograms) for Staphylococcus
pseudintermedius and Streptococcus canis isolates and their
AMR patterns to individual antimicrobials are presented in
Figures 1, 2. The clustering dendrograms were generated by
using a hierarchical clustering method and were illustrated in
heatmaps to evaluate the antimicrobial resistance determinants
(columns) of bacterial isolates (rows). In the Staphylococcus
pseudintermedius heatmap columns (Figure 1), several clusters

of AMR patterns among antimicrobials tested were identified.
A main cluster in the column included the cluster with a
high to a very high prevalence of resistance to almost all
antimicrobials tested. The second cluster in the heatmap column
included susceptible isolates to rifampin and vancomycin, a low
prevalence of resistance to nitrofurantoin, a moderate prevalence
of resistance to gentamicin, and a high prevalence of resistance
to chloramphenicol. While evaluating the clustering of bacterial
isolates (rows), onemain cluster of isolates was identified that was
susceptible to all the tested antimicrobials and a second cluster
included isolates that were resistant to most antimicrobials tested
except for rifampin, vancomycin, and nitrofurantoin.

In the heatmap of the Streptococcus canis isolates (Figure 2),
the first AMR cluster in the column included isolates with a very
high prevalence of resistance to enrofloxacin and marbofloxacin.
The second column cluster included susceptible isolates to
ampicillin, cefazolin, cefovecin, cefpodoxime, cephalothin,
penicillin, and vancomycin. In the bacterial isolates clustering
(rows), a cluster of susceptible isolates to all interpretable
antimicrobials was observed and a second cluster included
isolates that were resistant to clindamycin, erythromycin,
marbofloxacin, and enrofloxacin.

Further analysis was conducted to investigate the MDR
patterns (resistance to at least one antimicrobial agent in at
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FIGURE 1 | Hierarchical clustering dendrogram of antimicrobial resistance patterns in Staphylococcus pseudintermedius isolated from canine urine samplesa,b,c. aRIF,

Rifampin; GEN, gentamicin; AUG2, amoxicillin-clavulanic acid; FAZ, cefazolin; FOV, cefovecin; POD, cefpodoxime; CEP, cephalothin; SXT,

trimethoprim-sulfamethoxazole; ERY, erythromycin; ENRO, enrofloxacin; MAR, marbofloxacin; PRA, pradofloxacin; VAN, vancomycin; CLI, clindamycin; NIT,

nitrofurantoin; AMP, ampicillin; PEN, penicillin; OXA, oxacillin; CHL, chloramphenicol; DOX, doxycycline; TET, tetracycline; MIN, minocycline. bHeatmap generated by

hierarchical clustering of the antimicrobial resistance determinants (columns) of bacterial isolates (rows). cRed color, resistant; blue color, susceptible.
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FIGURE 2 | Hierarchical clustering dendrogram of antimicrobial resistance patterns in Streptococcus canis isolated from canine urine samplesa,b,c. aFAZ, Cefazolin;

FOV, cefovecin; POD, cefpodoxime; CEP, cephalothin; ERY, erythromycin; ENRO, enrofloxacin; MAR, marbofloxacin; VAN, vancomycin; CLI, clindamycin; AMP,

ampicillin; PEN, penicillin. bHeatmap generated by hierarchical clustering of the antimicrobial resistance determinants (columns) of bacterial isolates (rows). cRed color,

resistant; blue color, susceptible.

least three different antimicrobial classes) of isolates (Figure 3).
Of the 144 Staphylococcus pseudintermedius isolates, 63 were
classified as MDR and none of the isolates was extensively
drug-resistant (XDR). Inspecting the MDR heatmap’s columns,
it is seen that isolates were resistant to β-lactam combination
agents, cephalosporins, fluoroquinolones, folate pathway
antagonists, penicillins, and tetracyclines; and the second
MDR pattern cluster included isolates resistant to phenicols,
lincosamides, and macrolides. All isolates were susceptible
to ansamycins, glycopeptides, and all isolates except two
isolates were susceptible to nitrofurans. While inspecting the

clustering of isolates (rows), the main cluster included a group
of isolates that were resistant to β-lactam combination agents,
cephalosporins, fluoroquinolones, folate pathway antagonists,
penicillins, tetracyclines, lincosamides, and macrolides. For the
Streptococcus canis, only 5 out of 49 isolates were classified as
MDR, and no heatmap was constructed.

Antimicrobial Resistance of
Gram-Negative Bacterial Isolates
Escherichia coli isolates had a high prevalence of resistance
to ampicillin (31.42%) and a low prevalence of resistance
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FIGURE 3 | Hierarchical clustering dendrogram of multi drug resistance patterns in Staphylococcus pseudintermedius isolated from canine urine samplesa,b,c. a(i)

Ansamycins; (ii) Aminoglycosides/Aminocyclitols; (iii) β-Lactam Combination Agents; (iv) Cephalosporins; (v) Folate Pathway Antagonists; (vi) Fluoroquinolones; (vii)

Glycopeptides; (viii) Lincosamides; (ix) Nitrofurans; (x) Penicillins; (xi) Phenicols; (xii) Tetracyclines; (xiii) Macrolides. bHeatmap generated by hierarchical clustering of the

antimicrobial resistance determinants (columns) of bacterial isolates (rows). cRed color, resistant; light blue color, susceptible.

to piperacillin-tazobactam (3.28%), amikacin (2.73%),
gentamicin (2.46%), and imipenem (0.27%). The other
isolates showed a moderate prevalence of resistance (>
10.0–20.0%) to the remaining antimicrobials (Table 4).
Proteus mirabilis isolates had a high prevalence of
resistance to chloramphenicol (24.72%); a moderate
prevalence of resistance to orbifloxacin (15.73%),
trimethoprim-sulfamethoxazole (15.73%), and ampicillin
(14.61%); a low prevalence of resistance to gentamicin
(7.87%), enrofloxacin (7.87%), marbofloxacin (6.74),
cefazolin (5.62%), imipenem (4.49%), amoxicillin-
clavulanic acid (3.37%), cefovecin (2.25%), cefpodoxime

(2.25%), and cephalexin (2.25%); and no resistance
to amikacin, piperacillin-tazobactam, and ceftazidime.
Klebsiella pneumoniae isolates had a high prevalence of resistance
to all antimicrobials tested, except for a low prevalence of
resistance to gentamicin (4%) and no resistance to amikacin
and imipenem. For the Pseudomonas aeruginosa isolates, the
analysis was conducted for only 5 antimicrobial agents that
had MIC breakpoints available (Table 5). Among Pseudomonas
aeruginosa isolates, there was a low prevalence of resistance to
gentamicin (8.33%), piperacillin-tazobactam (8.33%), amikacin
(4.17%), and imipenem (4.17%), and all isolates were susceptible
to ceftazidime.
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TABLE 4 | The proportion of antimicrobial resistance in Gram-negative bacteria isolated from urine samples submitted to the Veterinary Diagnostic Laboratory, University of Illinois College of Veterinary Medicine,

2019–2020.

Antimicrobial

class

Antimicrobial

agents

Escherichia coli (N = 366) Proteus mirabilis (N = 89) Klebsiella pneumoniae (N = 25) Pseudomonas aeruginosa (N = 24)

MIC

Breakpointa

(S ≤ x

µg/mL)

n (%)b MIC

Breakpointa

(S ≤ x

µg/mL)

n (%)b MIC

Breakpointa

(S ≤ x

µg/mL)

n (%)b MIC

Breakpointa

(S ≤ x

µg/mL)

n (%)b

Aminoglycosides/

Aminocyclitols

AMI 4 10 (2.73) 16 0 (0) 16 0 (0) 4 1 (4.17)

GEN 2 9 (2.46) 2 7 (7.87) 2 1 (4) 2 2 (8.33)

β-Lactam

Combination

Agents

AUG2 8 59 (16.12) 8 3 (3.37) 8 7 (28) IR IR

PT4 8 12 (3.28) 8 0 (0) 8 8 (32) 8 2 (8.33)

Cephalosporins FAZ 16 52 (14.21) 16 5 (5.62) 16 8 (32) NB NB

FOV 2 56 (15.30) 2 2 (2.25) NB NB NB NB

POD 2 53 (14.48) 2 2 (2.25) 2 8 (32) NB NB

TAZ 4 41 (11.20) 4 0 (0) 4 8 (32) 8 0 (0)

LEX 16 55 (15.03) 16 2 (2.25) 16 8 (32) NB NB

Carbapenems IMI 1 1 (0.27) 1 4 (4.49) 1 0 (0) 2 1 (4.17)

Folate

pathway

antagonists

SXT 2 46 (12.57) 2 14 (15.73) 2 7 (28) IR IR

Fluoroquinolones ENRO 0.5 41 (11.20) 0.5 7 (7.87) 0.5 9 (36) NB NB

MAR 1 39 (10.66) 1 6 (6.74) 1 9 (36) NB NB

ORB 1 51 (13.93) 1 14 (15.73) 1 9 (36) NB NB

PRA 0.25 42 (11.48) NB NB NB NB NB NB

Penicillins AMP 8 115 (31.42) 8 13 (14.61) IR IR IR IR

Phenicols CHL 8 56 (15.30) 8 22 (24.72) 8 7 (28) IR IR

Tetracyclines DOX 4 57 (15.57) IR IR 4 10 (40) IR IR

TET 4 57 (15.57) IR IR 4 9 (36) IR IR

AMI, Amikacin; GEN, gentamicin; AUG2, amoxicillin-clavulanic acid; PT4, piperacillin-tazobactam; FAZ, cefazolin; FOV, cefovecin; POD, cefpodoxime; TAZ, ceftazidime; LEX, cephalexin; IMI, imipenem; SXT, trimethoprim-sulfamethoxazole;

ENRO, enrofloxacin; MAR, marbofloxacin; ORB, orbifloxacin; PRA, pradofloxacin; AMP, ampicillin; CHL, chloramphenicol; DOX, doxycycline; TET, tetracycline.
aMinimum inhibitory concentrations (MIC) based on Vet01S and M100 Clinical Laboratory Standards Institute (CLSI) guidelines.
bNumber and percentage of isolates resistant to antimicrobial.

NB, No MIC breakpoint available on Vet01S and M100 CLSI guidelines; IR, Intrinsic resistance.
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TABLE 5 | The MIC50, MIC90, and MIC range values of the Gram-negative bacterial isolates.

Antimicrobial

agents

Escherichia coli

(N = 366)

Proteus

mirabilis (N = 89)

Klebsiella

pneumoniae (N = 25)

Pseudomonas

aeruginosa (N = 24)

Test

range

MIC 50 MIC 90 MIC range MIC 50 MIC 90 MIC

range

MIC 50 MIC 90 MIC

range

MIC 50 MIC 90 MIC range

AMI ≤ 4 ≤ 4 ≤ 4, 16 ≤ 4 ≤ 4 ≤ 4, 8 ≤ 4 ≤ 4 ≤ 4, ≤ 4 ≤ 4 ≤ 4 ≤ 4, ≤ 4 4–32

GEN 0.5 1 ≤ 0.25, > 8 1 2 ≤ 0.25, > 8 ≤ 0.25 0.5 ≤ 0.25, >

8

1 2 ≤ 0.25, 4 0.25–8

AUG2 4 > 8 1, > 8 1 2 ≤ 0.25, > 8 2 > 8 2, > 8 IR IR IR 0.25/0.12–

8/4

PT4 ≤ 8 ≤ 8 ≤ 8, > 64 ≤ 8 ≤ 8 ≤ 8, ≤ 8 ≤ 8 > 64 ≤ 8, > 64 ≤ 8 ≤ 8 ≤ 8, 16 8/4–64/4

FAZ 2 > 32 ≤ 1, > 32 ≤ 1 8 ≤ 1, > 32 2 > 32 ≤ 1, > 32 > 32 > 32 > 32, > 32 1–32

FOV 1 > 8 ≤ 0.25, >8 ≤ 0.25 0.5 ≤ 0.25, > 8 0.5 > 8 0.5, > 8 > 8 > 8 > 8, > 8 0.25–8

POD ≤ 1 > 8 ≤ 1, > 8 ≤ 1 ≤ 1 ≤ 1, > 8 ≤ 1 > 8 ≤ 1, > 8 > 8 > 8 > 8, >8 1–8

TAZ ≤ 4 8 ≤ 4, > 16 ≤ 4 ≤ 4 ≤ 4, ≤ 4 ≤ 4 > 16 ≤ 4, > 16 ≤ 4 ≤ 4 ≤ 4, 8 4–16

LEX 8 > 16 2, > 16 8 16 ≤ 0.5, > 16 4 > 16 4, > 256 > 16 > 16 > 16, > 16 0.5–16

IMI ≤ 1 ≤ 1 ≤ 1, 2 ≤ 1 ≤ 1 ≤ 1, 8 ≤ 1 ≤ 1 ≤ 1, ≤ 1 ≤ 1 2 ≤ 1, 8 1–8

SXT ≤ 0.5 > 4 ≤ 0.5, > 4 ≤ 0.5 > 4 ≤ 0.5, > 4 ≤ 0.5 > 4 ≤ 0.5, >

128

IR IR IR 0.5/9.5–

4/76

ENRO ≤ 0.12 > 4 ≤ 0.12, > 4 ≤ 0.12 0.5 ≤ 0.12, > 4 ≤ 0.12 > 4 ≤ 0.12, >

4

0.5 > 4 ≤ 0.12, > 4 0.12–4

MAR ≤ 0.12 > 4 ≤ 0.12, > 4 ≤ 0.12 0.25 ≤ 0.12, > 4 ≤ 0.12 > 4 ≤ 0.12, >

4

0.25 4 ≤ 0.12, > 4 0.12–4

ORB ≤ 1 > 8 ≤ 1, > 8 ≤ 1 4 ≤ 1, > 8 ≤ 1 > 8 ≤ 1, > 8 2 > 8 ≤ 1, > 8 1–8

PRA ≤ 0.25 2 ≤ 0.25, > 2 ≤ 0.25 0.5 ≤ 0.25, > 2 ≤ 0.25 > 2 ≤ 0.25, >

2

≤ 0.25 > 2 ≤ 0.25, > 2 0.25–2

AMP 4 > 8 1, > 8 1 > 8 ≤ 0.25, > 8 IR IR IR IR IR IR 0.25–8

CHL 8 16 ≤ 2, > 32 8 32 ≤ 2, > 32 4 > 32 ≤ 2, > 32 IR IR IR 2–32

DOX 2 > 8 ≤ 0.25, > 8 IR IR IR 2 > 8 1, > 8 IR IR IR 0.25–8

TET ≤ 4 > 16 ≤ 4, > 16 IR IR IR ≤ 4 > 16 ≤ 4, > 128 IR IR IR 4–16

AMI, Amikacin; GEN, gentamicin; AUG2, amoxicillin-clavulanic acid; PT4, piperacillin-tazobactam; FAZ, cefazolin; FOV, cefovecin; POD, cefpodoxime; TAZ, ceftazidime; LEX, cephalexin; IMI, imipenem; SXT, trimethoprim-sulfamethoxazole;

ENRO, enrofloxacin; MAR, marbofloxacin; ORB, orbifloxacin; PRA, pradofloxacin; AMP, ampicillin; CHL, chloramphenicol; DOX, doxycycline; TET, tetracycline; IR, Intrinsic resistance.
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TABLE 6 | The most common antimicrobial resistance patterns of Gram-negative bacteria isolated from canine urine samples.

Bacteria Antimicrobial resistance patternsa,b Number of

antimicrobial classes

in pattern

n (%)

Escherichia coli AMP 1 18 (4.92)

CHL 1 16 (4.37)

AUG2-AMP-FAZ-FOV-POD-TAZ-LEX 3 10 (2.73)

DOX-TET 1 7 (1.91)

AMP-CHL-DOX-ENRO-MAR-ORB-PRA-TET-SXT 5 5 (1.37)

Susceptible 0 205 (56.01)

Proteus mirabilis DOX*-TET* 1 54 (60.67)

CHL-DOX*-TET* 2 12 (13.48)

ORB-DOX*-TET* 2 4 (4.49)

Klebsiella pneumoniae AMP* 1 14 (56)

AUG2-AMP*-FAZ-FOV-POD-TAZ-LEX-CHL-DOX-ENRO-MAR-

ORB-PT4-PRA-TET-SXT

8 5 (20)

Pseudomonas aeruginosa AUG2*-SXT*-AMP*-CHL*-DOX*-TET* 5 20 (83.33)

aResistance to 19 antimicrobial agents from COMPGN1F SensititreTM Gram-negative plate.
bAMI, Amikacin; GEN, gentamicin; AUG2, amoxicillin-clavulanic acid; PT4, piperacillin-tazobactam; FAZ, cefazolin; FOV, cefovecin; POD, cefpodoxime; TAZ, ceftazidime; LEX, cephalexin;

IMI, imipenem; SXT, trimethoprim-sulfamethoxazole; ENRO, enrofloxacin; MAR, marbofloxacin; ORB, orbifloxacin; PRA, pradofloxacin; AMP, ampicillin; CHL, chloramphenicol; DOX,

doxycycline; TET, tetracycline.

*Intrinsic resistance.

The most frequent AMR pattern in Escherichia coli isolates
were isolates resistance to ampicillin (18 isolates, 4.92%),
chloramphenicol (16 isolates, 4.37%), and amoxicillin-clavulanic
acid-ampicillin-cefazolin-cefovecin-cefpodoxime-ceftazidime-
cephalexin (10 isolates, 2.73%). Among the Proteus mirabilis
isolates, the most common AMR patterns observed was
resistance to doxycycline-tetracycline (54 isolates, 60.67%) and
chloramphenicol-doxycycline-tetracycline (12 isolates, 13.48 %)
(Table 6).

The E. coli and Proteus mirabilisAMR heatmaps are presented
in Figures 4, 5. In the E. coli heatmap (Figure 4), the main AMR
cluster (columns) included a moderate prevalence of resistance
to cephalexin, cefpodoxime, cefovecin, cefazolin, ceftazidime,
amoxicillin-clavulanic acid, and a high prevalence of resistance
to ampicillin. The second cluster included a moderate prevalence
of resistance to tetracycline, doxycycline, trimethoprim-
sulfamethoxazole, marbofloxacin, enrofloxacin, pradofloxacin,
and orbifloxacin. Additionally, the third cluster included
isolates that had a low prevalence of resistance to piperacillin-
tazobactam, amikacin, gentamicin, and imipenem. Meanwhile,
when evaluating clustering among E. coli isolates (rows), the
main cluster was the cluster in which the isolates were susceptible
to all antimicrobials tested; and a second cluster included isolates
that were resistant to several antimicrobials. In the Proteus
mirabilis heatmap (Figure 5), the main AMR clustering pattern
(columns) included patterns of a high prevalence of resistance
to chloramphenicol; a moderate prevalence of resistance to
trimethoprim-sulfamethoxazole, orbifloxacin, and ampicillin;
a low prevalence of resistance to gentamicin, amoxicillin-
clavulanic acid, cefazolin, cefovecin, cefpodoxime, cephalexin,
imipenem, enrofloxacin, and marbofloxacin; and susceptible to
amikacin, piperacillin-tazobactam, and ceftazidime. A second

AMR pattern cluster included intrinsic resistance to doxycycline
and tetracycline.While inspecting the Proteus mirabilis clustering
of isolates (rows), the main cluster included isolates that were
susceptible to all antimicrobials except resistance to doxycycline
and tetracycline (intrinsic resistance) and a cluster of isolates
that were resistant to several antimicrobials.

Multidrug resistance (resistance to at least one agent in
at least 3 antimicrobial classes) was detected in 85 out
of 366 E. coli isolates and 6 of the isolates were XDR
(resistance to at least one agent in all but two or fewer
antimicrobial classes). The MDR heatmap identified two
AMR clusters (columns), the first one included resistance to
penicillins, β-lactam combination agents, and cephalosporins
classes, and the second cluster included resistance to phenicols,
fluoroquinolones, folate pathway antagonists, and tetracyclines
classes. One other AMR cluster included susceptibility to
carbapenems and aminoglycosides classes (Figure 6). In the
Proteus mirabilis isolates, 16 of the isolates were resistant to three
or more antimicrobial classes.

Assessing Differences in AMR Between the
Two Most Common Gram-Positive Bacteria
Logistic regression models were constructed to compare AMR
patterns among the two most frequent bacteria in each Gram-
positive and Gram-negative group. In Gram-positive bacteria,
the Staphylococcus pseudintermedius isolates were compared to
Streptococcus canis isolates, due to the limited MIC breakpoints
available for Enterococcus sp. isolates. When compared to
Streptococcus canis isolates, Staphylococcus pseudintermedius had
lower odds of resistance to enrofloxacin (OR = 0.22, p <

0.001) and marbofloxacin (OR = 0.29, p < 0.001). The odds
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FIGURE 4 | Antimicrobial resistance clustering dendrogram of Escherichia coli isolated from canine urine samplesa,b,c. aAMI, Amikacin; GEN, gentamicin; AUG2,

amoxicillin-clavulanic acid; PT4, piperacillin-tazobactam; FAZ, cefazolin; FOV, cefovecin; POD, cefpodoxime; TAZ, ceftazidime; LEX, cephalexin; IMI, imipenem; SXT,

trimethoprim-sulfamethoxazole; ENRO, enrofloxacin; MAR, marbofloxacin; ORB, orbifloxacin; PRA, pradofloxacin; AMP, ampicillin; CHL, chloramphenicol; DOX,

doxycycline; TET, tetracycline. bRed color, resistant; blue color, susceptible. cHeatmap generated by hierarchical clustering of the antimicrobial resistance

determinants (columns) of bacterial isolates (rows).
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FIGURE 5 | Antimicrobial resistance clustering dendrogram of Proteus mirabilis isolated from canine urine samplesa,b,c. aAMI, Amikacin; GEN, gentamicin; AUG2,

amoxicillin-clavulanic acid; PT4, piperacillin-tazobactam; FAZ, cefazolin; FOV, cefovecin; POD, cefpodoxime; TAZ, ceftazidime; LEX, cephalexin; IMI, imipenem; SXT,

trimethoprim-sulfamethoxazole; ENRO, enrofloxacin; MAR, marbofloxacin; ORB, orbifloxacin; AMP, ampicillin; CHL, chloramphenicol; DOX, doxycycline; TET,

tetracycline. *Intrinsic resistance. bHeatmap generated by hierarchical clustering of the antimicrobial resistance determinants (columns) of bacterial isolates (rows).
cRed color, resistant; blue color, susceptible.
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FIGURE 6 | Hierarchical clustering dendrogram of multidrug resistance patterns in E. coli isolated from canine urine samplesa,b,c. a(i) Aminoglycosides/Aminocyclitols;

(ii) β-Lactam Combination Agents; (iii) Cephalosporins; (iv) Carbapenems; (v) Folate Pathway Antagonists; (vi) Fluoroquinolones; (vii) Penicillins; (viii) Phenicols; (ix)

Tetracyclines. bHeatmap generated by hierarchical clustering of the antimicrobial resistance determinants (columns) of bacterial isolates (rows). cRed color, resistant;

light blue color, susceptible.
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of resistance to erythromycin (OR = 4.54, p = 0.002) and
clindamycin (OR = 4.68, p = 0.002) among Staphylococcus
pseudintermedius isolates were higher than Streptococcus canis
isolates (Supplementary Table 1).

Assessing Differences in AMR Between the
Two Most Common Gram-Negative
Bacteria
Among Gram-negative bacteria, E. coli isolates were compared to
Proteus mirabilis isolates (Supplementary Table 2). The odds of
being resistant to cefovecin (OR = 7.86, p = 0.005), cephalexin
(OR = 7.69, p = 0.005), cefpodoxime (OR = 7.37, p =

0.006), amoxicillin-clavulanic acid (OR = 5.51, p = 0.005), and
ampicillin (OR = 2.68, p = 0.002) were significantly higher
among E. coli isolates compared to Proteus mirabilis isolates. In
contrast, the odds of resistance to chloramphenicol (OR = 0.55,
p = 0.04), gentamicin (OR = 0.3, p = 0.02), and imipenem
(OR = 0.06, p = 0.01) were lower in E. coli isolates compared
to Proteus mirabilis isolates (Supplementary Table 2). In this
comparison, tetracyclines were not included due to the known
intrinsic resistance of Proteus mirabilis to these antimicrobials.

DISCUSSION

This study examined the prevalence and the AMR patterns
of major bacteria isolated from canine urine samples over 2
years, submitted from suspected UTI cases to the Veterinary
Diagnostic Laboratory, University of Illinois, a referral laboratory
receiving samples from Illinois and other states in the USA.
Antimicrobial susceptibility profiles of the main Gram-negative
and Gram-positive bacterial isolates were determined using
the broth microdilution technique. A hierarchical clustering
method was used to construct dendrograms that were illustrated
in heatmaps, which provided population-level information on
clinically important bacterial species and their AMR patterns.
Additionally, this study provides updated local AMR information
for Illinois veterinarians to aid them in choosing effective
drugs for therapy of canine UTIs. Our results are relevant
to countries with similar antimicrobial treatment policies of
UTIs, especially the North American region and other developed
countries (33, 34).

Prevalence of Major Urinary Bacterial
Pathogens
The most frequent bacteria isolated from urine samples
submitted from suspect UTI cases were Escherichia coli,
Staphylococcus pseudintermedius, Proteus mirabilis, Enterococcus
faecalis, Streptococcus canis, and Enterococcus faecium. These
results correspond to previous studies from North America,
Europe, and New Zealand that evaluated major bacteria isolated
from canine urine samples and found Staphylococcus spp among
the Gram-positive bacteria, and E. coli among Gram-negative
bacteria as the most common (11, 13, 23, 35–38).

Antimicrobial Resistance and Multidrug
Resistance of Gram-Positive Bacterial
Isolates
Assessing the heatmap of Staphylococcus pseudintermedius
isolates, we showed that around 25% of isolates were susceptible
to all antimicrobials tested. In addition, the second cluster was
resistant to most of the antimicrobials tested except for rifampin,
vancomycin, nitrofurantoin, and showed a low proportion of
resistance to gentamicin and chloramphenicol. This cluster
included all Staphylococcus pseudintermedius isolates that were
resistant to oxacillin (27.08%) with MIC breakpoint ≥ 0.5µg/ml
defined as MRSP (39, 40). This result agrees with a previous
European study, which described the prevalence of MRSP from
canine urine samples ranging from 1.15 to 50% (37). It is known
that MRSP isolates are frequently MDR, and the distribution
of MDR isolates might differ geographically (41, 42). In our
study, in addition to being resistant to β-lactam antibiotics,
the MRSP isolates were resistant to fluoroquinolones, folate
pathway antagonists, tetracyclines, lincosamides, andmacrolides.
As MRSP isolates were previously isolated from infected animals
and their owner (19), our findings emphasize the importance
of client education to prevent the zoonotic transmission of
MRSP. Moreover, to prevent treatment failures of UTI in dogs,
culture and susceptibility tests before initiation of treatment
are warranted.

We identified a high prevalence of resistance to amoxicillin-
clavulanic acid (27.08%) and trimethoprim-sulfamethoxazole
(31.94%) among the Staphylococcus pseudintermedius isolates.
This result is in agreement with previous studies that described
a proportion of resistance to amoxicillin-clavulanic acid between
0.5 and 30.43% (3, 13, 43–45), and a proportion of resistance
to trimethoprim-sulfamethoxazole between 2.77 and 63% among
Staphylococcus pseudintermedius isolates (3, 13, 37, 43–45). In
non-MRSP isolates, a high proportion of isolates were susceptible
to cephalosporins, which could be used as empirical treatment.
Our findings have clinical relevance as amoxicillin-clavulanic
acid and trimethoprim-sulfamethoxazole are considered as the
first-choice antimicrobials for empirical UTI treatments of
dogs (20), and cephalosporins are generally effective treatment
options for Staphylococcus pseudintermedius infections (46).
These findings highlight the importance of conducting an
antimicrobial susceptibility test before starting UTI treatments.
In this study, we did not have access to antimicrobial treatment
data; however, the over or misuse of these antimicrobials might
impact the development of AMR to these drugs.

Our results showed that all Staphylococcus pseudintermedius
isolates, including MRSP, were susceptible to rifampin,
vancomycin, and nitrofurantoin. According to the International
Society for Companion Animal Infectious Diseases (ISCAID)
guidelines, nitrofurantoin could be the next possible option to
treat UTI in dogs caused by MRSP. Meanwhile, both rifampin
and vancomycin were not included in the ISCAID guidelines
for UTI treatment in dogs (20), as rifampin is known for its
potentially hepatotoxic effect in dogs (41) and excreted in an
inactive form in the urine (47). Meanwhile, vancomycin can
cause kidney injury (48, 49). More importantly, vancomycin
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is considered as the last resort option to treat Gram-positive
bacterial infections in humans and animals (50, 51). There
are public health concerns associated with the emergence of
vancomycin-resistant enterococci (VRE) (50) and vancomycin-
resistant Staphylococcus aureus (52). It is encouraging that
our study did not identify any vancomycin-resistant isolates
among Gram-positive bacteria. In addition, veterinarians should
inform pet owners about the zoonotic transmission potential of
this pathogen, as several reports indicated the transmission of
Staphylococcus pseudintermedius from family dogs to humans
with underlying medical conditions (53–55).

In our study, Streptococcus canis isolates showed a high
prevalence of resistance to commonly used drugs to treat UTI
in dogs, such as enrofloxacin, and marbofloxacin. This result
was in contrast with the findings of a previous European
study that found a high proportion of isolates susceptible to
fluoroquinolones (3). Concurrently, our study showed similar
results to previous studies from Europe and Canada that reported
the majority of Streptococcus canis isolates were susceptible to
penicillin, ampicillin, and amoxicillin-clavulanic acid (3, 56, 57).
Differences in AMR patterns might be related to the geographical
variations in antimicrobial use practices. Therefore, clinicians
in Illinois and the US generally may consider penicillins as
the first-line choice when treating UTI in dogs caused by
Streptococcus canis.

When we compared the AMR patterns between
Staphylococcus pseudintermedius and Streptococcus canis isolates,
we found that the Streptococcus canis isolates had a higher odd
of being resistant to enrofloxacin and marbofloxacin. Previous
studies reported among Staphylococcus pseudintermedius isolates
a prevalence of resistance to fluoroquinolones between 1.54% in
Sweden and 42.11% in Italy (37). While among the Streptococcus
canis isolates, the prevalence of resistance to fluoroquinolones
was 96% in Australia (44) and 2% in New Zealand (13). Our
findings are important for clinicians as fluoroquinolones are
reserved to be used for recurrent UTIs in dogs with MDR
bacteria as they are excreted through urine (20). Hence, the
drugs should not be recommended as a first-line option for UTI
treatment caused by these Gram-positive bacteria.

When comparing the Enterococcus faecalis and Enterococcus
faecium isolates, different AMR patterns were observed.
Our findings showed that Enterococcus faecalis isolates were
susceptible to ampicillin and penicillin, while Enterococcus
faecium isolates had an extremely high prevalence of resistance
to these antimicrobials. These results suggest that ampicillin
and penicillin could be considered as a first-line option to treat
UTI caused by Enterococcus faecalis; however, it should not be
recommended for UTI caused by Enterococcus faecium. On that
account, these findings emphasize the importance of performing
bacterial culture and antimicrobial susceptibility tests before
initiating treatment.

Antimicrobial Resistance and Multidrug
Resistance of Gram-Negative Bacterial
Isolates
Among Gram-negative bacteria, E. coli was the most prevalent
in our study, comprising 45.58% of the total bacterial isolates.

This finding agrees with previous studies conducted in the
United Kingdom and North America (11, 23). Our study showed
that overall, E. coli had a moderate to low prevalence of resistance
to most of the antimicrobials except for ampicillin (31.42%).
These results were consistent with previous studies, which
reported a high prevalence of resistance to ampicillin among
E. coli isolates (3, 58). When evaluating the AMR clustering
dendrogram of E. coli isolates, we identified a large cluster that
included approximately 56% of isolates that were susceptible
to all antimicrobials tested; in addition to that, our study
observed only 0.27% isolates that were resistant to imipenem,
which was encouraging. A second cluster included isolates
that were resistant to ampicillin, amoxicillin-clavulanic acid,
and cephalosporins (i.e., cephalexin, cefpodoxime, cefovecin,
cefazolin, ceftazidime). Our results showed that multidrug
resistance was detected in 23.22% of E. coli isolates, which was
lower than the previously reported prevalence of 43.3% in Japan
(59), 28.9% in the United States (24), and 66.8% in Poland (60).

When we compared the AMR patterns between E. coli and
Proteus mirabilis isolates, E. coli isolates had a higher odd
of resistance to ampicillin. This result is in agreement with
a previous study in Europe that showed a high prevalence
of resistance to ampicillin and detected a higher level of
antimicrobial resistance in E. coli isolates compared to other
bacteria of the Enterobacteriaceae family (3). In the ISCAID
guideline, amoxicillin is recommended as the first-line option
for bacterial UTI treatment in dogs, and its antimicrobial
susceptibility can be predicted by evaluating the susceptibility
of isolates to ampicillin (20). Overall, our results of the E. coli
and Proteus mirabilis AMR patterns support the finding of
previous studies that showed low resistance of the isolates to
amoxicillin-clavulanic acid, amikacin, and gentamicin (3, 56).
Considering the nephrotoxicity characteristic of amikacin and
gentamicin, these drugs should be reserved for complicated UTIs
with careful application. Thus, amoxicillin-clavulanic acid might
be an appropriate first option for empirical treatment of UTI
in dogs for E. coli and Proteus mirabilis in Illinois, US. In case
of resistance to this drug, trimethoprim-sulfamethoxazole and
fluoroquinolones should be considered as the next choices to
treat UTI in dogs.

Before interpreting our study results, a few limitations
should be noted. We might overestimate the prevalence of
AMR to individual and multiple antimicrobials as canine
urine samples were submitted from UTI cases that might
have already been treated with antimicrobials. Recurrent cases
might also be overrepresented in our study as we evaluated
urine samples that were submitted to a veterinary referral
laboratory. Future studies should evaluate the impact of
previous antimicrobial use and clinical status of dogs on the
emergence of AMR and MDR in urinary bacterial pathogens.
Additionally, in our study, urine samples were collected through
cystocentesis, catheterization, or free catch that could affect
the determination of significant bacteria that cause the real
UTI in our study results. Consideration of the collection
method is important in evaluating the need for antimicrobial
therapy as low levels of bacteria from free catch samples
may represent contamination and is not indicative of a need
for antimicrobial therapy. Cystocentesis is the most reliable
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and recommended method for urine sample collection for
bacterial culture to prevent contamination of samples (10).
However, cystocentesis may not always be feasible in some
clinical settings because it requires client consent and depends
on the patient’s condition. As we focused on analyzing the
overall AMR patterns of main urinary bacterial species, we
included all culture-positive isolates regardless of their method
of collection. Some of our AMR patterns of Gram-positive and
Gram-negative bacteria should be interpreted with caution as
not all MIC breakpoints were available for bacteria causing
UTIs in dogs. If MIC breakpoints were not available, we
used breakpoints defined for other infection sites (i.e., skin,
wound) in dogs, or we applied MIC breakpoints defined for
human bacterial infections. Lastly, UTI clinical outcomes after
antimicrobial treatment might not correlate completely with
the susceptibility results of pathogens, as certain antimicrobials
can achieve high concentrations in the urine, and they could
be effective.

CONCLUSION

We provided recent local information on the prevalence
of major Gram-positive and Gram-negative bacteria that
were isolated from canine urine samples from suspected
UTI cases that were submitted to a veterinary diagnostic
laboratory in Illinois, US. Escherichia coli, Staphylococcus
pseudintermedius, Proteus mirabilis, Enterococcus faecalis,
Streptococcus canis, and Enterococcus faecium were the most
prevalent bacteria isolated from canine urine samples. The
prevalence of AMR among major Gram-positive bacteria toward
first-line antimicrobial choices to treat UTI in dogs such as
amoxicillin-clavulanic acid and trimethoprim-sulfamethoxazole
was high in Staphylococcus pseudintermedius isolates, which
suggest that antimicrobial use practices might have an impact
on the development of resistance to these antimicrobials. A high
proportion of Staphylococcus pseudintermedius and Klebsiella
pneumoniae isolates were resistant to fluoroquinolones and
3rd generation cephalosporins. Within the Gram-negative
bacteria, E. coli isolates presented a moderate to low prevalence
of resistance toward all antimicrobials tested. Since dogs
could become the reservoirs of MDR bacteria that may be
transmitted to humans, veterinarians should inform dog
owners about the potential zoonotic transmission risk of
these pathogens.

The findings of this study can assist clinicians in their
antimicrobial choices when treating UTI and highlight the
importance of collecting urine samples and conducting bacterial
culture and antimicrobial susceptibility tests before starting
UTI treatments to prevent the development of MDR bacteria.
Continuous monitoring of the AMR patterns of clinically

important bacterial urinary pathogens is warranted to identify
emerging MDR strains.
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