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Abstract

:

The dissemination of antimicrobial-resistance is a major global threat affecting both human and animal health. Carbapenems are human use β-lactams of last resort; thus. the dissemination of carbapenemase-producing (CP) bacteria creates severe limitations for the treatment of multidrug-resistant bacteria in hospitalized patients. Even though carbapenems are not routinely used in veterinary medicine, reports of infection or colonization by carbapenemase-producing Enterobacterales in companion animals are being reported. NDM-5 and OXA-48-like carbapenemases are among the most frequently reported in companion animals. Like in humans, Escherichia coli and Klebsiella pneumoniae are the most represented CP Enterobacterales found in companion animals, alongside with Acinetobacter baumannii. Considering that the detection of carbapenemase-producing Enterobacterales presents several difficulties, misdiagnosis of CP bacteria in companion animals may lead to important animal and public-health consequences. It is of the upmost importance to ensure an adequate monitoring and detection of CP bacteria in veterinary microbiology in order to safeguard animal health and minimise its dissemination to humans and the environment. This review encompasses an overview of the carbapenemase detection methods currently available, aiming to guide veterinary microbiologists on the best practices to improve its detection for clinical or research purposes.
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1. Introduction


Carbapenems are β-lactam antibiotics with broad antimicrobial spectrum. With the emergence of Extended Spectrum β-lactamases (ESBLs), carbapenems became the antibiotics of last resort for treatment of human patients with ESBL-producing Enterobacterales infections [1]. Although carbapenems are not hydrolysed by most β-lactamases, their effectiveness was seriously compromised by the emergency of carbapenem-hydrolysing enzymes, the carbapenemases [1,2]. The most important carbapenemases belong to three different Amber classes [2]: (i) class A, including the KPC, IMI/NMC, SFC, GES type enzymes [1,2]; (ii) class B, including VIM, IMP, and NDM metallo-β-lactamases (MBL) [3]; and (iii) class D, including OXA-48-like type enzymes [4].



Regulation on the use of carbapenems in animals varies worldwide and they do not belong to the OIE List of Antimicrobial Agents of Veterinary Importance [5]. According to the European Medicine Agency categorization of antibiotics for animal use, carbapenems are included in category A (“Avoid”), meaning they are not authorized for use in veterinary medicine in the European Union (EU), except in exceptional clinical cases in companion animals, under the cascade according to Article 112 of the veterinary medicinal products Regulation 2019 of the European Union Legislation [6]. Reports of carbapenemase-producing (CP) and carbapenem-resistant Enterobacterales (CRE) detection among companion animals are emerging worldwide (Table 1). The identification of CP bacteria in companion animals, which have significant direct contact with humans, has raised public health concern as animals may constitute an important reservoir of carbapenems resistance genes and contribute to its dissemination [7]. Very recently, the building of an European Antimicrobial Resistance Surveillance network in veterinary medicine (EARS-Vet) has been reported [8]. However, carbapenem resistance epidemiology remains quite unknow, as, unlike in human medicine, no global surveillance protocol is currently in place for companion animal veterinary medicine. Furthermore, the detection of CP bacteria relying on antimicrobial susceptibility testing alone (AST) presents several pitfalls leading to its possible miss detection in veterinary medicine. Appropriate monitoring and detection of antimicrobial resistance against these critically important antimicrobials in veterinary medicine is of the utmost importance to avoid treatment failure and prevent its dissemination to humans and the environment. However, there is a lack of recommendations directed specifically to the veterinary medicine needs in the published literature.



In this review, an updated overview of the current methods available for the detection of CP bacteria directed at veterinary medicine will be made aiming to guide veterinary microbiologists on the best practices to improve carbapenemase detection for clinical AST reports or even research purposes.




2. Carbapenemase-Producing Bacteria in Companion Animals


To our best knowledge, more than 25 reports of CP bacteria in dogs and cats have been published worldwide. These include, both infection and colonization CP isolates harbouring KPC, VIM, IMP, NDM, or OXA β-lactamases (Table 1).



Briefly, three studies detected KPC-producing Escherichia coli and Klebsiella pneumoniae from dogs in Brazil and in Enterobacter xiangfangensis from a dog in the United States [9,10,11]. A IMP-4-enzyme in Salmonella isolates was recovered from a cat’s faecal samples in Australia [12], VIM-2 in Pseudomonas aeruginosa from dogs with pyoderma and otitis in South Korea [13] and VIM-1 in K. pneumoniae from dogs in Spain [14]. A number of NDM-5-producing E. coli have been found in dogs and cats [15,16,17,18,19,20,21,22], one NDM-1-producing Acinetobacter radioresistens was detected in a dog, six NDM-1-producing E. coli from dogs and cats in the United States, two NDM-1-producing E. coli from a dog in China, and finally one NDM-9 from a farm dog in China [23,24,25]. Several OXA-48-like carbapenemase-producing E. coli, K. pneumoniae, Klebsiella oxytoca, and Enterobacter cloacae isolates were recovered from dogs, cats, and horses, representing one of the most frequent carbapenemases detected in companion animals alongside with NDM-5 (Table 1) [17,26,27,28,29,30,31,32]. In addition, OXA-23- and OXA-66-producing Acinetobacter baumannii were isolated from clinical samples from dogs and cats [23,33,34].



Interestingly, although the detection of CP bacteria in companion animals dates to at least 2009, detection methods vary widely between studies, with the use of selective culture media being the most frequent for the detection of commensal CP isolates, while antimicrobial susceptibility testing alone (AST) is the main method used for the detection of CP isolates in infection cases (Table 1). Another important finding is that most CP bacterial species isolated from companion animals belong to the priority 1 (“critical”) category within the WHO priority pathogens list [35], thus highlighting the importance of properly monitoring and effectively detecting these carbapenem resistance mechanisms in companion animals.
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Table 1. Carbapenemases found in companion animals across the world.






Table 1. Carbapenemases found in companion animals across the world.





	Enzyme
	Year
	Country
	Host
	Source
	Bacterial Species
	Detection Methods
	Refs.





	IMP-4
	2016
	Australia
	Cats
	Commensal
	Salmonella

enterica

serovar

Typhimurium
	AST
	[12]



	KPC-2
	2018
	Brazil
	Dog
	Infection

(UTI)
	Escherichia coli
	Imipenem synergy test, modified Hodge testing, PCR
	[9]



	KPC-2
	2021
	Brazil
	Dog
	Infection

(UTI)
	Klebsiella

pneumoniae
	Imipenem synergy test, AST
	[10]



	KPC-4
	2018
	USA
	Dog
	Infection

(UTI, SSTI)
	Enterobacter xiangfangensis
	Biochemical Tests
	[11]



	NDM-1
	2013
	United States
	Dogs,

Cats
	Infection

(SSTI, UTI)
	Escherichia coli
	AST
	[24]



	NDM-1
	2017
	China
	Dogs
	Commensal
	Escherichia coli
	Selective culture media
	[16,25]



	NDM−1
	2018
	Italy
	Dog
	Commensal
	Acinetobacter

radioresistens
	Selective culture media
	[23]



	NDM-5
	2016
	Algeria
	Dogs
	Commensal
	Escherichia coli
	PCR
	[17]



	NDM-5
	2017
	China
	Dogs
	Commensal
	Escherichia coli
	Selective culture media
	[16]



	NDM-5
	2019
	United Kingdom
	Dog
	Infection

(SSTI)
	Escherichia coli
	AST
	[19]



	NDM-5
	2018
	Finland
	Dogs
	Infection

(Otitis externa)
	Escherichia coli
	AST followed by

modified Hodge testing, UV spectrometric

detection of imipenem hydrolysis
	[18]



	NDM-5
	2021
	Italy
	Dog
	Infection

(UTI)
	Escherichia coli
	Meropenem synergy test
	[15]



	NDM-5
	2018
	United States
	Dog
	Infection

(URTI)
	Escherichia coli
	AST
	[20]



	NDM-5
	2018
	United States
	Dogs,

Cats
	Infection

(UTI, URTI)
	Escherichia coli
	AST
	[22]



	NDM-5
	2018
	South Korea
	Dog,

Cat
	Commensal
	Escherichia coli
	AST, PCR
	[21]



	NDM-9
	2017
	China
	Dog
	Commensal
	Escherichia coli
	Selective culture media
	[16]



	OXA-48
	2009–2010
	Germany
	Dogs,

Cats,

Horses
	Infection
	Escherichia coli, Klebsiella

pneumoniae,

Enterobacter

cloacae
	Selective culture media for cephalosporin resistance,

PCR
	[36]



	OXA-48
	2013
	Germany
	Dog
	Commensal,

Infection

(UTI, SSTI, URTI, CRBSI)
	Klebsiella

pneumoniae,

Escherichia coli
	AST
	[29]



	OXA-48
	2016
	United States
	Dogs,

Cats
	Infection

(UTI, SSTI, Genital tract)
	Escherichia coli
	AST
	[31]



	OXA-48
	2016
	Algeria
	Dogs
	Commensal
	Escherichia coli
	PCR
	[17]



	OXA-48
	2017
	Algeria
	Dogs,

Cat,

Horses,

Pet birds
	Commensal
	Enterobacter

cloacae,

Escherichia coli, Klebsiella

pneumoniae
	Selective culture media
	[32]



	OXA-48
	2017
	France
	Dog
	Commensal
	Escherichia coli
	Selective culture media
	[30]



	OXA-48
	2018
	Germany
	Dogs,

Cats,

Horses
	Infection

(UTI, SSTI, genital tract, otitis, URTI)
	Klebsiella

pneumoniae,

Enterobacter

cloacae,

Escherichia coli, Klebsiella oxytoca
	Selective culture media
	[28]



	OXA-181
	2018
	Switzerland
	Dogs,

Cats
	Commensal
	Escherichia coli
	Selective culture media
	[26]



	OXA-181
	2020
	Portugal
	Dog
	Commensal
	Escherichia coli
	Selective culture media and AST
	[27]



	OXA-181
	2021
	Portugal
	Cat
	Infection

(SSTI)
	Klebsiella

pneumoniae
	Selective culture media and AST
	[37]



	OXA-23
	2014
	Portugal
	Cat
	Infection

(UTI)
	Acinetobacter

baumannii
	AST
	[33]



	OXA-23
	2017
	Germany
	Dogs,

Cats
	Infection

(UTI, suppurate inflammation)
	Acinetobacter

baumannii
	Selective culture media
	[34]



	OXA−23
	2018
	Italy
	Dogs,

Cats
	Commensal
	Acinetobacter

baumanni
	Selective culture media
	[23]



	OXA-66
	2017
	Germany
	Dogs,

Cats
	Infection

(UTI, SSTI, URTI, CRBSI, suppurate inflammation)
	Acinetobacter

baumannii
	Selective culture media
	[34]



	VIM-1
	2016
	Spain
	Dog
	Commensal
	Klebsiella

pneumoniae
	Selective culture media, Meropenem synergy test
	[14]



	VIM-2
	2018
	South Korea
	Dog
	Infection

(SSTI)
	Pseudomonas

aeruginosa
	AST
	[13]







AST, antimicrobial susceptibility testing; CRBSI, catheter-related bloodstream infection; SSTI, skin soft tissue infection; URTI, upper respiratory tract infections; UTI, urinary tract infection.












3. Phenotypic Characteristics of Carbapenemases and Their Genetic Background in Isolates from Companion Animals


The β-lactam resistance phenotype of CP isolates can vary depending on the type of carbapenemase and its hydrolysing activity (Table 2).



3.1. Serine Carbapenemases


Serine carbapenemases of molecular (Ambler) class A corresponds to the KPC, IMI/NMC, SFC, and GES enzymes that have a hydrolytic mechanism involving an active site serine at position 70 (Ambler numbering of class A β-lactamases), conferring resistance to first-, second-, and third-generation cephalosporins, imipenem, and meropenem [2].



Class A carbapenemases have been rarely detected in companion animals, the KPC enzyme being the only one reported until now from dogs with UTI and SSTI (Table 1). In K. pneumoniae and E. coli from dogs, the blaKPC-2 gene was found in Tn4401 transposons contained in IncN plasmids [9,10] and the blaKPC-4 gene was detected in an IncHI2 plasmid in the context of Tn4401b transposon in E. xiangfangensis isolated from a dog’s clinical samples [11].




3.2. Metallo-β-Lactamases


Class B carbapenemases have a critical clinical significance due to their ability to hydrolyse all β-lactams (Table 2) [3,40]. So far, more than 50 allelic β-lactamase-conferring imipenem resistance (IMP) variants are listed at GenBank DNA sequence database. However, only IMP-4 has been reported among companion animals, namely, cats, in Salmonella enterica serovar Typhimurium (Table 1) [12]. The IMP-4 coding gene was located on a gene cassette (blaIMP-4-qacG-aacA4-catB3) in a class 1 integron, associated with a conjugative plasmid IncHI2, also carrying other resistance genes, such as tetA (mediating resistance to tetracycline), aac (resistance to aminoglycosides), cat (chloramphenicol resistance), sul (sulphonamide resistance), blaOXA (different serine oxacillinases), and blaTEM-1 (narrow-spectrum β-lactamases) [12].



Verona Integron-encoded Metallo-β-Lactamase (VIM) enzymes are the second most common Class B carbapenemase detected in companion animals (Table 1). VIM-1 and VIM-2 were described in K. pneumoniae and P. aeruginosa isolates from dogs, respectively; both located in class 1 integrons incorporated on untyped plasmids [13,14].



The blaNDM genes pose a serious public health concern, since most common plasmids associated with its spread often have various antibiotic resistance genes resulting in multidrug resistance phenotypes [18,19,41]. Until now, 28 variants have been described, with resistance against all β-lactams expect monobactams [42]. In companion animals only NDM-1 and NDM-5 have been described so far (Table 1), the latter being more frequent. For one metallo-β-lactamase NDM-1, the encoding gene was located in a transposon Tn125 (composed of blaNDM-1-bleMBL-trpF-TAT-cutA1-groES-groEL-insE-Δpac genes between a pair of ISAba125), integrated in the chromosome of an A. radioresistens isolated from a dog in Italy [23]. This Tn125 transposon usually encompasses blaNDM genes with two flanking ISAba125 elements, and in companion animals it was also found in blaNDM-5 carrying strains [16,23]. A NDM-1-producing E. coli isolate harboured blaNDM-1 in another genetic region, which was not flanked by ISAba125 elements downstream of the resistance gene [25]. NDM-5 metallo-β-lactamase differs from NDM-1 by four amino acids and has been found in the chromosome of an integrated IncF plasmid, from an E .coli isolate causing skin and soft tissue infection on a dog in the United Kingdom [19]. In the United States, the blaNDM-5-encoding gene has been found on IncFII-type plasmids [20,22], whereas in South Korea it was described in an IncX3-type plasmid [21] with the surrounding genetic environment of ISAba125-blaNDM-5-bleMBL-trpF-TAT-ISCR26.




3.3. Oxacillinases


The class D, carbapenem-hydrolysing OXA-48 and its variants, namely, OXA-181, are one of the most common in veterinary settings (Table 1). The OXA-181 variant weakly hydrolyses both carbapenem and extended-spectrum cephalosporins and differs from OXA-48 at four amino acid substitution, yet its kinetic properties appear broadly similar to OXA-48 [43,44,45]. These enzymes can be associated more with different β-lactam hydrolysis profiles than the other serine-metallo-β-lactamases, making its accurate detection difficult. By possibly being susceptible in vitro to meropenem and imipenem (Table 2), two widely used surrogates to identify carbapenem resistance in clinical microbiology, carbapenem-resistant bacteria harbouring OXA-48-like carbapenemases may easily be misdiagnosed as ESBL-producers, which may lead to treatment failure. OXA-48-coding genes in CP isolates have been associated with no other resistance genes; or with extended-spectrum β-lactamases coding genes, thus conferring either low or high MIC against carbapenems [46]. High-level resistance to carbapenems has also been observed [31] that may be associated with the combination of these carbapenemases with outer membrane lack of permeability [47]. Importantly, regardless of the carbapenem susceptibility profile detected in vitro, carbapenem therapy is not reliable against OXA-48-like-producing bacteria [45].



In companion animals, the blaOXA-48 gene has been commonly observed on pOXA-48a plasmid, a self-conjugative IncL/M plasmid [28,29,30]. This plasmid has a high conjugation rate, therefore, it can be transferred at a very high frequency across Gram-negative bacteria [41,48]. Flanking the blaOXA-48 gene is the Tn1999 composite transposon, which cooperates in mobilizing pOXA-48a or closely related plasmids [44,48].



The blaOXA-181 gene was found to be part of the transposon Tn2013, inserted at the downstream region of ISEcp1, which is a very efficient genetic vehicle for spreading ESBL genes, namely, the blaCTX-M-15 gene [49]. The blaOXA-181 gene has been frequently identified in IncX3 plasmids [26,27].



The frequency of OXA-48-like-producing bacteria in companion animals (Table 1) and its frequent association with mobile genetic determinants that facilitate its dissemination, highlight the importance of monitoring this resistance mechanism in companion animals. Furthermore, the possible misdiagnosis of OXA-48-like-producing bacteria when using meropenem and imipenem as surrogates may lead to underestimating its frequency and the epidemiological role of companion animals as reservoirs.



The blaOXA-23 gene has been reported coming from A. baumannii isolates (Table 1). This gene is often located on transposon Tn2006, but has also been identified in transposon Tn2008 in animals isolates [23,34]. The blaOXA-23 is usually flanked between ISAba1 insertion sequences, known to promote the expression of blaOXA-23 and blaOXA-51-like genes in A. baumannii for an elevated level sufficient to display carbapenem resistance [23,50]. In addition to carbapenems, the OXA-23 enzymes can hydrolyse cephalosporins, aminopenicillins, piperacillin, oxacillin, and aztreonam (Table 2) [4].





4. Methods for Detection and Identification of Carbapenemases


Detection of CP bacteria has proven to be a difficult task, as it cannot solely be based on the resistance profile observed during AST [51]. Usually, an elevated MIC against a carbapenem is a marker for testing for carbapenemase production. However, some CP isolates have low carbapenem MICs, being susceptible according to EUCAST and CLSI guidelines, such as OXA-type carbapenem-hydrolysing class D β-lactamases [26,27,29,30].



For such reason, it is important for veterinary diagnostic laboratories to employ specific tests to correctly identify CP bacteria during routine microbiology procedures. The accurate detection of carbapenem resistance is key to improve animal health; and to minimize its dissemination to humans and the environment. A variety of methodologies and tests are available for this purpose, which vary in its practicality and in the technical expertise required.



4.1. Selective Culture Media


Several different selective culture media are available for the detection of CP isolates. The most common ones are: SUPERCARBA Medium (CHROMagar™, Paris, France); CRE Agar (Brilliance™ Oxoid, Thermofisher Scientific Illkirch, Dardilly, France); ChromID CARBA Smart (Biomerieux, Marcy l’Etoile, France) and CHROMagar™ KPC/OXA-48 (CHROMagar™) (Table 3) [52,53,54]. All these culture media have chromogenic molecules in their composition, allowing for a rapid presumptive species identification after overnight incubation. Several studies have been conducted, comparing and evaluating the performance of these selective culture media. The SUPERCARBA medium seems to have the higher sensitivity of all, ranging from 95.6% to 96.5%, with 100% sensitivity for KPC and OXA-48 producers [55,56]. However, its specificity decreases to 60.7%, as it also detects non-carbapenemase isolates that are carbapenem-resistant due to ESBL/AmpC overexpression in combination with porin loss [55]. Regarding the CRE Agar medium, it has sensitivity of 78% and a specificity that variates from 60 to 66% [52]. A study conducted in Germany has shown that ChromID CARBA Smart fails to detect CP isolates with low carbapenem resistance, when comparing the same isolates plated on MacConkey agar supplemented with 1 mg/L of cefotaxime and 0.125 mg/L of meropenem [57]. This culture medium presents a sensitivity of 91% and a specificity that variates from 76 to 89% [52]. The CHROMagar™ KPC medium presents a sensitivity of 100% [53], with a positive predictive value (PPV) of 100% for KPC producers and negative predictive value (NPV) of 98.8%, whereas in the same comparison study, MacConkey agar supplemented with 1 mg/L of imipenem yielded 94.7% PPV and 88.6% NPV, having failed to detect 10 positive isolates [58]. Another specific carbapenemase selective medium is CHROMagar™ OXA-48; however, its sensitivity is suboptimal (75.8%) in direct sampling, only increasing to 90.9% when performed after an enrichment method. Nonetheless, its specificity is 99.3% [54].



Apart from CHROMagar™ KPC/OXA-48, none of the other media can accurately identify the specific bla gene responsible for causing resistance against carbapenems. Regardless of this, all isolates grown in these selective media must be confirmed as CP with subsequent molecular testing [59].




4.2. Biochemical Tests


Biochemical tests are relatively quick and easy to use (Table 3). To the best of our knowledge, the Rapidec® CarbaNP (Biomérieux, Marcy l’Etoile, France) was the first commercial kit of its kind offering a positive result under two hours. Positive results occur due to colour shifting from pH alteration as consequence of carbapenem hydrolysis [60]. It has 100% sensibility and specificity for Enterobacterales [60,61]. A study conducted by Tijet et al. reported a decreased sensibility (72.5%) on account of mucoid isolates and/or isolates harbouring low carbapenemase activity genes, such as OXA-48 and GES-5 [62]. When using the commercial version of the CarbaNP test, some difficulties in results interpretation due to colour shifting have been reported [63].



As a cheaper alternative to the CarbaNP test, the carbapenem inactivation method (CIM) is available. CIM is also based on carbapenem hydrolysis. In this test, a disc of meropenem 10µg was immersed in a bacterial suspension of the isolate to be tested and incubated for a minimum of two hours at 35 °C. A Mueller–Hinton Agar plate is inoculated with a known susceptible E. coli strain prior to disc placement [64]. The turnaround time is approximately eight hours, and if the bacterial isolate produced carbapenemase, the meropenem in the susceptibility disk was inactivated allowing uninhibited growth of the susceptible indicator strain. Disks incubated in suspensions that do not contain carbapenemases yielded a clear inhibition zone.



The Blue Carba test (BTC) is another test that also gives results within 2 h. Similar to CarbaNP, it is based on imipenem hydrolysis by CP bacteria, which leads to colour changes due to pH alteration in case of a positive result [65]. It has a sensibility and specificity of 100%, with additional advantages: use of colonies grown on Mueller–Hinton Agar; it is cheaper as it does not use imipenem monohydrate but Tienam® (imipenem/cilastatin, Merck Sharp & Dohme, Campinas, Brazil); and it was validated against OXA-type carbapenemases [65]. However, in a study conducted by Pasteran et al., the OXA-type carbapenemase detection using this method had a sensibility and specificity of 97% and 96%, respectively. On the other hand, isolates with low imipenem MICs were correctly identified [66].



The β CARBA Test™ (Bio-Rad, Marne la Coquette, France) also relies on colour changing for result interpretation. It has a sensibility of 84.9% and specificity of 95.6%, having failed to detect non-KPC Ambler class A carbapenemases [67].



Besides allowing a short turnaround time, another advantage of these biochemical tests is the fact that, unlike PCR, these are not targeted to any specific carbapenemase groups. Therefore, they allow the detection of carbapenemase activity of yet undiscovered resistance genes.




4.3. Disc Diffusion Methods


This method requires the use of meropenem discs and meropenem discs supplemented with different inhibitors to detect and identify carbapenemases (Figure 1) [63].



Meropenem synergy with phenyl boronic acid is indicative of the presence of Ambler class A KPC. Meropenem synergy with EDTA plus dipicolinic acid is indicative of the presence of an MBL. Detection of a positive synergy with a disc of cloxacillin plus phenyl boronic acid indicates carbapenem resistance due to porin loss or AmpC overexpression [68]. A zone diameter increase of ≥4 mm around the discs containing inhibitors, in comparison with the disc with meropenem alone, is considered to be a positive synergy result for phenyl boronic acid, whereas an increase of ≥5 mm is considered to be a positive synergy result for EDTA/dipicolinic acid and cloxacillin/phenyl boronic acid (Figure 1) [63,68,69].



To detect OXA-48-like CP bacteria, it is recommended to add a temocillin disc (30 µg) to the group of synergy tests (Figure 1), due to its weak meropenem hydrolysis [4,38,63,69]. Temocillin lacks activity against Gram-positive bacteria as well as non-fermenters [70]. Temocillin high-level resistance phenotype is proposed as a marker for OXA-48-like producers. However, this marker is not specific for OXA-48-like carbapenemases, as other resistance mechanisms may confer this phenotype; therefore, the presence of carbapenemases must be confirmed using complementary tests in all isolates showing a zone diameter ≤10 mm [63,69]. In a study conducted by van Dijk et al., this detection method had a 100% sensibility and specificity, with all positive isolates having a zone diameter ≤10 mm [69]. Nevertheless, the authors alert to its incapability of detecting MBL in combination with OXA-48 producers.



The main disadvantage in using disc diffusion methods for carbapenemase screening is the turnaround time of approximately 18 h of incubation, whereas biochemical tests have a turnaround time of 2 h. However, they are low cost compared with biochemical testing.



The Hodge modified test used to be an option as a phenotypic method, but due to its dubious results and low sensibility/specificity, its use has since been advised against by EUCAST and CLSI [63,71].




4.4. Lateral Flow Assays


Some immunochromatographic assays are available to readily identify suspecting colonies grown in non-specific media. Currently, there are numerous options for lateral flow assays, yet the most commonly used seem to be the OXA-48 K-set, KPC K-set, Resist-3 O.K.N K-set, and Resist-4 O.K.N.V. (CorisBio Concept, Gembloux, Belgium). Resist-3 O.K.N K-set is a multiplex assay, detecting OXA-48, KPC, and NDM-like enzymes [72]. The sensitivity and specificity is 100% for all cassettes [72,73,74]. Although these tests were designed to be used with bacterial inoculum, studies have evaluated the multiplex efficacy in positive blood culture bottles (BacT/ALERT, Biomérieux). The multiplex system is compatible with blood culture bottles, albeit it showed weak signal bands for NDM-like enzymes positive isolates; and the positive signal was also influenced by the blood volume used [75]. The fourth version of the test, the Resist-4 O.K.N.V., added the detection of VIM-like enzymes to the previous Resist-3 O.K.N K-set. The test maintains its 100% sensitivity to OXA-48-like and KPC enzymes, as well as VIM, but it decreases to 83.3% regarding NDM producers [76]. Previous reports have shown 100% sensitivity for NDM producers detected using Resist-4 O.K.N.V.; however, this could be as in some of those studies only Enterobacterales were evaluated [73,77]. Another possible explanation is the impact that the morphological characteristics of the colony used in the test can have in its accuracy. The NG-Test® CARBA 5 (Hardy Diagnostics, Santa Maria, CA, USA) is another available commercial kit, which can additionally detect IMP enzymes. Similar to the previously described tests, NG-Test® CARBA 5 has 100% sensitivity and sensibility [78]. Recently, the Resist-5 O.K.N.V.I. cassette was also launched, but compared to its homologous, it has sensitivity of 98.4% and specificity of 100% [79]; however, not many comparative studies have been conducted and none have compared both rapid tests. Overall, these immunochromatographic assays are useful to be used as a screening method in routine microbiology when the isolated bacteria are suspected to be a carbapenemase producer. Nonetheless, positive results should always be confirmed with PCR targeting for the most common carbapenemase genes [59].




4.5. Molecular Testing


Molecular techniques are mostly based on PCR, and may be followed by sequencing if needed for precise identification of a specific carbapenemase, rather than just its group (e.g., KPC-type, IMP-type, VIM-type, NDM-type, and OXA-type) [59].



Nowadays, PCR assays are becoming a routine method in many veterinary clinical diagnostic laboratories. This molecular testing remains the reference standard for the identification and differentiation of carbapenemases, recommended by guidelines and expert groups [63,80].



PCR assays performed on genomic DNA for the detection of carbapenemase genes are easily available in the literature, including multiplex PCRs, and can give results within 4–6 h [59,81].



Nevertheless, these PCRs require the acquisition and manipulation of CP control strains to be used as DNA positive controls. Nowadays, there are real time-PCR fully automated systems that allow the detection of blaVIM, blaNDM, blaIMP, blaOXA-48, blaKPC, blaOXA-23, blaOXA-58, blaOXA-24, and ISAba1-associated blaOXA-51 carbapenemase genes and the colistin-resistant mcr-1 gene, such as the Novodiag® CarbaR+ (Mobidiag, Espoo, Finland). The Novodiag® CarbaR+ test can be applied to fresh bacterium isolates or directly from rectal swabs, having a sensitivity and specificity of 98.2% and 99.7%, respectively [82]. Results are available after 1 h approximately, with only 5 min hands-on preparation of samples, which might be crucial when dealing with critically ill patients. When rectal swabs are directly analysed, the sensitivity decreases only slightly to 97.8% and specificity to 98.6%, revealing its usefulness to rapidly detect colonized patients. Compared to other already available tests within the same category, the main advantage of Novodiag® CarbaR+ is that the panel tested is comprised of resistance genes associated with carbapenem resistance in Pseudomonas spp. and Acinetobacter spp. An alternative to this automated system is the Xpert® Carba-R (Cepheid, Sunnyvale, CA, US), which is quite similar in terms of functioning but only tests for the main 5 carbapenemase groups—blaVIM, blaNDM, blaIMP, blaOXA-48, and blaKPC. PCR and real-time PCR are standard techniques, widely used by the scientific community.



Similarly commercial PCR kits are also available, such as the Check-MDR CT103XL (Check-Points Health, Wageningen, The Netherlands) DNA microarray assay, capable of detecting a wide range of carbapenemase (KPC, GES, IMP, VIM, NDM, OXA-23-like; OXA-24-like, OXA-48-like, and OXA-58-like) with an accuracy of 94.2% [83]. The principle of the Check-Points diagnostic system is based on DNA amplification followed by amplicon detection in a tube microarray [83].



Another type of molecular commercial kit is the eazyplex® SuperBug CRE (AmplexDiagnostics, Gars-Bahnhof, Germany), a loop-mediated isothermal amplification (LAMP) method that can be used for direct screening of KPC, VIM, NDM, and OXA-48-like carbapenemases on rectal swab and urine samples in 20 min as well as confirmation from positive blood culture and culture plate in 15 min. This LAMP assay has shown a sensitivity from 95.2% to 100% with a specificity of 97.9% [84].



An alternative promising molecular commercial methodology is the hybridization technology by Luminex xMAP (Multi-Analyte Profiling, Austin, TX, USA), which although it does not have a specific panel for carbapenemase detection available, one can create their own personalised panel. In a study by Bilozor et al., this system had a sensitivity >95% in detecting KPC, IMP, VIM, NDM, and OXA-48-like carbapenemases when using a tailored panel [85].



Nonetheless, specific equipment and experienced staff are required for theses molecular-based technologies, which might be seen as a disadvantage to smaller microbiology laboratories. Furthermore, it should be noted that only the carbapenemases targeted by each specific assay will be detected.



Whole genome sequencing (WGS) is a state-of-the-art methodology with promising applications for medical microbiology [86]. WGS allows fast and accurate identification and typing of pathogens with the highest possible discriminatory power currently available for effective surveillance and outbreak detection. In addition, WGS of bacterial genomes provides information regarding antimicrobial resistance determinants; virulence and pathogenicity determinants; in addition to providing data for the discovery of new genetic determinants [86]. Thus, efforts are being made by the scientific community to use WGS in the routine laboratory workflow to improve the diagnostic turnover and retrieve information that might replace older routine procedures that are time consuming and expensive. Furthermore, the use of untargeted metagenomic next-generation sequencing (mNGS) from clinical samples is also considered very promising. Although still being improved, mNGS may revolutionize the diagnosis of infectious disease in the future, since, once optimized, it may allow the simultaneous identification of viruses, bacteria, fungi, and parasites in a single assay [87]. The main disadvantage in using these techniques, nowadays, lies in the need of a multidisciplinary team of personnel specialized in WGS/NGS and bioinformatics [86]. Data analyses should be performed by staff members who have been trained to use commercial or open-source software tools to extract the appropriate information from the large amount of sequence data that is generated, and ultimately deliver clinically relevant information to the clinicians. To become truly accessible as a future everyday routine diagnostic tool, new user-friendly software platforms need to be developed so that information may be retrieved easily without the need of extensive technical and bioinformatic skills.




4.6. Mass Spectrometry Analysis


Matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) is an analysis method where the material is ionized within a high vacuum chamber, and accelerated in an electric field. Being widely used for species identification, it can also be used to detect carbapenemase production through enzyme detection. Prior to testing, it is necessary to establish the mass spectrum of a pure carbapenem [88]. Some carbapenemases have fast carbapenem hydrolysis activity compared to others, which are slower, making it necessary to have several runs and specs to achieve a reliable result. Several protocols for detection have been described, with the lack of standardization being a problem when trying to implement this method [89]. MALDI-TOF MS requires an even higher level of staff expertise for result interpretation when compared to most of the previously described methods. It offers a fast response compared to molecular and disc diffusion methods, but it is expensive to buy the necessary equipment if not already in use and it does not detect other carbapenem resistance mechanisms such as porin loss.





5. Transmission Potential


The regular and close contact between companion animals and humans provides excellent opportunities for interspecies transmission of resistant bacteria and their resistance genes in either direction [18,90,91,92]. Hence, the increasing trends and prevalence of carbapenem-resistant bacteria observed in many companion animals is of major public health concern as companion animals could be reservoirs of CP bacteria, thus acting as direct players in the transmission of these resistant bacteria to humans [7].



The European Medicine Agency and its Antimicrobial Working Party have already warned about the indirect hazard associated with carbapenem-resistant bacteria from companion animals to public health in its reflection paper [7]. Since then, sharing of clinical NDM-5-producing multidrug-resistant ST167 E. coli between dogs and co-habiting human was reported in a Finland study [18]. Moreover, in a Chinese study across farming sectors, common NDM-positive E. coli strains were identified among farms, flies, dogs, and farmers [16], providing additional scientific support regarding concerns not only about the transfer of resistance between companion animals and humans, but also about their potential role as reservoirs for environmental contamination [16,18,90]. Furthermore, the similarity of carbapenem-resistant clonal lineages isolated from companion animals and humans worldwide, and its genetic features, suggests an interspecies exchange of resistant-bacteria or resistance genes located at mobile genetic elements [26,27,28,29].



There is a big concern regarding carbapenemases following the same exponential spread as ESBL-producing bacteria, where reports of transmission between companion animals and humans are numerous worldwide [91,92,93,94]. ESBL-producing Enterobacterales can serve as a model for the spread of CP bacteria because the same bacterial species are involved, and the resistance genes are also carried on plasmids [95].



Studies have shown that bacteria causing infection in dogs and cats, were increasingly resistant to the antimicrobials most widely used for animal treatment [94,96,97]. Although the use of carbapenems is not currently licensed for companion animals, it has been reported and it is regulated in the EU under the cascade prescribing [6,98]. Nevertheless, the dissemination of CP bacteria to companion animals is likely one of an anthropogenic nature, since carbapenems are essentially used in human medicine. Once colonizing companion animals, one must keep in mind that the exposure to systematic broad-spectrum antimicrobials approved for veterinary use, including β-lactams, are likely to co-select and facilitate the propagation of CP bacteria within the companion-animal population, thus further highlighting the relevance of monitoring these resistance mechanisms in veterinary microbiology.



To foster antimicrobial stewardship and, consequently, the reduction in the emergence of resistance, a prudent use of critically important antimicrobials for human medicine, such as fluoroquinolones, aminoglycosides, and third-generation cephalosporins, is needed. Furthermore, the risk of increasing selection pressure for the maintenance of CP bacteria in companion animals gut and their potential transfer to humans, needs a severe restriction or elimination of carbapenems use in veterinary medicine worldwide [98,99]. Not only are pet owners at risk of acquiring these resistance strains by interspecies transmission due to direct contact and/or indirectly via the common environment, but, also, veterinary personnel, veterinary students, or trainees are a professional hazard group. As important CP bacteria also present animal health risks due to treatment failure. Therefore, it is vital to implement systematic monitoring programs in veterinary laboratories to screen for carbapenem resistance in a One Health perspective. The screening of CR and CP bacteria should be conducted in all companion animal samples submitted to culture and AST regardless of clinical presentation and animal species. The most reliable detection methods should be preferred according to each laboratory technical and financial availability. Figure 2 summarizes a possible workflow that can be adapted to veterinary diagnostic laboratories.



A pressing action is required to reduce the public and animal health hazard posed by the emergence of carbapenem-resistant bacteria isolated from companion animals. In summary, these safety measures should be taken in consideration [98,100]:




	
Achieving the principles of prudent use of antibiotics in veterinary practice to ensure that carbapenems are used only in the very few cases that lack other suitable alternatives based on culture and AST;



	
Include the systematic screening for carbapenem resistance in veterinary microbiology laboratories;



	
Surveillance and monitoring for the presence of genes encoding resistance to critically important antimicrobials, such as carbapenems;



	
Appropriate hygiene practices after handling animals both in domestic and health care settings;



	
Infection control measures when dealing with companion animals with infections caused by carbapenem-resistant strains that include isolation of infected animals.








Communication between all the specialists involved in human and veterinary medicine should be established in a One Health approach to develop a universal strategy that scientific and non-scientific audiences can follow.




6. Conclusions and Final Remarks for Veterinary Medicine


In veterinary medicine, screening for carbapenemase-producing bacteria is not usually performed, and frequently relies on the use of meropenem and imipenem as surrogates in AST. However, in past years, many reports on the presence of genes encoding for carbapenemases in companion animals have been made, as well as its direct transmission to humans. Accurate detection of CP bacteria is essential for infection control purposes and particularly to minimize the spread of its resistant determinants that are known to cause a major health impact by limiting antimicrobial therapy.



Even though all the detection methods presented here are applied and have been evaluated in Human Medicine, not all are useful in Veterinary Medicine. For example, investing in automated PCR machines or a Mass Spectrometer is not yet viable for most laboratories, whether due to the expected low volume of positive samples, the need for experienced staff, or the required financial investment in expensive equipment and consumables.



Although molecular identification of carbapenemase encoding genes is the gold standard, the phenotypic detection of carbapenem resistance is a feasible alternative for routine diagnosis. Screening of CP bacteria on clinical veterinary laboratories can be made quite easily and affordably, by implementing commercially available CP selective culture media in the veterinary microbiology routine workflow. Ideally, all Enterobacterales isolates should be plated despite AST results. Furthermore, the high frequency of OXA-48-like CP bacteria reported in companion animals and the pitfalls in its detection should prompt the inclusion of temocillin in the routine AST of samples from companion animals or the use of selective culture media with high sensibility and specificity for OXA-48-like carbapenemases. Other methods, such as the biochemical test or immunochromatographic lateral flow assays, may be useful in laboratories with a high case load of suspected CR infections, which is currently not yet the case for veterinary microbiology laboratories.



Regardless of the method/methods that are chosen, the following aspects should be taken into consideration: (1) The method chosen has to have high sensitivity and specificity, as the probability of having a positive result is low; (2) The fact that reports of CP bacteria in companion animals are still scarce does not make the inclusion of this method unnecessary; on the contrary, as their prevalence may be underestimated and misdiagnosis of CP bacteria may have important animal and public-health consequences; and (3) in the presence of a positive result, microbiologists should follow-up the positive isolate in a specialized laboratory and advise clinicians to implement infection control procedures.



Finally, surveillance on CP bacteria in companion animals, is key to add knowledge and aid in predicting the interplay of the human–environment–animal triad on the increase in carbapenem resistance, as a means to fight the burden of AMR following the One Health concept.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/antibiotics11040533/s1, Table S1: Representative MIC vales for Imipenem, Meropenem, and Ertapenem from companion animals Carbapenemase-producing isolates.





Author Contributions


Conceptualization, J.M., J.M.d.S., C.M. and C.F.P.; supervision, C.F.P. and C.M.; writing—original draft preparation, J.M. and J.M.d.S.; writing—review and editing J.M., J.M.d.S., C.M. and C.F.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by FCT—Fundação para a Ciência e Tecnologia IP, grant number UIDB/00276/2020; JM and JMS were supported by a PhD fellowship (grant number 2020.07562.BD; 2020.06540.BD, respectively).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Meletis, G. Carbapenem Resistance: Overview of the Problem and Future Perspectives. Ther. Adv. Infect. Dis. 2016, 3, 15–21. [Google Scholar] [CrossRef] [PubMed]

	



Nordmann, P.; Dortet, L.; Poirel, L. Carbapenem Resistance in Enterobacteriaceae: Here Is the Storm! Trends Mol. Med. 2012, 18, 263–272. [Google Scholar] [CrossRef] [PubMed]

	



Walsh, T.R.; Toleman, M.A.; Poirel, L.; Nordmann, P. Metallo-β-Lactamases: The Quiet Before the Storm. Clin. Microbiol. Rev. 2005, 18, 306–325. [Google Scholar] [CrossRef] [PubMed]

	



Evans, B.A.; Amyes, S.G.B. OXA β-Lactamases. Clin. Microbiol. Rev. 2014, 27, 241–263. [Google Scholar] [CrossRef]

	



World Organisation for Animal Health (OIE). Oie List of Antimicrobial Agents of Veterinary Importance. In Proceedings of the FAO2/OIE/WHO3 Expert Workshop on Non-Human Antimicrobial Usage and Antimicrobial Resistance, Geneva, Switzerland, 1–5 December 2003; Volume Xxviii, pp. 1–10. [Google Scholar]

	



European Medicines Agency (EMA). Categorisation of Antibiotics in the European Union; European Medicines Agency: London, UK, 2019. [Google Scholar]

	



Pomba, C.; Rantala, M.; Greko, C.; Baptiste, K.E.; Catry, B.; van Duijkeren, E.; Mateus, A.; Moreno, M.A.; Pyörälä, S.; Ružauskas, M.; et al. Public Health Risk of Antimicrobial Resistance Transfer from Companion Animals. J. Antimicrob. Chemother. 2017, 72, 957–968. [Google Scholar] [CrossRef]

	



Mader, R.; Damborg, P.; Amat, J.P.; Bengtsson, B.; Bourély, C.; Broens, E.M.; Busani, L.; Crespo-Robledo, P.; Filippitzi, M.E.; Fitzgerald, W.; et al. Building the European Antimicrobial Resistance Surveillance Network in Veterinary Medicine (EARS-Vet). Eurosurveillance 2021, 26, 2001359. [Google Scholar] [CrossRef]

	



Sellera, F.P.; Fernandes, M.R.; Ruiz, R.; Falleiros, A.C.M.; Rodrigues, F.P.; Cerdeira, L.; Lincopan, N. Identification of KPC-2-Producing Escherichia Coli in a Companion Animal: A New Challenge for Veterinary Clinicians. J. Antimicrob. Chemother. 2018, 73, 2259–2261. [Google Scholar] [CrossRef]

	



Sellera, F.P.; Fuga, B.; Fontana, H.; Esposito, F.; Cardoso, B.; Konno, S.; Berl, C.; Cappellanes, M.H.; Cortez, M.; Ikeda, M.; et al. Detection of IncN-PST15 One-Health Plasmid Harbouring BlaKPC-2 in a Hypermucoviscous Klebsiella Pneumoniae CG258 Isolated from an Infected Dog, Brazil. Transbound. Emerg. Dis. 2021, 68, 3083–3088. [Google Scholar] [CrossRef]

	



Daniels, J.B.; Chen, L.; Grooters, S.V.; Mollenkopf, D.F.; Mathys, D.A.; Pancholi, P.; Kreiswirth, B.N.; Wittum, T.E. Enterobacter cloacae Complex Sequence Type 171 Isolates Expressing KPC-4 Carbapenemase Recovered from Canine Patients in Ohio. Antimicrob. Agents Chemother. 2018, 62, e01161-18. [Google Scholar] [CrossRef]

	



Abraham, S.; O’Dea, M.; Trott, D.J.; Abraham, R.J.; Hughes, D.; Pang, S.; McKew, G.; Cheong, E.Y.L.; Merlino, J.; Saputra, S.; et al. Isolation and Plasmid Characterization of Carbapenemase (IMP-4) Producing Salmonella enterica Typhimurium from Cats. Sci. Rep. 2016, 6, 35527. [Google Scholar] [CrossRef]

	



Hyun, J.E.; Chung, T.H.; Hwang, C.Y. Identification of VIM-2 Metallo-β-Lactamase-Producing Pseudomonas aeruginosa Isolated from Dogs with Pyoderma and Otitis in Korea. Vet. Dermatol. 2018, 29, 186-e68. [Google Scholar] [CrossRef] [PubMed]

	



González-Torralba, A.; Oteo, J.; Asenjo, A.; Bautista, V.; Fuentes, E.; Alós, J.I. Survey of Carbapenemase-Producing Enterobacteriaceae in Companion Dogs in Madrid, Spain. Antimicrob. Agents Chemother. 2016, 60, 2499–2501. [Google Scholar] [CrossRef] [PubMed]

	



Alba, P.; Taddei, R.; Cordaro, G.; Fontana, M.C.; Toschi, E.; Gaibani, P.; Marani, I.; Giacomi, A.; Diaconu, E.L.; Iurescia, M.; et al. Carbapenemase IncF-Borne BlaNDM-5 Gene in the E. Coli ST167 High-Risk Clone from Canine Clinical Infection, Italy. Vet. Microbiol. 2021, 256, 109045. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Zhang, R.; Li, J.; Wu, Z.; Yin, W.; Schwarz, S.; Tyrrell, J.M.; Zheng, Y.; Wang, S.; Shen, Z.; et al. Comprehensive Resistome Analysis Reveals the Prevalence of NDM and MCR-1 in Chinese Poultry Production. Nat. Microbiol. 2017, 2, 16260. [Google Scholar] [CrossRef]

	



Yousfi, M.; Touati, A.; Mairi, A.; Brasme, L.; Gharout-Sait, A.; Guillard, T.; De Champs, C. Emergence of Carbapenemase-Producing Escherichia Coli Isolated from Companion Animals in Algeria. Microb. Drug Resist. 2016, 22, 342–346. [Google Scholar] [CrossRef] [PubMed]

	



Grönthal, T.; Österblad, M.; Eklund, M.; Jalava, J.; Nykäsenoja, S.; Pekkanen, K.; Rantala, M. Sharing More than Friendship—Transmission of NDM-5 ST167 and CTX-M-9 ST69 Escherichia Coli between Dogs and Humans in a Family, Finland, 2015. Euro Surveill. 2018, 23, 1700497. [Google Scholar] [CrossRef] [PubMed]

	



Reynolds, M.E.; Phan, H.T.T.; George, S.; Hubbard, A.T.M.; Stoesser, N.; Maciuca, I.E.; Crook, D.W.; Timofte, D. Occurrence and Characterization of Escherichia coli ST410 Co-Harbouring BlaNDM-5, BlaCMY-42 and BlaTEM-190 in a Dog from the UK. J. Antimicrob. Chemother. 2019, 74, 1207–1211. [Google Scholar] [CrossRef]

	



Tyson, G.H.; Li, C.; Ceric, O.; Reimschuessel, R.; Cole, S.; Peak, L.; Rankin, S.C. Complete Genome Sequence of a Carbapenem-Resistant Escherichia coli Isolate with BlaNDM-5 from a Dog in the United States. Microbiol. Resour. Announc. 2019, 8, 22–23. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Cole, S.D.; Peak, L.; Tyson, G.H.; Reimschuessel, R.; Ceric, O.; Rankin, S.C. New Delhi Metallo-β-Lactamase-5–Producing Escherichia coli in Companion Animals, United States. Emerg. Infect. Dis. 2020, 26, 381–383. [Google Scholar] [CrossRef]

	



Gentilini, F.; Turba, M.E.; Pasquali, F.; Mion, D.; Romagnoli, N.; Zambon, E.; Terni, D.; Peirano, G.; Pitout, J.D.D.; Parisi, A.; et al. Hospitalized Pets as a Source of Carbapenem-Resistance. Front. Microbiol. 2018, 9, 2872. [Google Scholar] [CrossRef] [PubMed]

	



Shaheen, B.W.; Nayak, R.; Boothe, D.M. Emergence of a New Delhi Metallo-β-Lactamase (NDM-1)-Encoding Gene in Clinical Escherichia coli Isolates Recovered from Companion Animals in the United States. Antimicrob. Agents Chemother. 2013, 57, 2902–2903. [Google Scholar] [CrossRef] [PubMed]

	



Cui, L.; Lei, L.; Lv, Y.; Zhang, R.; Liu, X.; Li, M.; Zhang, F.; Wang, Y. blaNDM-1-Producing Multidrug-Resistant Escherichia coli Isolated from a Companion Dog in China. J. Glob. Antimicrob. Resist. 2018, 13, 24–27. [Google Scholar] [CrossRef] [PubMed]

	



Nigg, A.; Brilhante, M.; Dazio, V.; Clément, M.; Collaud, A.; Brawand, S.G.; Willi, B.; Endimiani, A.; Schuller, S.; Perreten, V. Shedding of OXA-181 Carbapenemase-Producing Escherichia coli from Companion Animals after Hospitalisation in Switzerland: An Outbreak in 2018. Eurosurveillance 2019, 24, 1900071. [Google Scholar] [CrossRef]

	



Brilhante, M.; Menezes, J.; Belas, A.; Feudi, C.; Schwarz, S.; Pomba, C.; Perreten, V. OXA-181-Producing Extra-Intestinal Pathogenic Escherichia coli ST410 Isolated from a Dog in Portugal. Antimicrob. Agents Chemother. 2020, 64, e02298-19. [Google Scholar] [CrossRef]

	



Pulss, S.; Stolle, I.; Stamm, I.; Leidner, U.; Heydel, C.; Semmler, T.; Prenger-Berninghoff, E.; Ewers, C. Multispecies and Clonal Dissemination of OXA-48 Carbapenemase in Enterobacteriaceae from Companion Animals in Germany, 2009–2016. Front. Microbiol. 2018, 9, 1265. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Liu, X.; Thungrat, K.; Boothe, D.M. Occurrence of OXA-48 Carbapenemase and Other β-Lactamase Genes in ESBL-Producing Multidrug Resistant: Escherichia coli from Dogs and Cats in the United States, 2009–2013. Front. Microbiol. 2016, 7, 1057. [Google Scholar] [CrossRef]

	



Yousfi, M.; Touati, A.; Muggeo, A.; Mira, B.; Asma, B.; Brasme, L.; Guillard, T.; de Champs, C. Clonal Dissemination of OXA-48-Producing Enterobacter cloacae Isolates from Companion Animals in Algeria. J. Glob. Antimicrob. Resist. 2018, 12, 187–191. [Google Scholar] [CrossRef]

	



Pomba, C.; Endimiani, A.; Rossano, A.; Saial, D.; Couto, N.; Perreten, V. First Report of OXA-23-Mediated Carbapenem Resistance in Sequence Type 2 Multidrug-Resistant Acinetobacter baumannii Associated with Urinary Tract Infection in a Cat. Antimicrob. Agents Chemother. 2014, 58, 1267–1268. [Google Scholar] [CrossRef] [PubMed]

	



Ewers, C.; Klotz, P.; Leidner, U.; Stamm, I.; Prenger-Berninghoff, E.; Göttig, S.; Semmler, T.; Scheufen, S. OXA-23 and ISAba1–OXA-66 Class D β-Lactamases in Acinetobacter baumannii Isolates from Companion Animals. Int. J. Antimicrob. Agents 2017, 49, 37–44. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization (WHO). WHO Publishes List of Bacteria for Which New Antibiotics Are Urgently Needed. Available online: https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed (accessed on 16 April 2022).

	



Schmiedel, J.; Falgenhauer, L.; Domann, E.; Bauerfeind, R.; Prenger-Berninghoff, E.; Imirzalioglu, C.; Chakraborty, T. Multiresistant Extended-Spectrum β-Lactamase-Producing Enterobacteriaceae from Humans, Companion Animals and Horses in Central Hesse, Germany. BMC Microbiol. 2014, 14, 187. [Google Scholar] [CrossRef] [PubMed]

	



Moreira da Silva, J.; Menezes, J.; Salas, C.; Marques, C.; Teodoro, S.; Amaral, A.J.; Pomba, C. Clinical/Research Abstracts Accepted for Presentation at the ISFM 2021 World Feline Congress. J. Feline Med. Surg. 2021, 23, 851–858. [Google Scholar] [CrossRef]

	



Poirel, L.; Héritier, C.; Tolun, V.; Nordmann, P. Emergence of Oxacillinanse-Mediated Resistance to Imipenem in Klebsiella pneumoniae. Antimicrob. Agents Chemother. 2004, 48, 15–22. [Google Scholar] [CrossRef]

	



Kayama, S.; Koba, Y.; Shigemoto, N.; Kuwahara, R.; Kakuhama, T.; Kimura, K.; Hisatsune, J.; Onodera, M.; Yokozaki, M.; Ohge, H.; et al. Imipenem-Susceptible, Meropenem-Resistant Klebsiella pneumoniae Producing OXA-181 in Japan. Antimicrob. Agents Chemother. 2015, 59, 1379–1380. [Google Scholar] [CrossRef]

	



Kashyap, A.; Gupta, R.; Sharma, R.; Verma, V.V.; Gupta, S.; Goyal, P. New Delhi Metallo Beta Lactamase: Menace and Its Challenges. J. Mol. Genet. Med. 2017, 11, 299. [Google Scholar] [CrossRef]

	



Lee, C.R.; Lee, J.H.; Park, K.S.; Kim, Y.B.; Jeong, B.C.; Lee, S.H. Global Dissemination of Carbapenemase-Producing Klebsiella pneumoniae: Epidemiology, Genetic Context, Treatment Options, and Detection Methods. Front. Microbiol. 2016, 7, 895. [Google Scholar] [CrossRef]

	



Farhat, N.; Khan, A.U. Evolving Trends of New Delhi Metallo-Betalactamse (NDM) Variants: A Threat to Antimicrobial Resistance. Infect. Genet. Evol. 2020, 86, 104588. [Google Scholar] [CrossRef]

	



Shanthi, M.; Sekar, U.; Arunagiri, K.; Goverdhandas Bramhne, H. OXA-181 Beta Lactamase Is Not a Major Mediator of Carbapenem Resistance in Enterobacteriaceae. J. Clin. Diagnostic Res. 2013, 7, 1986–1988. [Google Scholar] [CrossRef]

	



Mairi, A.; Pantel, A.; Sotto, A.; Lavigne, J.P.; Touati, A. OXA-48-like Carbapenemases Producing Enterobacteriaceae in Different Niches. Eur. J. Clin. Microbiol. Infect. Dis. 2018, 37, 587–604. [Google Scholar] [CrossRef]

	



Bakthavatchalam, Y.D.; Anandan, S.; Veeraraghavan, B. Laboratory Detection and Clinical Implication of Oxacillinase-48 like Carbapenemase: The Hidden Threat. J. Glob. Infect. Dis. 2016, 8, 41–50. [Google Scholar] [CrossRef] [PubMed]

	



Poirel, L.; Potron, A.; Nordmann, P. OXA-48-like Carbapenemases: The Phantom Menace. J. Antimicrob. Chemother. 2012, 67, 1597–1606. [Google Scholar] [CrossRef] [PubMed]

	



Gülmez, D.; Woodford, N.; Palepou, M.F.I.; Mushtaq, S.; Metan, G.; Yakupogullari, Y.; Kocagoz, S.; Uzun, O.; Hascelik, G.; Livermore, D.M. Carbapenem-Resistant Escherichia Coli and Klebsiella pneumoniae Isolates from Turkey with OXA-48-like Carbapenemases and Outer Membrane Protein Loss. Int. J. Antimicrob. Agents 2008, 31, 523–526. [Google Scholar] [CrossRef] [PubMed]

	



Poirel, L.; Bonnin, R.A.; Nordmann, P. Genetic Features of the Widespread Plasmid Coding for the Carbapenemase OXA-48. Antimicrob. Agents Chemother. 2012, 56, 559–562. [Google Scholar] [CrossRef] [PubMed]

	



Potron, A.; Nordmann, P.; Lafeuille, E.; Al Maskari, Z.; Al Rashdi, F.; Poirel, L. Characterization of OXA-181, a Carbapenem-Hydrolyzing Class D β-Lactamase from Klebsiella pneumoniae. Antimicrob. Agents Chemother. 2011, 55, 4896–4899. [Google Scholar] [CrossRef]

	



Turton, J.F.; Ward, M.E.; Woodford, N.; Kaufmann, M.E.; Pike, R.; Livermore, D.M.; Pitt, T.L. The Role of ISAba1 in Expression of OXA Carbapenemase Genes in Acinetobacter baumannii. FEMS Microbiol. Lett. 2006, 258, 72–77. [Google Scholar] [CrossRef]

	



Miriagou, V.; Cornaglia, G.; Edelstein, M.; Galani, I.; Giske, C.G.; Gniadkowski, M.; Malamou-Lada, E.; Martinez-Martinez, L.; Navarro, F.; Nordmann, P.; et al. Acquired Carbapenemases in Gram-Negative Bacterial Pathogens: Detection and Surveillance Issues. Clin. Microbiol. Infect. 2010, 16, 112–122. [Google Scholar] [CrossRef]

	



Wilkinson, K.M.; Winstanley, T.G.; Lanyon, C.; Cummings, S.P.; Raza, M.W.; Perry, J.D. Comparison of Four Chromogenic Culture Media for Carbapenemase-Producing Enterobacteriaceae. J. Clin. Microbiol. 2012, 50, 3102–3104. [Google Scholar] [CrossRef]

	



Moran Gilad, J.; Carmeli, Y.; Schwartz, D.; Navon-Venezia, S. Laboratory Evaluation of the CHROMagar KPC Medium for Identification of Carbapenem-Nonsusceptible Enterobacteriaceae. Diagn. Microbiol. Infect. Dis. 2011, 70, 565–567. [Google Scholar] [CrossRef]

	



Zarakolu, P.; Day, K.M.; Sidjabat, H.E.; Kamolvit, W.; Lanyon, C.V.; Cummings, S.P.; Paterson, D.L.; Akova, M.; Perry, J.D. Evaluation of a New Chromogenic Medium, ChromID OXA-48, for Recovery of Carbapenemase-Producing Enterobacteriaceae from Patients at a University Hospital in Turkey. Eur. J. Clin. Microbiol. Infect. Dis. 2015, 34, 519–525. [Google Scholar] [CrossRef] [PubMed]

	



Girlich, D.; Poirel, L.; Nordmann, P. Comparison of the SUPERCARBA, CHROMagar KPC, and Brilliance CRE Screening Media for Detection of Enterobacteriaceae with Reduced Susceptibility to Carbapenems. Diagn. Microbiol. Infect. Dis. 2013, 75, 214–217. [Google Scholar] [CrossRef] [PubMed]

	



Nordmann, P.; Poirel, L.; Dortet, L. Rapid Detection of Producing Enterobacteriaceae. Emerg. Infect. Dis. 2012, 18, 1503–1507. [Google Scholar] [CrossRef] [PubMed]

	



Pauly, N.; Hammerl, J.A.; Grobbel, M.; Tenhagen, B.A.; Käsbohrer, A.; Bisenius, S.; Fuchs, J.; Horlacher, S.; Lingstädt, H.; Mauermann, U.; et al. ChromID® CARBA Agar Fails to Detect Carbapenem-Resistant Enterobacteriaceae with Slightly Reduced Susceptibility to Carbapenems. Front. Microbiol. 2020, 11, 1678. [Google Scholar] [CrossRef] [PubMed]

	



Panagea, T.; Galani, I.; Souli, M.; Adamou, P.; Antoniadou, A.; Giamarellou, H. Evaluation of CHROMagarTM KPC for the Detection of Carbapenemase-Producing Enterobacteriaceae in Rectal Surveillance Cultures. Int. J. Antimicrob. Agents 2011, 37, 124–128. [Google Scholar] [CrossRef] [PubMed]

	



Poirel, L.; Walsh, T.R.; Cuvillier, V.; Nordmann, P. Multiplex PCR for Detection of Acquired Carbapenemase Genes. Diagn. Microbiol. Infect. Dis. 2011, 70, 119–123. [Google Scholar] [CrossRef]

	



Dortet, L.; Bréchard, L.; Poirel, L.; Nordmann, P. Rapid Detection of Carbapenemase-Producing Enterobacteriaceae from Blood Cultures. Clin. Microbiol. Infect. 2014, 20, 340–344. [Google Scholar] [CrossRef]

	



Vasoo, S.; Cunningham, S.A.; Kohner, P.C.; Simner, P.J.; Mandrekar, J.N.; Lolans, K.; Hayden, M.K.; Patel, R. Comparison of a Novel, Rapid Chromogenic Biochemical Assay, the Carba NP Test, with the Modified Hodge Test for Detection of Carbapenemase-Producing Gram-Negative Bacilli. J. Clin. Microbiol. 2013, 51, 3097–3101. [Google Scholar] [CrossRef]

	



Tijet, N.; Boyd, D.; Patel, S.N.; Mulvey, M.R.; Melano, R.G. Evaluation of the Carba NP Test for Rapid Detection of Carbapenemase—Producing Enterobacteriaceae and Pseudomonas Aeruginosa. Antimicrob. Agents Chemother. 2013, 57, 4578–4580. [Google Scholar] [CrossRef]

	



Skov, R.; Skov, G. EUCAST Guidelines for Detection of Resistance Mechanisms and Specific Resistances of Clinical and/or Epidemiological Importance; EUCAST: Växjö, Sweden, 2012; pp. 1–47. [Google Scholar]

	



Van Der Zwaluw, K.; De Haan, A.; Pluister, G.N.; Bootsma, H.J.; De Neeling, A.J.; Schouls, L.M. The Carbapenem Inactivation Method (CIM), a Simple and Low-Cost Alternative for the Carba NP Test to Assess Phenotypic Carbapenemase Activity in Gram-Negative Rods. PLoS ONE 2015, 10, e0123690. [Google Scholar] [CrossRef]

	



Pires, J.; Novais, A.; Peixe, L. Blue-Carba, an Easy Biochemical Test for Detection of Diverse Carbapenemase Producers Directly from Bacterial Cultures. J. Clin. Microbiol. 2013, 51, 4281–4283. [Google Scholar] [CrossRef] [PubMed]

	



Pasteran, F.; Veliz, O.; Ceriana, P.; Lucero, C.; Rapoport, M.; Albornoz, E.; Gomez, S.; Corso, A. Evaluation of the Blue-Carba Test for Rapid Detection of Carbapenemases in Gram-Negative Bacilli. J. Clin. Microbiol. 2015, 53, 1996–1998. [Google Scholar] [CrossRef] [PubMed]

	



Bernabeu, S.; Dortet, L.; Naas, T. Evaluation of the β-CARBATM Test, a Colorimetric Test for the Rapid Detection of Carbapenemase Activity in Gram-Negative Bacilli. J. Antimicrob. Chemother. 2017, 72, 1646–1658. [Google Scholar] [CrossRef] [PubMed]

	



Giske, C.G.; Gezelius, L.; Samuelsen, Ø.; Warner, M.; Sundsfjord, A.; Woodford, N. A Sensitive and Specific Phenotypic Assay for Detection of Metallo-β-Lactamases and KPC in Klebsiella Pneumoniae with the Use of Meropenem Disks Supplemented with Aminophenylboronic Acid, Dipicolinic Acid and Cloxacillin. Clin. Microbiol. Infect. 2011, 17, 552–556. [Google Scholar] [CrossRef] [PubMed]

	



Van Dijk, K.; Voets, G.M.; Scharringa, J.; Voskuil, S.; Fluit, A.C.; Rottier, W.C.; Leverstein-Van Hall, M.A.; Cohen Stuart, J.W.T. A Disc Diffusion Assay for Detection of Class A, B and OXA-48 Carbapenemases in Enterobacteriaceae Using Phenyl Boronic Acid, Dipicolinic Acid and Temocillin. Clin. Microbiol. Infect. 2014, 20, 345–349. [Google Scholar] [CrossRef] [PubMed]

	



Giske, C.G. Contemporary Resistance Trends and Mechanisms for the Old Antibiotics Colistin, Temocillin, Fosfomycin, Mecillinam and Nitrofurantoin. Clin. Microbiol. Infect. 2015, 21, 899–905. [Google Scholar] [CrossRef]

	



Clinical and Laboratory Standards Institute (CLSI). CLSI Archived Methods. In Performance Standards for Antimicrobial Susceptibility testing, 28th ed.; Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2018. [Google Scholar]

	



Wareham, D.W.; Abdul Momin, M.H.F. Rapid Detection of Carbapenemases in Enterobacteriaceae: Evaluation of the Resist-3 O.K.N. (OXA-48, KPC, NDM) Lateral Flow Multiplexed Assay. J. Clin. Microbiol. 2017, 55, 1223–1225. [Google Scholar] [CrossRef]

	



Glupczynski, Y.; Jousset, A.; Evrard, S.; Bonnin, R.A.; Huang, T.D.; Dortet, L.; Bogaerts, P.; Naas, T. Prospective Evaluation of the OKN K-SeT Assay, a New Multiplex Immunochromatographic Test for the Rapid Detection of OXA-48-like, KPC and NDM Carbapenemases. J. Antimicrob. Chemother. 2017, 72, 1955–1960. [Google Scholar] [CrossRef]

	



Meunier, D.; Vickers, A.; Pike, R.; Hill, R.L.; Woodford, N.; Hopkins, K.L. Evaluation of the K-SeT R.E.S.I.S.T. Immunochromatographic Assay for the Rapid Detection of KPC and OXA-48-like Carbapenemases. J. Antimicrob. Chemother. 2016, 71, 2357–2359. [Google Scholar] [CrossRef]

	



Wareham, D.W.; Phee, L.M.; Momin, M.H.F.A. Direct Detection of Carbapenem Resistance Determinants in Clinical Specimens Using Immunochromatographic Lateral Flow Devices. J. Antimicrob. Chemother. 2018, 73, 1997–1998. [Google Scholar] [CrossRef]

	



Kolenda, C.; Benoit, R.; Carricajo, A.; Bonnet, R.; Dauwalder, O.; Laurent, F. Evaluation of the New Multiplex Immunochromatographic O.K.N.V. K -SeT Assay for Rapid Detection of OXA-48-like, KPC, NDM, and VIM Carbapenemases. J. Clin. Microbiol. 2018, 56, e01247-18. [Google Scholar] [CrossRef] [PubMed]

	



Rösner, S.; Kamalanabhaiah, S.; Küsters, U.; Kolbert, M.; Pfennigwerth, N.; Mack, D. Evaluation of a Novel Immunochromatographic Lateral Flow Assay for Rapid Detection of OXA-48, NDM, KPC and VIM Carbapenemases in Multidrug-Resistant Enterobacteriaceae. J. Med. Microbiol. 2019, 68, 379–381. [Google Scholar] [CrossRef] [PubMed]

	



Boutal, H.; Vogel, A.; Bernabeu, S.; Devilliers, K.; Creton, E.; Cotellon, G.; Plaisance, M.; Oueslati, S.; Dortet, L.; Jousset, A.; et al. A Multiplex Lateral Flow Immunoassay for the Rapid Identification of NDM-, KPC-, IMP- and VIM-Type and OXA-48-like Carbapenemase-Producing Enterobacteriaceae. J. Antimicrob. Chemother. 2018, 73, 909–915. [Google Scholar] [CrossRef]

	



Hong, J.; Kang, D.; Kim, D. Performance Evaluation of the Newly Developed In Vitro Rapid Diagnostic Test for Detecting OXA-48-Like, KPC-, NDM-, VIM- and IMP-Type Carbapenemases: The RESIST-5 O.K.N.V.I. Multiplex Lateral Flow Assay. Antibiotics 2021, 10, 460. [Google Scholar] [CrossRef]

	



Cohen Stuart, J.; Leverstein-Van Hall, M.A. Guideline for Phenotypic Screening and Confirmation of Carbapenemases in Enterobacteriaceae. Int. J. Antimicrob. Agents 2010, 36, 205–210. [Google Scholar] [CrossRef] [PubMed]

	



Centers for Disease Control and Prevention (CDC). Multiplex Real-Time PCR Detection of Klebsiella pneumoniae Carbapenemase (KPC) and New Delhi Metallo-β-lactamase (NDM-1). Available online: https://www.cdc.gov/hai/pdfs/labsettings/KPC-NDM-protocol-2011.pdf (accessed on 11 April 2022).

	



Girlich, D.; Bogaerts, P.; Bouchahrouf, W.; Bernabeu, S.; Langlois, I.; Begasse, C.; Arangia, N.; Dortet, L.; Huang, T.D.; Glupczynski, Y.; et al. Evaluation of the Novodiag CarbaR+, a Novel Integrated Sample to Result Platform for the Multiplex Qualitative Detection of Carbapenem and Colistin Resistance Markers. Microb. Drug Resist. 2021, 27, 170–178. [Google Scholar] [CrossRef] [PubMed]

	



Cunningham, S.A.; Vasoo, S.; Patel, R. Evaluation of the Check-Points Check MDR CT103 and CT103 XL Microarray Kits by Use of Preparatory Rapid Cell Lysis. J. Clin. Microbiol. 2016, 54, 1368–1371. [Google Scholar] [CrossRef]

	



Sękowska, A.; Bogiel, T. The Evaluation of Eazyplex® SuperBug CRE Assay Usefulness for the Detection of ESBLs and Carbapenemases Genes Directly from Urine Samples and Positive Blood Cultures. Antibiotics 2022, 11, 138. [Google Scholar] [CrossRef]

	



Bilozor, A.; Balode, A.; Chakhunashvili, G.; Chumachenko, T.; Egorova, S.; Ivanova, M.; Kaftyreva, L.; Kõljalg, S.; Kõressaar, T.; Lysenko, O.; et al. Application of Molecular Methods for Carbapenemase Detection. Front. Microbiol. 2019, 10, 1755. [Google Scholar] [CrossRef]

	



Rossen, J.W.A.; Friedrich, A.W.; Moran-Gilad, J. Practical Issues in Implementing Whole-Genome-Sequencing in Routine Diagnostic Microbiology. Clin. Microbiol. Infect. 2018, 24, 355–360. [Google Scholar] [CrossRef]

	



Chiu, C.Y.; Miller, S.A. Clinical Metagenomics. Nat. Rev. Genet. 2019, 20, 341–355. [Google Scholar] [CrossRef] [PubMed]

	



Burckhardt, I.; Zimmermann, S. Using Matrix-Assisted Laser Desorption Ionization-Time of Flight Mass Spectrometry to Detect Carbapenem Resistance within 1 to 2.5 Hours. J. Clin. Microbiol. 2011, 49, 3321–3324. [Google Scholar] [CrossRef] [PubMed]

	



Mirande, C.; Canard, I.; Buffet Croix Blanche, S.; Charrier, J.P.; van Belkum, A.; Welker, M.; Chatellier, S. Rapid Detection of Carbapenemase Activity: Benefits and Weaknesses of MALDI-TOF MS. Eur. J. Clin. Microbiol. Infect. Dis. 2015, 34, 2225–2234. [Google Scholar] [CrossRef] [PubMed]

	



Pomba, C.; Belas, A.; Menezes, J.; Marques, C. The Public Health Risk of Companion Animal to Human Transmission of Antimicrobial Resistance during Different Types of Animal Infection. In Advances in Animal Health, Medicine and Production; Springer Nature: Cham, Switzerland, 2020; pp. 265–278. [Google Scholar] [CrossRef]

	



Marques, C.; Belas, A.; Aboim, C.; Cavaco-Silva, P.; Trigueiro, G.; Gama, L.T.; Pomba, C. Evidence of Sharing of Klebsiella Pneumoniae Strains between Healthy Companion Animals and Cohabiting Humans. J. Clin. Microbiol. 2019, 57, e01537-18. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef]

	



Belas, A.; Menezes, J.; Gama, L.T.; Pomba, C. Sharing of Clinically Important Antimicrobial Resistance Genes by Companion Animals and Their Human Household Members. Microb. Drug Resist. 2020, 26, 1174–1185. [Google Scholar] [CrossRef]

	



Marques, C.; Belas, A.; Franco, A.; Aboim, C.; Gama, L.T.; Pomba, C. Increase in Antimicrobial Resistance and Emergence of Major International High-Risk Clonal Lineages in Dogs and Cats with Urinary Tract Infection: 16 Year Retrospective Study. J. Antimicrob. Chemother. 2018, 73, 377–384. [Google Scholar] [CrossRef]

	



European Centre for Disease Prevention and Control. Carbapenem-Resistant Enterobacteriaceae, Second Update; ECDC Stock; European Centre for Disease Prevention and Control: Stockholm, Sweden, 2019; pp. 1–17.

	



Marques, C.; Menezes, J.; Belas, A.; Aboim, C.; Cavaco-Silva, P.; Trigueiro, G.; Gama, L.T.; Pomba, C. Klebsiella Pneumoniae Causing Urinary Tract Infections in Companion Animals and Humans: Population Structure, Antimicrobial Resistance and Virulence Genes. J. Antimicrob. Chemother. 2019, 74, 594–602. [Google Scholar] [CrossRef]

	



Marques, C.; Gama, L.T.; Belas, A.; Bergström, K.; Beurlet, S.; Briend-Marchal, A.; Broens, E.M.; Costa, M.; Criel, D.; Damborg, P.; et al. European Multicenter Study on Antimicrobial Resistance in Bacteria Isolated from Companion Animal Urinary Tract Infections. BMC Vet. Res. 2016, 12, 213. [Google Scholar] [CrossRef]

	



Abraham, S.; Wong, H.S.; Turnidge, J.; Johnson, J.R.; Trott, D.J. Carbapenemase-Producing Bacteria in Companion Animals: A Public Health Concern on the Horizon. J. Antimicrob. Chemother. 2014, 69, 1155–1157. [Google Scholar] [CrossRef]

	



World Health Organization (WHO). Critically Important Antimicrobials for Human Medicine; 6th Revision; Licence CC BY-NC-SA 3.0 IGO; World Health Organization: Geneve, Switzerland, 2019. [Google Scholar]

	



European Centre for Disease Prevention and Control. Rapid Risk Assessment: Carbapenem-Resistant Enterobacteriaceae—First Update 4 June 2018; ECDC: Stockholm, Sweden, 2018.








[image: Antibiotics 11 00533 g001 550] 





Figure 1. Interpretation of phenyl boronic acid (PBA), dipicolinic acid (DPA), and cloxacillin synergy tests and temocillin disc diffusion in comparation with meropenem (MEM) disc diffusion alone. 
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Figure 2. Suggested diagnostic routine for carbapenemase detection. AST, antimicrobial susceptibility testing; BT, biochemical testing; CP, carbapenemases-producing; CR, carbapenem resistant; MT, molecular testing; WGS, whole genome sequencing. 1 If possible, include commercially available selective media to carbapenemase-producing Enterobacterales. 2 AST including meropenem (10 μg) and/or imipenem (10 μg) plus temocillin (30 μg). 3 May be identified as described in Section 4.3. 
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Table 2. Common β-lactam hydrolysis profile of carbapenemases.
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Amber

Class

	
Representative

Carbapenemase

Type

	
Hydrolysis Profile

	
Refs.




	
Narrow

Spectrum

Cephalosporins

	
Extended

Spectrum

Cephalosporins

	
Imipenem *

	
Meropenem *






	
Class A

	
KPC

	
+

	
+

	
+

	
+

	
[2,9]




	
Class B

	
IMP, VIM, NDM,

	
+

	
+

	
+

	
+

	
[3]




	
Class D

	
OXA-48-like

	
+

	
-

	
Variable 1

	
-

	
[4,38,39]




	
OXA-23-like

	
+

	
+

	
+

	
+

	
[4]








* Imipenem and meropenem representative MIC values for carbapenemase-producing isolates from companion animals are listed in Table S1. 1 Imipenem susceptible in OXA-48-like has been reported.
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Table 3. Characteristics of selective culture media and biochemical tests for detection of carbapenemase-producing bacteria.
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Technique

	
Sensitivity (%)

	
Specificity (%)

	
Turnaround Time (h)

	
Advantages

	
Disadvantages






	
Selective Culture Medium




	
SUPERCARBA

	
95.6–96.5

	
60.7

	
18–24

	
Colour identification of bacterial species

	
Extensive turnaround time; possible growth of non-carbapenemase producing bacteria; positive control needed.




	
CRE Agar

	
78

	
60–66




	
ChromID CARBA Smart

	
91

	
76–89




	
CHROMagar™ KPC

	
100

	
NDA

	
Only detects KPC-producing bacteria




	
CHROMagar™ OXA-48

	
75.8

	
99.3

	
Only detects OXA-48-producing bacteria




	
Biochemical Tests




	
Rapidec® CarbaNP

	
100

	
100

	
2

	
Rapid Detection of carbapenemase-producing bacteria

	
Non-specific detection; colour interpretation; expensive




	
CIM

	
NDA

	
NDA

	
8

	
Affordable; no commercial kit necessary

	
Non-specific detection; negative control strain needed; non-standardized




	
BlueCarba

	
100

	
100

	
2

	
Rapid Detection of carbapenemase-producing bacteria

	
Non-specific detection; positive control needed; expensive




	
β CARBA Test™

	
84.9

	
95.6

	
0.5

	
Rapid Detection of carbapenemase-producing bacteria

	
Non-specific detection; expensive








NDA, no data available.
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