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Abstract: In veterinary medicine, the issue of antimicrobial resistance was mainly addressed in
food-producing animals (although companion animals also deserve attention). Indeed, these species
may be reservoir of resistant microorganisms, such as extended-spectrum β-lactamase and AmpC
(ESBL/AmpC)-producing bacteria. Dogs in particular may transmit them to close-contact humans.
Overall 266 faecal samples of healthy dogs were microbiologically and molecularly analyzed to
investigate ESBL/AmpC-producing Escherichia coli and the effects of host and environmental factors
on their spread. A prevalence of 25.9% of ESBL/AmpC-producing E. coli, supported by blaCTX-M

(79.7%), blaTEM (47.8%), blaCMY (13%), and blaSHV (5.8%) gene detection, emerged. Dogs frequenting
extra-urban environments showed significantly higher odds of being positive to ESBL/AmpC E. coli
(30.2%) compared to urban dogs (16.7%) identifying the environment as a risk factor. About 88.4%
of isolates were resistant to cephalosporins, 8.7% to cephalosporins and carbapenems, and 2.9% to
cephalosporins, carbapenems, and penicillins. ESBL/AmpC-producing E. coli expressing blaCMY were
significantly more resistant to cefoxitin, cefotaxime/clavulanic acid and ceftazidime/clavulanic acid,
highlighting its negative effects. Our results suggest the role of domestic dogs as a maintenance host
of ESBL/AmpC-producing E. coli leading to a constant health monitoring. The recorded resistances
to carbapenems implies attention and further investigations.

Keywords: extra-urban environments; blaCMY; cefotaxime/clavulanic acid; ceftazidime/clavulanic
acid; blaCTX-M; cefoxitin; multidrug resistance (MDR); carbapenems

1. Introduction

Antimicrobial resistance (AMR) represents a ‘one health’ problem since involves a
wide range of participants, humans, animals, and the environment [1]. The emergence
and the rapid dissemination of antibiotic-resistant bacteria poses substantial risks for
human health with global deaths related to AMR predicted to reach 10 million by 2050,
more than the current mortality associated with different forms of cancer [2]. Among the
most important bacteria that contributes to the complexity of AMR, Enterobacteriaceae
producing extended spectrum beta-lactamase (ESBL) and plasmid mediated AmpC beta-
lactamase (AmpC) emerged as a healthcare problem worldwide in human and veterinary
medicine [3] due to their resistances to third and fourth generation cephalosporins and
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to the majority of β-lactams [4]. These resistant strains can spread both clonally and
horizontally among different lineages, even to non-pathogenic bacteria [5], complexly with
multiple reservoirs and different transmission routes [3]. For years major attention was
given on ESBL/AmpC- producing bacteria in food producing animals [6,7], potentially
transmitting to humans through the food chain, although these strains are found also
in companion animals [6,8]. In this regard, the related potential zoonotic risk should be
emphasized [3] in light of the increased number of people living with pets, mainly dogs,
over the last few decades [9]. Indeed, AMR monitoring in companion animals represents a
crucial point due to their potential role, especially of dogs, of reservoir of resistant bacteria
likely transmitted to humans through frequent or intimate direct or indirect contacts
sharing the same environments [9–13]. Although AMR is closely induced by the over-use
of antibiotics [14,15], the use of antimicrobials in companion animals has received little
attention and remains unregulated unlike the guidelines or legal restrictions active for farm
animals in many countries [16]. For example, cephalosporins, whose use in farm animals
is restricted or prohibited in some countries, are still widely used in animals despite they
are among the critically important classes for use in human medicine [16]. The continued
use of cephalosporins/other important molecules in companion animals could induce
resistances that may be transmitted to humans. Thus, information on the presence of
AMR in the bacterial flora of dogs should be acquired. In particular, attention should be
posed to those bacteria well adapted for colonisation of both humans and animals, such as
Escherichia coli, as shared environments provide the opportunity for rapid dissemination of
these strains from one host to the other [10]. In addition, the human population is more
likely to be exposed to bacteria present in the feces of dogs (e.g., owners picking up after
their dogs have defecated) [17]. Although a few studies reported the increase of resistance
to several antimicrobials in companion animal isolates over time [18], AMR scientific data
should be broadened and monitored over the years concerning domestic dogs in light of
their close contacts with owners and the related potential risks of AMR transmission.

Here, we carried out an epidemiological investigation of ESBL/AmpC β-lactamase
producing Escherichia coli in domestic dogs with different living attitudes in order to
evaluate (i) their prevalence, (ii) their phenotypic and molecular antimicrobial resistances,
and (iii) the host and environmental factors influencing the spread of these pathogenic
bacteria.

2. Results

A total of 69 ESBL/AmpC-producing E. coli isolates were microbiologically detected
over the overall sampling of 266 (25.9%; 95%CI: 20.6–31.2). The phylogenetic analysis
showed the presence of seven E. coli phylo-groups. Specifically, most of the isolates
belonged to either phylogenetic group B1 (21/69; 30.4%) or A (19/69; 27.5%). Six samples
each were assigned to group B2, C, E, F (8.7% each), while group D was the least represented
(5/69; 7.2%).

Statistical analysis showed the effect of the type of environment on the probability
of testing positive to ESBL/AmpC E. coli. In particular, dogs frequenting extra urban
environments showed significantly higher odds of being positive (OR = 2.23; 95%CI:
1.10–4.53), with a prevalence of 30.2% (95%CI: 23.6–36.8%), compared to 16.7% (8.2–25.1%)
of urban dogs. The age class was not associated with the probability of being positive
to ESBL/AmpC E. coli (χ2

2 = 2.71; p = 0.26). Considering only the subset of individuals
(n = 189) that frequented extra urban environments, ESBL/AmpC E. coli prevalence in hunt-
ing dogs (n = 131) was 32.8% (95%CI: 24.6–41.0%), while it was 24.1% (95%CI: 12.8–35.5%)
in non-hunting dogs (n = 58), yielding a non-significant difference (χ2

1 = 1.44; p = 0.23).
BlaCTX-M was the most detected resistance gene, found in 55 isolates (79.7%) and

equally common in all the phylogenetic groups, with a percentage ranging from 66.7%
to 100% (Table 1). BlaTEM was found in 33 isolates (47.8%) and was significantly more
associated with groups A, C and E (Fisher’s exact test: p = 0.03). Sequence analysis of the
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amplicons (n = 25, eight cases were non-typeable) revealed the presence of TEM-1 (24/25),
TEM-57 (1/25).

Table 1. Occurrence of AMR resistance genes in ESBL/AmpC E. coli isolated from dogs’ faecal samples (n = 69) and their
association with phylogenetic groups.

Genes %
% by Phylogenetic Group

p-Value
A (n = 19) B1 (n = 21) B2 (n = 6) C (n = 6) D (n = 5) E (n = 6) F (n = 6)

blaCTX-M 79.7 84.2 66.7 83.3 100 80 66.7 100 0.61
blaTEM 47.8 57.9 33.3 33.3 83.3 0 83.3 50 0.03
blaCMY 13 10.5 19.0 16.7 0 20 16.7 0 0.65
blaSHV 5.8 10.5 9.5 0 0 0 0 0 1.00

BlaCMY and blaSHV were less common, occurring in nine (13%) and four (5.8%) of
the isolates: the latter was indeed detected in groups A and B1. Sequence analysis of the
amplicons revealed the presence of SHV-12 (4/4). Neither dogs’ age class nor the type
of environment influenced the presence of specific resistance genes isolates (all p > 0.5).
Regarding the combinations of resistance genes (Table 2), the presence of blaCTX-M alone
was the most frequently observed pattern in the 69 isolates, followed by a combination of
blaCTX-M and blaTEM. In general, in most cases (38/69) a single resistance gene was present,
and only in one isolate did we detect more than two genes (Table 2).

Table 2. Combination of AMR genes found in ESBL/AmpC E. coli isolated from dogs’ faecal samples
(n = 69).

Genes Combination n % 95% CI

blaCTX-M 27 39.1 27.3–50.9
blaCTX-M + blaTEM 25 36.2 24.6–47.9

blaTEM 4 5.8 0.1–11.4
blaCMY 4 5.8 0.1–11.4
blaSHV 3 4.3 0–9.3

blaCTX-M + blaCMY 2 2.9 0–7.0
blaTEM + blaCMY 2 2.9 0–7.0

blaCTX-M + blaTEM + blaSHV 1 1.4 0–4.3

All of the 69 ESBL/AmpC E. coli isolates were resistant to at least one of the ten
antimicrobials (AMs) tested by MIC (median: three; range: two to nine). Most of these
(61/69; 88.4%) were resistant to AMs belonging to a single AM class, with only six (8.7%)
and two (2.9%) isolates showing resistance to two and all the three AM classes, respectively.

Most of the isolates were resistant to cephalosporins, in particular to FOT (69/69;
100%), FEP (60/69; 86.9%), and TAZ (62/69; 89.8%) (Table 3). Resistance to FOX (14/69;
20.3%) and to F/C and T/C was less frequent (17.4% and 18.8%). Resistance to carbapene-
mase was rare, with eight isolates resistant to ETP (11.6%), one to MERO (1.4%) and none
to IMI. Only two isolates were resistant to TRM (2.9%).

Resistance to cefoxitin and both of the cephalosporins/clavulanic acid antimicrobials
was associated to the presence of the blaCMY, with isolates expressing blaCMY being more
likely of showing resistance to these antimicrobials (Tables 4 and 5). Resistance to the other
antimicrobials was not related to the presence of any of the examined genes (all p > 0.5).
None of the genes influenced the number of antimicrobials nor the number of AM classes
that isolates were resistant to (all p > 0.05). BlaCMY influenced the number of antimicrobials
an isolate was resistant to: isolates with this gene were resistant on average to 0.47 ± 0.23
SE more antimicrobials than isolates without it (χ2

1 = 4.25; p = 0.044). However, none of
the genes influenced the number of wider AM classes that isolates were resistant to (all
p > 0.05).

Resistance to the other antimicrobials was not related to the presence of any of the
examined genes (all p > 0.5).
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Table 3. Minimum inhibitory concentrations (MICs) of ESBL/AmpC E. coli isolated from dogs’ faecal samples
(n = 69). Cefepime (FEP), Cefotaxime (FOT), Cefotaxime/clavulanic acid (F/C), Cefoxitin (FOX), Ceftazidime (TAZ),
Ceftazidime/clavulanic acid (T/C), Ertapenem (ETP), Imipenem (IMI), Meropenem (MERO), Temocillin (TRM).

Distribution (%) of MIC Values (mg/L)

Antimicrobial 0.015 0.03 0.06 0.125 0.25 0.5 1 2 4 8 16 32 64 128

FEP 1.4 5.7 7.1 4.3 4.3 12.9 40.0 22.9 1.4
FOT 1.4 5.7 5.7 7.1 32.9 20.0 27.1
F/C 60.0 20.0 1.4 1.4 1.4 4.3 1.4 4.3 2.9 1.4 1.4
FOX 11.4 52.9 15.7 8.6 1.4 10.0
TAZ 1.4 10.0 15.7 21.4 10.0 20.0 12.9 4.3 1.4 2.9
T/C 54.3 24.3 4.3 1.4 2.9 4.3 4.3 2.9 1.4
ETP 61.4 27.1 7.1 1.4 1.4 1.4
IMI 98.6 1.4

MERO 97.1 1.4 1.4
TRM 1.4 1.4 18.6 65.7 10.0 1.4 1.4

Table 4. Resistance to antimicrobials in ESBL/AmpC E. coli isolated from dogs’ feaces (n = 69): percentage of isolates
resistant to each of the ten antimicrobials tested by MIC and occurrence of specific genes. Cefepime (FEP), cefotaxime (FOT),
cefotaxime/clavulanic acid (F/C), cefoxitin (FOX), ceftazidime (TAZ), ceftazidime/clavulanic acid (T/C), ertapenem (ETP),
imipenem (IMI), meropenem (MERO), temocillin (TRM).

Antimicrobial % of Resistant
Isolates

% of Resistant Isolates with Associated Genes

blaCTX-M blaSHV blaCMY blaTEM

FEP (n = 60) 86.9 85 3.3 8.3 50.0
FOT (n = 69) 100 79.7 5.8 13.0 47.8
F/C (n = 13) 18.8 46.1 0 61.5 30.8
FOX (n = 14) 20.3 42.8 0 57.1 35.7
TAZ (n = 62) 89.9 79.0 6.4 14.5 46.8
T/C (n = 12) 17.4 41.7 0 66.7 25.0
ETP (n = 8) 11.6 50.0 0 50.0 37.5

IMI 0 0 0 0 0
MERO (n = 1) 1.4 100 0 0 0
TRM (n = 2) 2.9 50 0 50 0

Table 5. Logistic regression models showing variation in the probability for an ESBL/AmpC E. coli isolate (n = 69) of being
resistant to specific antimicrobials in relation to the presence of selected resistance genes. Only models with at least one
significant explanatory variable are reported. Cefoxitin (FOX), cefotaxime/clavulanic acid (F/C), and ceftazidime/clavulanic
acid (T/C).

Antimicrobial Gene Parameter Estimate ± SE X2
1 p-Value

FOX blaCMY 1.15 ± 0.58 3.87 0.049
blaCTX-M −1.15 ± 0.60 3.73 0.054
blaTEM −0.57 ± 0.48 1.37 0.24
blaSHV −1.25 ± 1.08 1.34 0.25

F/C blaCMY 1.39 ± 0.61 5.19 0.023
blaCTX-M −0.75 ± 0.64 1.38 0.24
blaTEM −0.56 ± 0.48 1.39 0.24
blaSHV −0.81 ± 1.08 0.56 0.45

T/C blaCMY 1.33 ± 0.61 4.75 0.029
blaCTX-M −1.30 ± 0.85 2.33 0.13
blaTEM −1.13 ± 0.73 2.40 0.12
blaSHV −1.36 ± 1.25 1.19 0.28
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3. Discussion

The present study revealed a high prevalence of ESBL/AmpC-producing E. coli with
higher odds of being positive in dogs frequenting extra urban environments, highlight-
ing the role of the environment as a risk factor. Most of ESBL/AmpC-producing E. coli
were resistant to AMs belonging to cephalosporin class, with six and two isolates show-
ing resistance to two (cephalosporins and carbapenems) and to all the three AM classes
(cephalosporins, carbapenems and penicillins), respectively. Resistance to FOX, F/C and
T/C was positively associated to the presence of blaCMY: ESBL/AmpC-producing E. coli
expressing blaCMY were more likely to show resistance to these antimicrobials.

The most frequent ESBL/AmpC-producing E. coli phylogenetic group was B1 (21/69;
30.4%), followed by A (19/69; 27.5%), B2 (6/69; 8.7%), C (6/69; 8.7%), E (6/69; 8.7%), and F
(6/69; 8.7%). This result was consistent with a previous study about fecal ESBL/AmpC
E. coli isolated from healthy Labrador retrievers [19] in which group B1 was the most
common phylo-group detected (77/187; 41.2%), followed by C (39/187; 20.9%), B2 (31/187;
16.6%), A (16/187; 8.6%) [19]. Our prevalence of ESBL/AmpC-producing E. coli (25.9%,
69/266) is consistent with Belas et al. [5] (25.2%, 33/131), Benavides et al. [20] (24.4%,
20/82) and Aslantaş and Yilmaz [21] (22.2%, 95/428) while appears higher than van den
Bunt et al. [22] (10.6%, 59/555) and Wedley et al. [17] (7.1% of AmpC and 1.9% of ESBL
over 581 canine fecal samples). Although the results of our study appear consistent with
what already reported in literature, the lack of a standardized diagnostic method makes
difficult the comparison of results emerged from different studies. [23]. In particular, some
differences in the diagnostic approach should be considered such as the use of commercial
or in-house agar or cephalosporin chosen as supplement as well as its amount, which may
vary between study protocols (e.g. the concentration of KB disk or the dilution of 1 µg/mL
or 2 µg/mL in the supplement).

In this study, the higher prevalence of ESBL/AmpC-producing E. coli was recorded
in domestic dogs that frequent extra-urban environments identifying natural environ-
ments as a risk factor. Beside the role of “conductor” in the transmission of pathogenic
strains/resistance genes played by environment [24], our result is supported by van
den Bunt et al. [22] and Benavides et al. [20] who defined agricultural settings/natural
ecosystems as risk factors for ESBL E. coli in dogs assuming a potential exposure to these
pathogenic bacteria or AMR genes from other animals (wild or domestic) or from their fecal
material. Previous studies reported that another risk factor for the increase in prevalence
of these pathogenic bacteria is the consumption of raw meat, even poultry, an event that
would be more likely to occur for a hunting dog [17,19,21]. However, in the present study,
considering only extra urban dogs, there was no difference in prevalence of ESBL/AmpC E.
coli between hunting and not hunting dogs. Thus, the hunting activity cannot be identified
as a risk factor in our study. In any case, the high prevalence of AMR bacteria recorded in
domestic dogs poses attention to the frequent contacts that usually occur between dogs
and humans, particularly owners living in close contacts. Indeed, domestic dogs can
play a key role as conductor or intermediary host between environment and humans,
and vice-versa. Thus, in addition to risks related to the food chain, those of AMR and of
potential antimicrobial treatment failures [25] related to companion animals, particularly
dogs, should not be underestimated.

The blaCTX-M was the most frequent (79.7%, 55/69) among AMR genes, as reported
previously [5,20]. The findings of TEM-1 (24/25) and SHV-12 (4/4) as the most frequent
variants of blaTEM and blaSHV are consistent with previous studies [26–28]. Although blaCMY
would appear not to have such a high prevalence (13.0%, 9/69), the negative effects of this
AMR gene seems to emerge. Indeed, besides the 100% of resistances to cefotaxime (69/69),
mainly induced by blaCTX-M [29], ESBL/AmpC E. coli of this study expressing blaCMY
were positively associated to resistance to FOX, F/C and T/C. This result is supported by
previous studies [29,30] showing that AmpC enzymes are not inhibited by β-lactamase
inhibitors, such as clavulanic acid. Moreover, the negative effects of blaCMY emerged also
in the increased number of antimicrobials an isolate expressing this gene was resistant to.
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The choice was to investigate these four AMR genes due to their most frequently detection
when ESBL/AmpC E. coli was isolated not only in dogs [5,17,20–22] but also in other animal
species [31–33] as well as in humans [34–36]. Concerning our study area, the only data cur-
rently available about the presence of these resistant genes in ESBL/AmpC E. coli are those
from a study on wild boar and even in that wild species blaCTX-M was the most frequently
detected with a prevalence of 12.3% (185/1504) followed by blaTEM (6.98%, 105/1504),
blaCMY (0.86%, 13/1504) and blaSHV (0.47%, 7/1504) [37]. In this regard, focusing on the
spread of AMR genes in humans, during 1990s, the most ESBLs were mutants of the classi-
cal TEM-1, -2 and SHV-1 enzymes [38] and blaTEM was the most frequent isolated among
nosocomial strains [39]. From the 2000s the blaCTX-M genes in ESBL E. coli became the domi-
nant enzymes in human populations worldwide [40] and particularly in Italy with recorded
prevalence of CTX-M-type between 19.7% (115/583) and 94% (232/247) [36,38,41–43]. The
findings of 7 ESBL/AmpC-producing E. coli resistant to ertapenem and one isolate resistant
to both ertapenem and meropenem is consistent to previous studies about E. coli and
ESBL-producing E. coli isolated from dogs’ feces [44–47]. Although to date, carbapenem-
resistances are still uncommon in non-human sources and have been recognized only
sporadically in domestic animals [44], the fact that carbapenems remain first-line agents for
treatments of ESBL/AmpC E. coli infections [48] leads to their extensive use that resulted
in increasing resistances [49]. The fact that four of these ESBL/AmpC E. coli that showed
resistance to carbapenems expressed blaCTX-M (n = 2) and blaCTX-M + blaTEM (n = 2) while
the other four carried blaCMY (n = 3) and blaCMY + blaTEM (n = 1) leads to further molecular
investigations about carbapenemase resistance genes since AmpC-producing isolates are
susceptible to carbapenems [30] and that a co-occurrence of AMR genes to cephalosporins
and carbapenems was reported [46]. In any case, this spread of carbapenemase resistance
in domestic dogs, although still limited, combined with the synanthropic role of domestic
dogs, should be kept under control and further investigations would be useful in defining
the level of spread of these bacteria in humans living in close contact in order to define
whether these recorded patterns are of animal or human origin.

4. Materials and Methods
4.1. Sampling

During 2018 and 2019, a total of 266 fecal samples were collected for research pur-
poses from as many healthy dogs of two provinces of North Eastern Italy. A convenience
sampling was carried out in collaboration with three veterinarians. Samples were con-
ferred to the Diagnostic Department of IZSLER (Istituto Zooprofilattico Sperimentale della
Lombardia e dell’Emilia Romagna) in Brescia (Italy) for the subsequent diagnostic analysis.
During sampling, anamnestic information was registered for the research purposes. For
243 individuals the age was available and dogs were grouped into age class 1 “puppies”
(≤1 year old; n = 57), age class 2 “adults” (2–10 years old; n = 161) and age class 3 “old”
(11–15 years old; n = 25). A total of 77 dogs lived in the city and frequented exclusively
urban environment (e.g., green city areas and urban parks). While a total of 189 dogs lived
in the countryside and attended extra-urban environments (agricultural and rural areas of
agro-sylvo-pastoral interest also near to small creeks). Out of the 189 extra-urban dogs, 131
were hunting dogs. None of the sampled dogs had received any antibiotic treatment in the
last six months.

4.2. Isolation and Identification of ESBL/AmpC E. coli

The identification of β-lactamase-producing E. coli was performed through a double
synergy diagnostic method. Specifically, 1 g of feces has been diluted in 9 mL (1:10
dilution) of brain heart infusion (BHI) broth supplemented with 1 mg/L cefotaxime for
a pre-enrichment phase. After an overnight incubation, a drop of the BHI broth was
used to inoculate MacConkey agar supplemented with 1 mg/L cefotaxime [49]. Positive
growths were identified as pink to dark-pink colonies (lactose +). A single bacterial colony
from each phenotype-positive sample was resuspended in 250 µL of DNase-Rnase free
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water and DNA was extracted by lysis-boiling (98 ◦C for 10 min) for further molecular
characterization. Identification of E. coli was conducted by a PCR phylogenetic group
analysis according to Clermont et al. [50].

4.3. Analysis of Resistance Genes

The detection of resistance genes was performed through a multiplex PCR using
specific primers [51] for blaCTX-M, blaTEM and blaSHV and according to Rehman et al. [52]
for blaCMY. The PCR amplification was carried out using DreamTaq Green PCR master mix
(Thermo scientific, Waltham, MA, USA). Briefly, 25 µL of reaction mix contained 12.5 µL
DreamTaq Green PCR master mix (2X), 0.25 µL (10 µM) each of forward and reverse
primers of blaTEM and blaSHV, 0.75 µL (10 µM) each of forward and reverse primers of
blaCTX-M and blaCMY, 2 µL of template DNA and 6.5 µL of nuclease-free water (NFW). The
amplification parameters were set as follows: 95 ◦C for 3 min, followed by 30 cycles at
95 ◦C for 30 s, 59 ◦C for 30 s, and 72 ◦C for 1 min, and a final extension phase of 72 ◦C
for 7 min. All amplicons found to be positive for blaTEM and blaSHV were sequenced [53].
Sequences were deposited in NCBI GenBank with accession numbers from OK037506 to
OK037530 for blaTEM and from OK037531 to OK037534 for blaSHV.

4.4. Antimicrobial Susceptibility Testing

All phenotype-positive E. coli isolates were subjected to antimicrobial susceptibility
testing. Minimum inhibitory concentrations (MICs) were determined by broth microdi-
lution using commercial plates (EUVSEC2 SensititreTM plates, Trek diagnostics, Thermo
Scientific®) (Table 6). Strains were classified as susceptible or resistant based on epidemio-
logical cut-off values (ECOFFs) recommended by the European Committee on Antimicro-
bial Susceptibility Testing (EUCAST, www.eucast.org accessed on 8 September 2021), as
described in the Decision 2013/652/EU [54,55] (Table 6).

Table 6. List of antimicrobials (EUVSEC2 SensititreTM plates), the related cut-off values (ECOFFs,
EUCAST, www.eucast.org accessed on 8 September 2021) and the range of minimum inhibitory
concentration (MIC, mg/L) according to CLSI [56].

Antimicrobial
Interpretative Thresholds of

AMR (mg/L)
ECOFF (R > mg/L) 1

Range of Concentrations
(mg/L)

(N◦ of Wells in Brackets)

Cefepime (FEP) 0.25 0.06–32 (10)
Cefotaxime (FOT) 0.25 0.25–64 (9)

Cefotaxime/clavulanic acid
(F/C) 0.25 0.06–64 (11)

Cefoxitin (FOX) 8 0.5–64 (8)
Ceftazidime (TAZ) 0.5 0.25–128 (10)

Ceftazidime/clavulanic acid
(T/C) 0.5 0.125–128 (11)

Ertapenem (ETP) 0.03 0.015–2 (8)
Imipenem (IMI) 0.5 0.12–16 (8)

Meropenem (MERO) 0.06 0.03–16 (10)
Temocillin (TRM) 16 0.5–128 (9)

1 EUCAST Clinical Breakpoint Tables. https://eucast.org/mic_distributions_and_ecoffs/, https://www.eucast.
org/mic_and_zone_distributions_and_ecoffs/new_and_revised_ecoffs/ (accessed on 8 September 2021).

4.5. Statistical Analysis

Risk factors associated to ESBL/AmpC E. coli infection in dogs were assessed through
a logistic regression model, analysing the effect of age class (1, 2 or 3) and type of fre-
quented environment (urban/extra urban) on the infection status (infected/not infected).
Additionally, on the subset of dogs that frequented extra-urban environments, differences
in ESBL/AmpC E. coli prevalence between hunting and non-hunting dogs were assessed
through a chi-square test. Through another set of logistic regressions, we analysed whether

www.eucast.org
www.eucast.org
https://eucast.org/mic_distributions_and_ecoffs/
https://www.eucast.org/mic_and_zone_distributions_and_ecoffs/new_and_revised_ecoffs/
https://www.eucast.org/mic_and_zone_distributions_and_ecoffs/new_and_revised_ecoffs/
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the same variables had any effect on the presence (present/absent) of the four resistance
genes detected by PCR in positive samples. On the positive samples, we also investigated
the association among ESBL/AmpC E. coli phylogenetic groups and the presence of the
four resistance genes by Fisher’s exact tests. Then, by a set of nine logistic regressions, we
examined the relationship between resistance to the nine antimicrobials tested by MIC
(resistant/susceptible) and the presence of the four genes, including the phylogenetic group
as a covariate. Firth’s penalized maximum likelihood estimation method was applied to
reduce the bias for rare events.

Variation in the number of antimicrobials each isolate was resistant to (i.e., from 0
to 9) was analysed through a Poisson regression, including phylogenetic group and the
presence of the four genes as explanatory variables. Finally, we examined the effect of these
same variables on multidrug resistance (MDR), according to the definition reported by
Sweeney et al. [57].

All the analyses were carried out using SAS/STAT 9.4 software (Copyright © 2021,
SAS Institute Inc., Cary, NC, USA).

5. Conclusions

The high prevalence of ESBL/AmpC-producing E. coli recorded in this study shows
the role that domestic dogs may play in maintaining and transmitting these infections, even
potentially to close-contact humans. Natural environments represent a risk factor for the
spread of ESBL/AmpC-producing E. coli strains likely because they can act as “collectors
of species” being frequented by many domestic and wild animals that can contribute to the
cycle and the spread of these strains.

In addition to the high resistance to third and fourth generation cephalosporins,
in a few isolates resistance to carbapenems has also been found and this point leads to
new studies. Indeed, both ESBL/AmpC- and carbapenemase-producing E. coli should be
further monitored, mostly in dogs that live in such close contact with humans. On one
hand, molecular analysis of AMR genes should include carbapenemases genes in order to
assess their spread and the potential relation to the recorded microbiological resistances of
strains. On the other hand, given the recorded molecular and microbiological resistances,
the study should carry on including information about the use of antimicrobials in small
domestic animals in order to evaluate the potential relations between antimicrobials used
and the onset/occurrence of resistances or their modifications during time.
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21. Aslantaş, Ö.; Yilmaz, E.Ş. Prevalence and molecular characterization of extended-spectrum β-lactamase (ESBL) and
plasmidicAmpCb-lactamase (pAmpC) producing Escherichia coli in dogs. J. Vet. Med. Sci. 2017, 79, 1024–1030. [CrossRef]

22. Van den Bunt, G.; Fluit, A.C.; Spaninks, M.P.; Timmerman, A.J.; Geurts, Y.; Kant, A.; Scharringa, J.; Mevius, D.; Wagenaar, J.A.;
Bonten, M.J.M.; et al. Faecal carriage, risk factors, acquisition and persistence of ESBL-producing Enterobacteriaceae in dogs and
cats and co-carriage with humans belonging to the same household. J. Antimicrob. Chemother. 2020, 75, 342–350. [CrossRef]

23. Torres, R.T.; Fernandes, J.; Carvalho, J.; Cunha, M.V.; Caetano, T.; Mendo, S.; Serrano, E.; Fonseca, C. Wild boar as a reservoir of
antimicrobial resistance. Sci. Total. Environ. 2020, 717, 135001. [CrossRef]

http://doi.org/10.1002/mbo3.945
http://doi.org/10.3390/ijms17050603
http://www.ncbi.nlm.nih.gov/pubmed/27153059
http://doi.org/10.3402/iee.v6.31514
http://www.ncbi.nlm.nih.gov/pubmed/27330043
http://doi.org/10.1016/j.diagmicrobio.2005.10.001
http://doi.org/10.1136/vr.101978
http://www.ncbi.nlm.nih.gov/pubmed/24943100
http://doi.org/10.1016/j.plasmid.2018.09.001
http://doi.org/10.3390/ijerph15061284
http://doi.org/10.1016/j.vetmic.2017.09.014
http://doi.org/10.1017/S0950268818003278
http://doi.org/10.1128/JCM.01581-09
http://doi.org/10.1089/mdr.2009.0125
http://www.ncbi.nlm.nih.gov/pubmed/20192822
http://doi.org/10.1111/jvim.13571
http://www.ncbi.nlm.nih.gov/pubmed/26133165
http://doi.org/10.1556/030.63.2016.021
http://www.ncbi.nlm.nih.gov/pubmed/27976593
http://doi.org/10.1093/jac/dky352
http://doi.org/10.3390/antibiotics10040454
http://doi.org/10.1093/jac/dkm269
http://doi.org/10.1016/j.vetmic.2016.11.017
http://doi.org/10.1016/j.prevetmed.2015.01.013
http://doi.org/10.3390/antibiotics10050510
http://doi.org/10.1292/jvms.16-0432
http://doi.org/10.1093/jac/dkz462
http://doi.org/10.1016/j.scitotenv.2019.135001


Antibiotics 2021, 10, 1251 10 of 11

24. Graham, D.W.; Bergeron, G.; Bourassa, M.W.; Dickson, J.; Gomes, F.; Howe, A.; Kahn, L.H.; Morley, P.S.; Scott, H.M.; Simjee, S.;
et al. Complexities in understanding antimicrobial resistance across domesticated animal, human, and environmental systems.
Ann. N. Y. Acad. Sci. 2019, 1441, 17–30. [CrossRef]

25. Li, Y.; Fernández, R.; Durán, I.; Molina-López, R.A.; Darwich, L. Antimicrobial Resistance in Bacteria Isolated from Cats and Dogs
from the Iberian Peninsula. Front. Microbiol. 2021, 11, 621597. [CrossRef]

26. Stolle, I.; Prenger-Berninghoff, E.; Stamm, I.; Scheufen, S.; Hassdenteufel, E.; Guenther, S.; Bethe, A.; Pfeifer, Y.; Ewers, C.
Emergence of OXA-48 carbapenemase-producing Escherichia coli and Klebsiella pneumoniae in dogs. J. Antimicrob. Chemother.
2013, 68, 2802–2808. [CrossRef]

27. Rzewuska, M.; Stefanska, I.; Kizerwetter-Swida, M.; Chrobak-Cmiel, D.; Szczygielska, P.; Lesniak, M.; Binek, M. Characterization
of extended-spectrum-beta-lactamases produced by Escherichia coli strains isolated from dogs in Poland. Pol. J. Microbiol. 2015, 64,
285–288. [CrossRef]

28. Baede, V.O.; Wagenaar, J.A.; Broens, E.M.; Duim, B.; Dohmen, W.; Nijsse, R.; Timmerman, A.J.; Hordijk, J. Longitudinal Study of
Extended-Spectrum-β-Lactamase- and AmpC-Producing Enterobacteriaceae in Household Dogs. Antimicrob. Agents Chemother.
2015, 59, 3117–3124. [CrossRef]

29. Phan, M.-D.; Peters, K.M.; Sarkar, S.; Forde, B.M.; Lo, A.W.; Stanton-Cook, M.; Roberts, L.W.; Upton, M.; Beatson, S.A.; Schembri,
M.A. Third-generation cephalosporin resistance conferred by a chromosomally encoded blaCMY-23 gene in the Escherichia coli
ST131 reference strain EC958. J. Antimicrob. Chemother. 2015, 70, 1969–1972. [CrossRef]

30. Manageiro, V.; Ferreira, E.; Pinto, M.; Fonseca, F.; Ferreira, M.; Bonnet, R.; Caniça, M. Two novel CMY-2-type β-lactamases
encountered in clinical Escherichia coli isolates. Ann. Clin. Microbiol. Antimicrob. 2015, 14, 12. [CrossRef]

31. Aguirre, L.; Vidal, A.; Seminati, C.; Tello, M.; Redondo, N.; Darwich, L.; Martín, M. Antimicrobial resistance profile and prevalence
of extended-spectrum beta-lactamases (ESBL), AmpC beta-lactamases and colistin resistance (mcr) genes in Escherichia coli from
swine between 1999 and 2018. Porc. Health Manag. 2020, 6, 8. [CrossRef]

32. Athanasakopoulou, Z.; Reinicke, M.; Diezel, C.; Sofia, M.; Chatzopoulos, D.; Braun, S.; Reissig, A.; Spyrou, V.; Monecke, S.;
Ehricht, R.; et al. Antimicrobial Resistance Genes in ESBL-Producing Escherichia coli Isolates from Animals in Greece. Antibiotics
2021, 10, 389. [CrossRef]

33. Ghodousi, A.; Bonura, C.; Di Noto, A.M.; Mammina, C. Extended-Spectrum ß-Lactamase, AmpC-Producing, and Fluoroquinolone-
Resistant Escherichia coli in Retail Broiler Chicken Meat, Italy. Foodborne Pathog. Dis. 2015, 12, 619–625. [CrossRef]

34. Dorado-García, A.; Smid, J.H.; Van Pelt, W.; Bonten, M.J.M.; Fluit, A.C.; Bunt, G.V.D.; AWagenaar, J.; Hordijk, J.; Dierikx, C.M.;
Veldman, K.T.; et al. Molecular relatedness of ESBL/AmpC-producing Escherichia coli from humans, animals, food and the
environment: A pooled analysis. J. Antimicrob. Chemother. 2018, 73, 339–347. [CrossRef]

35. Ramos, S.; Silva, V.; Dapkevicius, M.D.L.E.; Caniça, M.; Tejedor-Junco, M.T.; Igrejas, G.; Poeta, P. Escherichia coli as Commensal and
Pathogenic Bacteria among Food-Producing Animals: Health Implications of Extended Spectrum β-lactamse (ESBL) Production.
Animals 2020, 10, 2239. [CrossRef]

36. Carattoli, A.; García-Fernández, A.; Varesi, P.; Fortini, D.; Gerardi, S.; Penni, A.; Mancini, C.; Giordano, A. Molecular Epidemiology
of Escherichia coli Producing Extended-Spectrum β-Lactamases Isolated in Rome, Italy. J. Clin. Microbiol. 2008, 46, 103–108.
[CrossRef]

37. Adam, A.M.; Altalhi, T.A.; El-Megharbel, S.M.; Saad, H.A.; Refat, M.S. Using a Modified Polyamidoamine Fluorescent Dendrimer
for Capturing Environment Polluting Metal Ions Zn2+, Cd2+, and Hg2+: Synthesis and Characterizations. Crystals 2021, 11, 92.
[CrossRef]

38. Livermore, D.M.; Canton, R.; Gniadkowski, M.; Nordmann, P.; Rossolini, G.M.; Arlet, G.; Ayala, J.; Coque, T.M.; Kern-Zdanowicz,
I.; Luzzaro, F.; et al. CTX-M: Changing the face of ESBLs in Europe. J. Antimicrob. Chemother. 2006, 59, 165–174. [CrossRef]

39. Mrowiec, P.; Klesiewicz, K.; Małek, M.; Skiba-Kurek, I.; Sowa-Sierant, I.; Skałkowska, M.; Budak, A.; Karczewska, E. Antimicrobial
susceptibility and prevalence of extended-spectrum beta-lactamases in clinical strains of Klebsiella pneumoniae isolated from
pediatric and adult patients of two Polish hospitals. New Microbiol. 2019, 42, 197–204.

40. González, D.; Gallagher, E.; Zúñiga, T.; Leiva, J.; Vitas, A.I. Prevalence and characterization of β-lactamase-producing Enterobac-
teriaceae in healthy human carriers. Int. Microbiol. 2020, 23, 171–177. [CrossRef]

41. Bailey, J.; Pinyon, J.; Anantham, S.; Hall, R.M. Distribution of the blaTEM gene and blaTEM-containing transposons in commensal
Escherichia coli. J. Antimicrob. Chemother. 2011, 66, 745–751. [CrossRef] [PubMed]

42. Mugnaioli, C.; Luzzaro, F.; De Luca, F.; Brigante, G.; Perilli, M.; Amicosante, G.; Stefani, S.; Toniolo, A.; Rossolini, G.M. CTX-M-
Type Extended-Spectrum β-Lactamases in Italy: Molecular Epidemiology of an Emerging Countrywide Problem. Antimicrob.
Agents Chemother. 2006, 50, 2700–2706. [CrossRef] [PubMed]

43. Giufrè, M.; Ricchizzi, E.; Accogli, M.; Barbanti, F.; Monaco, M.; de Araujo, F.P.; Farina, C.; Fazii, P.; Mattei, R.; Sarti, M.; et al.
Colonization by multidrug-resistant organisms in long-term care facilities in Italy: A point-prevalence study. Clin. Microbiol.
Infect. 2017, 23, 961–967. [CrossRef] [PubMed]

44. Melo, L.C.; Boisson, M.N.G.; Saras, E.; Médaille, C.; Boulouis, H.-J.; Madec, J.-Y.; Haenni, M. OXA-48-producing ST372 Escherichia
coli in a French dog. J. Antimicrob. Chemother. 2017, 72, 1256–1258.

45. Valat, C.; Drapeau, A.; Beurlet, S.; Bachy, V.; Boulouis, H.-J.; Pin, R.; Cazeau, G.; Madec, J.-Y.; Haenni, M. Pathogenic Escherichia
coli in Dogs Reveals the Predominance of ST372 and the Human-Associated ST73 Extra-Intestinal Lineages. Front. Microbiol. 2020,
11, 580. [CrossRef]

http://doi.org/10.1111/nyas.14036
http://doi.org/10.3389/fmicb.2020.621597
http://doi.org/10.1093/jac/dkt259
http://doi.org/10.5604/01.3001.0009.2124
http://doi.org/10.1128/AAC.04576-14
http://doi.org/10.1093/jac/dkv066
http://doi.org/10.1186/s12941-015-0070-8
http://doi.org/10.1186/s40813-020-00146-2
http://doi.org/10.3390/antibiotics10040389
http://doi.org/10.1089/fpd.2015.1936
http://doi.org/10.1093/jac/dkx397
http://doi.org/10.3390/ani10122239
http://doi.org/10.1128/JCM.01542-07
http://doi.org/10.3390/cryst11020092
http://doi.org/10.1093/jac/dkl483
http://doi.org/10.1007/s10123-019-00087-z
http://doi.org/10.1093/jac/dkq529
http://www.ncbi.nlm.nih.gov/pubmed/21393132
http://doi.org/10.1128/AAC.00068-06
http://www.ncbi.nlm.nih.gov/pubmed/16870761
http://doi.org/10.1016/j.cmi.2017.04.006
http://www.ncbi.nlm.nih.gov/pubmed/28412380
http://doi.org/10.3389/fmicb.2020.00580


Antibiotics 2021, 10, 1251 11 of 11

46. Hong, J.S.; Song, W.; Jeong, S.H. Molecular Characteristics of NDM-5-Producing Escherichia coli from a Cat and a Dog in South
Korea. Microb. Drug Resist. 2020, 26, 1005–1008. [CrossRef]

47. Sotgiu, G.; Are, B.; Pesapane, L.; Palmieri, A.; Muresu, N.; Cossu, A.; Dettori, M.; Azara, A.; Mura, I.; Cocuzza, C.; et al. Nosocomial
transmission of carbapenem-resistant Klebsiella pneumoniae in an Italian university hospital: A molecular epidemiological study.
J. Hosp. Infect. 2018, 99, 413–418. [CrossRef]

48. Isler, B.; Ezure, Y.; Romero, J.L.G.-F.; Harris, P.; Stewart, A.G.; Paterson, D.L. Is Ceftazidime/Avibactam an Option for Serious
Infections Due to Extended-Spectrum-β-Lactamase- and AmpC-Producing Enterobacterales ?: A Systematic Review and Meta-
analysis. Antimicrob. Agents Chemother. 2020, 65, 01052-20. [CrossRef]

49. Van Damme, I.; Garcia-Graells, C.; Biasino, W.; Gowda, T.; Botteldoorn, N.; De Zutter, L. High abundance and diversity of
extended-spectrum beta-lactamase (ESBL)-producing Escherichia coli in faeces and tonsils of pigs at slaughter. Vet. Microbiol. 2017,
208, 190–194. [CrossRef]

50. Clermont, O.; Christenson, J.K.; Denamur, E.; Gordon, D.M. The Clermont Escherichia coli phylo-typing method revisited:
Improvement of specificity and detection of new phylo-groups. Environ. Microbiol. Rep. 2013, 5, 58–65. [CrossRef]

51. Fang, H.; Ataker, F.; Hedin, G.; Dornbusch, K. Molecular epidemiology of extended-spectrum beta-lactamases among Escherichia
coli isolates collected in a Swedish hospital and its associated health care facilities from 2001 to 2006. J. Clin. Microbiol. 2008, 46,
707–712. [CrossRef] [PubMed]

52. Rehman, M.; Hasted, T.-L.; Persaud-Lachhman, M.G.; Yin, X.; Carrillo, C.; Diarra, M.S. Genome Analysis and Multiplex PCR
Method for the Molecular Detection of Coresistance to Cephalosporins and Fosfomycin in Salmonella enterica Serovar Heidelberg.
J. Food Prot. 2019, 82, 1938–1949. [CrossRef] [PubMed]

53. Baldo, V.; Salogni, C.; Giovannini, S.; D’Incau, M.; Boniotti, M.B.; Birbes, L.; Pitozzi, A.; Formenti, N.; Grassi, A.; Pasquali, P.; et al.
Pathogenicity of Shiga Toxin Type 2e Escherichia coli in Pig Colibacillosis. Front. Vet. Sci. 2020, 7, 545818. [CrossRef] [PubMed]

54. Mo, S.S.; Urdahl, A.M.; Madslien, K.; Sunde, M.; Nesse, L.L.; Slettemeås, J.S.; Norström, M. What does the fox say? Monitoring
antimicrobial resistance in the environment using wild red foxes as an indicator. PLoS ONE 2018, 13, e0198019. [CrossRef]

55. Garcia-Graells, C.; Berbers, B.; Verhaegen, B.; Vanneste, K.; Marchal, K.; Roosens, N.H.; Botteldoorn, N.; De Keersmaecker, S.C.
First detection of a plasmid located carbapenem resistant blaVIM-1 gene in E. coli isolated from meat products at retail in Belgium
in 2015. Int. J. Food Microbiol. 2020, 324, 108624. [CrossRef]

56. Clinical and Laboratory Standards Institute (CLSI). CLSI supplement M100-S29. In Performance Standards for Antimicrobial
Susceptibility Testing, 29th ed.; CLSI: Wayne, PA, USA, 2019.

57. Sweeney, M.T.; Lubbers, B.V.; Schwarz, S.; Watts, J.L. Applying definitions for multidrug resistance, extensive drug resistance and
pandrug resistance to clinically significant livestock and companion animal bacterial pathogens. J. Antimicrob. Chemother. 2018,
73, 1460–1463. [CrossRef]

http://doi.org/10.1089/mdr.2019.0382
http://doi.org/10.1016/j.jhin.2018.03.033
http://doi.org/10.1128/AAC.01052-20
http://doi.org/10.1016/j.vetmic.2017.08.009
http://doi.org/10.1111/1758-2229.12019
http://doi.org/10.1128/JCM.01943-07
http://www.ncbi.nlm.nih.gov/pubmed/18094139
http://doi.org/10.4315/0362-028X.JFP-19-205
http://www.ncbi.nlm.nih.gov/pubmed/31633426
http://doi.org/10.3389/fvets.2020.545818
http://www.ncbi.nlm.nih.gov/pubmed/33062659
http://doi.org/10.1371/journal.pone.0198019
http://doi.org/10.1016/j.ijfoodmicro.2020.108624
http://doi.org/10.1093/jac/dky043

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Sampling 
	Isolation and Identification of ESBL/AmpC E. coli 
	Analysis of Resistance Genes 
	Antimicrobial Susceptibility Testing 
	Statistical Analysis 

	Conclusions 
	References

