

  microbiolres-14-00005




microbiolres-14-00005







Microbiol. Res. 2023, 14(1), 60-66; doi:10.3390/microbiolres14010005




Communication



Detecting mecA in Faecal Samples: A Tool for Assessing Carriage of Meticillin-Resistant Staphylococci in Pets and Owners in the Microbiological ‘Fast Age’?



Siân-Marie Frosini 1,*[image: Orcid], Georgina Gallow 1, Amanda Gibson 2[image: Orcid], Juliana Menezes 3,4[image: Orcid], Constança Pomba 3,4 and Anette Loeffler 1[image: Orcid]





1



Department of Clinical Science and Services, Royal Veterinary College, Hawkshead Lane, Hatfield, Hertfordshire AL9 7TA, UK






2



Centre of Excellence for Bovine Tuberculosis, IBERS, Aberystwyth University, Penglais, Aberystwyth SY23 3FL, UK






3



CIISA—Centre of Interdisciplinary Research in Animal Health, Faculty of Veterinary Medicine, University of Lisbon, 1070-312 Lisbon, Portugal






4



Associate Laboratory for Animal and Veterinary Sciences (AL4AnimalS), 1070-312 Lisbon, Portugal









*



Correspondence: sfrosini@rvc.ac.uk







Academic Editor: Luca Grispoldi



Received: 15 December 2022 / Revised: 9 January 2023 / Accepted: 10 January 2023 / Published: 13 January 2023



Abstract

:

Sampling animals for carriage of meticillin-resistant, coagulase-positive staphylococci (MRCoPS), considered zoonotic pathogens, can be challenging and time-consuming. Developing methods to identify mecA from non-invasive samples, e.g., faeces, would benefit AMR surveillance and management of MRS carrier animals. This study aimed to distinguish MRS carriers from non-carriers from faecal samples using quantitative polymerase chain reaction (qPCR) for mecA. Paired faecal and nasal swab samples (n = 86) were obtained from 13 dogs and 20 humans as part of a longitudinal study. Nasal MRCoPS carriage (either MR-Staphylococcus aureus or MR-Staphylococcus pseudintermedius was confirmed by identification of species (nuc) and meticillin resistance (mecA) (PCR). Faecal DNA (n = 69) was extracted and a qPCR method was optimised to provide a robust detection method. The presence of faecal mecA was compared between MRS carriers and non-carriers (Kruskal–Wallis test). Nasal swabbing identified seven canine and four human MRCoPS carriers. mecA was detected in 13/69 faecal samples, including four MRCoPS carriers and nine non-carriers. For dogs, there was no significant association (p = 1.000) between carrier status and mecA detection; for humans, mecA was more commonly detected in MRCoPS carriers (p = 0.047). mecA was detected in faeces of MRCoPS carriers and non-carriers by qPCR, but larger sample sizes are required to determine assay sensitivity. This rapid method enables passive surveillance of mecA in individuals and the environment.
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1. Introduction


A pivotal part of veterinary antimicrobial stewardship is the use of infection prevention and control measures [1]. Detecting asymptomatic carriers of multidrug-resistant (MDR) nosocomial pathogens, including meticillin-resistant, coagulase-positive staphylococci (MRCoPS) such as MR-Staphylococcus aureus (MRSA) and MR-S. pseudintermedius (MRSP), quickly and reliably is a cornerstone for infection control [2,3,4]. MRCoPS have acquired mecA, which confers resistance to all β-lactam antibiotics and is a marker for MDR, incorporating most other antimicrobial classes [5]. Subsequent infection relating to MRCoPS has both morbidity and economic costs [6,7], further driving the need to detect sources of infection, such as carrier individuals.



Although staphylococci are normally carried on the skin and mucosae of mammals, MRSA has been found in the faeces of both humans [8,9] and dogs [10]. No study has yet described faecal recovery of MRSP, but the perineal mucosa has been described as a common carriage site of S. pseudintermedius in dogs [11,12]. Asymptomatic carriage of MRCoPS has been shown to last many months [13,14,15], presenting a transmission risk within both the household and hospital environments [16,17]. Human MRSA carriage is most commonly screened for by nasal swabbing, alongside variable other sites. This has been extrapolated into veterinary medicine for canine MRSP carriers but is not always well-tolerated and must be performed by a veterinary professional. Subsequent processing should include enrichment culture due to the low numbers of MRCoPS present in carriage sites [18,19], which extends standard identification by up to 48 h. The development of a rapid method to detect MRCoPS carriers, using samples that can be easily collected by owners, would be beneficial. This would allow veterinary clinics to more easily request pre-admission screening for carriage of these staphylococci, especially in the case of high-risk elective or non-emergency procedures, without delaying for multiple days. The ability for owners to take samples themselves further reduces the potential costs of sampling that are associated with veterinarian time and would open the study of MRCoPS carriage to researchers who are not closely linked with suitably equipped veterinary premises for sampling of large numbers of animals. Furthermore, a reliable method to quantify mecA in faecal samples could allow for passive surveillance of antimicrobial resistance (AMR) abundance outside of the veterinary clinic.



This study used quantitative PCR (qPCR) to identify mecA in faecal samples from a population of dogs and their owners as a proof-of-concept study to investigate a possible alternative to traditional detection methods from nasal swabs.




2. Materials and Methods


Owners and their dogs were recruited from February 2018 to April 2019 as part of a larger, multi-centre longitudinal project investigating the transmission of multidrug-resistant bacterial pathogens within households. Recruitment, sampling and handling of results were approved by the RVC’s Clinical Research Ethical Review Board (CRERB; URN 2017 1750-3) and the University of Lisbon’s Comissão de Ética a Bem-Estar Animal (CEBEA; 027/2018), and owners gave written consent at enrolment.



2.1. Study Design


For this study, 35 canine and 51 human faecal samples and their corresponding nasal swab results were included from 13 dogs and 20 humans (one sample n = 1 dog, n = 2 humans; two samples n = 5 dogs, n = 8 humans; three sample n = 4 dogs, n = 7 humans; four samples, n = 3 dogs, n = 3 humans). Repeat samples were obtained with at least one month between sample dates. Faecal samples were grouped into those from MRCoPS nasal carriers or non-nasal carriers based on the detection of MRCoPS on nasal swabs. Bacterial culture was used to isolate MRCoPS from faeces, and a qPCR method was optimised to detect mecA in DNA extracted from faecal samples.




2.2. Isolation of Staphylococci


For nasal carriage sampling, a single dry, sterile swab (charcoal transport swabs, SLS, Nottingham, U.K.) was rolled on the inside of each nostril for 3–5 s. Dogs were swabbed by a veterinary surgeon; humans swabbed their own nostrils. Nasal swabs were enriched (37 °C/48 h) in 3 mL tryptone soya broth (CM0129; Thermo Fisher Scientific, Loughborough, U.K.) + 6.5 mg/L sodium chloride (Sigma-Aldrich Ltd., Gillingham, Dorset, U.K.).



A faecal sample was collected within 24 h of nasal swabbing and processed within 72 h of collection (transported at room temperature). Aliquots (0.5 g) of faeces were immediately frozen on receipt at the laboratory (maximum temperature −20 °C) for subsequent DNA extraction. A further 1 g was enriched (37 °C/24 h) in 10 mL peptone water (CM0009, Thermo Fisher Scientific) for bacterial culture.



Nasal swab and faeces enrichment broths were subsequently plated (100 µL) onto either mannitol salt agar (CM0085; Thermo Fisher Scientific) containing 6 mg/L oxacillin (Sigma-Aldrich) (MS+) [20,21] or Oxoid Brilliance MRSA agar (PO5310, Thermo Fisher) at 37 °C for 48 h for selective growth of MR-staphylococci.



A minimum of four colonies of each distinct morphology (considering size, shape, colour and mannitol fermenting ability) were subcultured onto blood agar (CM0271; Thermo Fisher Scientific) containing 5% sheep blood (TCS BioScience, Buckingham, U.K.), and phenotypic identification of CoPS was made through a range of tests, including observation of characteristic colony morphology and haemolysis, slide coagulase testing, DNAse production and Voges–Proskauer test [22]. Species (thermonuclease nuc) and meticillin resistance (mecA) were confirmed by conventional PCR [23,24].




2.3. DNA Extraction from Faeces


DNA was extracted from frozen faecal aliquots (‘faecal DNA’) and subsequently confirmed for the presence of bacterial ribosomal DNA by PCR. Faecal DNA was extracted using a commercial kit (DNeasy PowerSoil Kit 100, Qiagen, Hilden, Germany) following the manufacturer’s protocol with the exception of undertaking the final elution step in two 50 µL (cf., one 100 µL) volumes to thoroughly elute DNA from the column. DNA quantity (ng/µL) and purity (ratio of absorbance at 260 nm and 280 nm wavelength) were determined (Qubit 4 Fluorometer, Thermo Fisher Scientific; DeNovix DS-11, DeNovix Inc., Wilmington, DE, USA). Samples were excluded from analysis if <1 ng of DNA would be available for qPCR. The presence of bacterial DNA within the faecal extractions was confirmed through 16S PCR [25]; the absence of a positive band on 16S PCR excluded the sample from further analysis.




2.4. qPCR Method


A qPCR method [26] to detect mecA was optimised for its use for faecal DNA. Three changes were made to the method: (1) the primer concentration was reduced to 0.25 M (cf., 0.5 M) to reduce primer dimers (primer manufacturer Eurofins Genomics, Wolverhampton, U.K.), (2) 45 cycles (cf., 40) were undertaken to facilitate increased detection with lower DNA template concentrations and (3) the addition of a single step melt curve (65–95 °C, 0.5 °C every 5secimage q5sec) for confirmation of correct gene. A commercial mastermix (PowerUp™ SYBR™ Green Master Mix, Thermo Fisher Scientific) was used in a 20 µL reaction volume, analysed by the CFX96 Real-Time System C1000 Touch Thermal Cycler (Bio-Rad, Watford, U.K.). Correct melt curve temperature (75 °C) and subsequent 213 bp band on agarose gel electrophoresis (AGE) confirmed mecA detection.



To confirm that method optimisation resulted in the correct mecA PCR product, a previously characterised canine-derived MRSA (A16) [27] underwent the same amplification steps as for qPCR, but with a standard Taq PCR mastermix (Taq PCR core kit, Qiagen). After DNA clean-up (Monarch PCR & DNA Cleanup Kit, New England BioLabs, Ipswich, MA, USA), the product was sequenced (Sanger sequencing, Source BioScience, Nottingham, U.K.) and aligned to mecA from MRSA COL [28].



The concentration of extracted DNA from MRSA A16 (PurElute™ Bacterial Genomic Kit, Promega Southampton, U.K.) was measured (DeNovix DS-11) and dilutions were made ranging from 75.2 to 7.52 × 107 mecA copy numbers per reaction volume (cn), based on a single copy of mecA per bacterial genome. Triplicate assessment established a limit of detection (LOD) of 75.2 cn (Cq 34.67 ± 0.86), with the other remaining standards providing a quantifiable range from 188 to 7.52 × 107 cn. Extracted MRSP DNA (1726) [27] was quantifiable by this standard curve.



The blank faecal DNA extraction kit (using both PCR grade water and elution buffer), and extracted bacterial DNA, pure bacterial culture and a faecal sample spiked with mecA-positive DNA (all at the top and bottom of the standard range) were analysed to investigate extraction efficiency and potential for qPCR interference from faecal proteins.



For the faecal DNA, the detection of mecA above LOD—and quantification, where appropriate—was investigated in triplicate using 6 µL of DNA in each reaction to maximise the volume of DNA evaluated, alongside a standard curve and duplicate no template controls (NTC) on every 96-well plate. Data were analysed using Bio-Rad CFX Manager (Bio-Rad) and Microsoft Excel 2016 (Microsoft, Reading, U.K.). All qPCR products underwent agarose gel electrophoresis (AGE) to confirm the presence/absence of correct size fragment.




2.5. Statistical Analysis


SPSS version 26 (IBM, Portsmouth, U.K.) was used to compare DNA quantity and quality (Kruskal–Wallis) and mecA detection (Fisher’s Exact Test) between MRCoPS carriers and non-carriers.





3. Results


From the available 86 paired nasal and faecal samples, MRCoPS were isolated from 11 nasal samples (7 dog, 4 human) and 1 faecal sample (dog); this faecal carriage coincided with nasal carriage (Table 1). All MRCoPS isolated from dogs were confirmed as MRSP and all MRCoPS isolated from humans as MRSA.



The DNA yield from 86 faecal samples ranged from 0.06 to 247.03 ng/µL. Of those, 17 were excluded from further analysis because of low levels of DNA (12/86 samples, 14.0%) or inability to detect 16S PCR product (5/86, 5.8%).



Faecal DNA subsequently used for qPCR represented 11 instances of MRCoPS carriage (7 canine, 4 human) and 58 instances of non-carriage (24 canine, 34 human) (Table 1). DNA extractions contained 25.23 ± 5.46 ng/µL DNA (mean ± SEM; range 0.18–247.03 ng/µL). All 69 extractions produced 16S PCR product indicating the presence of bacterial ribosomal subunits in the DNA. There was no difference in the quantity or purity of faecal DNA between MRCoPS nasal carriers and non-carriers (quantity p = 0.611; purity p = 0.367). Overall, 151.4 ± 16.5 ng (mean ± standard error) faecal DNA with purity of 1.62 ± 0.54 was used in each qPCR reaction.



The blank faecal extraction kit did not produce a signal on qPCR; however, the kit extraction resulted in up to a 3.71 log10 copy number reduction of mecA when used for known quantities of bacterial DNA, pure bacterial culture and mecA-spiked faeces. As a result, mecA detection above LOD is compared in all stated results, but mecA was not quantified. Primer efficiency was 97.1 ± 3.2% (y = −3.305x + 40.84, r2 = 0.9971). NTCs showed late amplification curves (Cq 36.1 ± 1.9) with no detectable melt curve in the range for mecA.



Overall, mecA was detected in 13/69 faecal samples (n = 4 human, n = 9 canine), of which four were from MRCoPS carriers and nine from non-carriers (Table 1). All mecA-positive samples had correct melt curve temperature (qPCR) and band size (AGE). Overall, and for dogs alone, there was no association (p = 1.000 dog, p = 0.199 combined) between nasal carrier status and faecal mecA detection. For humans, mecA was more commonly detected in MRCoPS nasal carriers than non-carriers (p = 0.047).




4. Discussion


Faecal samples yielded detectable mecA using this optimised qPCR method. The association between mecA detection and MRCoPS carriage found in humans was encouraging for this novel method for carriage detection. Although not corroborated by the findings in dogs, or when dog and human results were combined, this may have related to low numbers within this study. This association should be investigated within a broader range of carriers in future. The detection of mecA in the faeces of non-carriers may be due to an increased sensitivity of the qPCR for detecting their presence, although one would expect it to have in this case detected all known MRCoPS carriers. This may be due to the need for sampling of multiple body sites to identify all potential MRCoPS carriers, as has been shown for both MRSA and MRSP [21,29]. It may also be due to the presence of meticillin-resistant, coagulase-negative staphylococci (MRCoNS) in these samples, which may have lower oxacillin breakpoints and therefore not have been detected on the 6 mg/L oxacillin-impregnated mannitol salt. However, this concentration of oxacillin has been shown reliable for previously detecting MRCoPS [20,21]. In fact, the lower concentrations of beta-lactam antimicrobial in the Oxoid Brilliance agar resulted in a number of non-mecA oxacillin-susceptible staphylococcal isolates being recovered (data not shown), which reinforces the importance of confirmatory testing of isolates through mecA PCR when using screening agars.



As for MRCoPS, MRCoNS have been described in faeces as well as the wider environment [30,31], and it is known that these were likely the precursor to acquisition of SCCmec in coagulase-positive species [32]. The method optimised in this study does not distinguish the origin of mecA, and confirmation of exactly which species was carrying it is beyond the capability of qPCR. However, the creation of a multiplex method, including the addition of a staphylococcal species-specific gene (e.g., thermonuclease, nuc) which could determine relative abundance of S. aureus, S. pseudintermedius and MRCoNS compared to mecA in the same samples would add evidence to support the presence or absence of MRCoPS. Nevertheless, the presence of mecA in faeces originating from any staphylococcal species is of concern due to the potential for horizontal gene transfer between species [33].



The presence of mecA in faecal samples indicates the utility of this method for surveillance of the spread of this significant resistance gene. The One Health importance of antimicrobial resistance, extending across human and veterinary healthcare into food production systems and the wildlife ecosystem, indicates the need for global monitoring of antimicrobial resistance [34]. In the case of meticillin resistance, more specifically, the presence of MRCoPS in other animal hosts may be linked to dissemination of this pathogen more widely. The risk of MRSA transmission from pigs to humans is widely known [35], but the more recent discovery of emergence of MRSA within wildlife hosts in the pre-antibiotic era [36] indicates the potential value of passive surveillance. These techniques can be used to track the emergence and spread of critically important resistance genes without the need for individual animal sampling which can pose many challenges.



This specific DNA extraction kit requires a small mass of faeces, which may not be representative of the wider bacterial population of the gastrointestinal tract and perianal mucosa. However, it did result in the extraction of a sufficient quantity of DNA, demonstrated by the presence of bacterial ribosomal subunits (16S). The quality of the faecal DNA was lower than ideal, likely due to the presence of faecal protein contamination, but was sufficient for successful qPCR amplification.



Overall, the detection of mecA in faeces indicates that there is a reservoir of this important resistance gene which is currently unassessed. Further analysis of human MRCoPS carrier faeces is needed to establish whether there is diagnostic merit in this approach for rapid identification of asymptomatic carriers. Regardless, this qPCR method provides a novel technique for the surveillance of the mecA reservoir in both individuals and the environment.







Author Contributions


Conceptualisation, S.-M.F., C.P. and A.L.; methodology, S.-M.F., G.G., A.G. and A.L.; formal analysis, S.-M.F. and G.G.; investigation, S.-M.F. and G.G.; resources, S.-M.F., J.M., C.P. and A.L.; writing—original draft preparation, S.-M.F. and G.G.; writing—review and editing, all authors; funding acquisition, C.P. and A.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by JPIAMR/0002/2016 Project—PETRisk Consortium through the Medical Research Council (MRC, UK; MR/R000042/1) and the Fundação para a Ciência e Tecnologia IP (FCT, Portugal; UIDB/00276/2020 and LA/P/0059/2020). J.M. holds a FCT PhD fellowship (2020.07562.BD).




Institutional Review Board Statement


The study was approved by the RVC’s Clinical Research Ethical Review Board (CRERB; URN 2017 1750-3) and the University of Lisbon’s Comissão de Ética a Bem-Estar Animal (CEBEA; 027/2018), and owners gave written informed consent at enrolment.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The authors acknowledge the PET-Risk Consortium and all its members.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Lloyd, D.H.; Page, S.W. Antimicrobial stewardship in veterinary medicine. Microbiol. Spectrum. 2018, 6, ARBA-0023-2017. [Google Scholar] [CrossRef] [PubMed]

	



Loeffler, A.; Boag, A.K.; Sung, J.; Lindsay, J.A.; Guardabassi, L.; Dalsgaard, A.; Smith, H.; Stevens, K.B.; Lloyd, D.H. Prevalence of methicillin-resistant Staphylococcus aureus among staff and pets in a small animal referral hospital in the UK. J. Antimicrob. Chemother 2005, 56, 692–697. [Google Scholar] [CrossRef] [PubMed]

	



Morris, D.O.; Loeffler, A.; Davis, M.F.; Guardabassi, L.; Weese, J.S. Recommendations for approaches to meticillin-resistant staphylococcal infections of small animals: Diagnosis, therapeutic considerations and preventative measures.: Clinical Consensus Guidelines of the World Association for Veterinary Dermatology. Vet. Dermatol. 2017, 28, 304-e69. [Google Scholar] [CrossRef] [PubMed]

	



Böcher, S.; Skov, R.L.; Knudsen, M.A.; Guardabassi, L.; Mølbak, K.; Schouenborg, P.; Sørum, M.; Westh, H. The search and destroy strategy prevents spread and long-term carriage of methicillin-resistant Staphylococcus aureus: Results from the follow-up screening of a large ST22 (E-MRSA 15) outbreak in Denmark. Clin. Microbiol. Infect. 2010, 16, 1427–1434. [Google Scholar] [CrossRef] [PubMed]

	



Loeffler, A.; Linek, M.; Moodley, A.; Guardabassi, L.; Sung, J.M.; Winkler, M.; Weiss, R.; Lloyd, D.H. First report of multiresistant, mecA-positive Staphylococcus intermedius in Europe: 12 cases from a veterinary dermatology referral clinic in Germany. Vet. Dermatol. 2007, 18, 412–421. [Google Scholar] [CrossRef] [PubMed]

	



Zhen, X.; Lundborg, C.S.; Sun, X.; Hu, X.; Dong, X. Economic burden of antibiotic resistance in ESKAPE organisms: A systematic review. Antimicrob. Resist. Infect. Control. 2019, 8, 137. [Google Scholar] [CrossRef] [PubMed]

	



Van Hal, S.J.; Jensen, S.O.; Vaska, V.L.; Espedido, B.A.; Paterson, D.L.; Gosbell, I.B. Predictors of mortality in Staphylococcus aureus bacteremia. Clin. Microbiol. Rev. 2012, 25, 362–386. [Google Scholar] [CrossRef]

	



Acton, D.S.; Plat-Sinnige, M.J.; van Wamel, W.; de Groot, N.; van Belkum, A. Intestinal carriage of Staphylococcus aureus: How does its frequency compare with that of nasal carriage and what is its clinical impact? Eur. J. Clin. Microbiol. Infect. Dis. 2009, 28, 115–127. [Google Scholar] [CrossRef]

	



Kates, A.E.; Thapaliya, D.; Smith, T.C.; Chorazy, M.L. Prevalence and molecular characterization of Staphylococcus aureus from human stool samples. Antimicrob. Resist. Infect. Control. 2018, 7, 42. [Google Scholar] [CrossRef]

	



Cinquepalmi, V.; Monno, R.; Fumarola, L.; Ventrella, G.; Calia, C.; Greco, M.F.; de Vito, D.; Soleo, L. Environmental contamination by dog’s faeces: A public health problem? Int. J. Environ. Res. Public Health 2012, 10, 72–84. [Google Scholar] [CrossRef]

	



Devriese, L.A.; De Pelsmaecker, K. The anal region as a main carrier site of Staphylococcus intermedius and Streptococcus canis in dogs. Vet. Rec. 1987, 121, 302–303. [Google Scholar] [CrossRef] [PubMed]

	



Windahl, U.; Gren, J.; Holst, B.S.; Börjesson, S. Colonization with methicillin-resistant Staphylococcus pseudintermedius in multi-dog households: A longitudinal study using whole genome sequencing. Vet. Microbiol. 2016, 189, 8–14. [Google Scholar] [CrossRef] [PubMed]

	



Larsson, A.K.; Gustafsson, E.; Nilsson, A.C.; Odenholt, I.; Ringberg, H.; Melander, E. Duration of methicillin-resistant Staphylococcus aureus colonization after diagnosis: A four-year experience from southern Sweden. Scand. J. Infect. Dis. 2011, 43, 456–462. [Google Scholar] [CrossRef] [PubMed]

	



Windahl, U.; Reimegård, E.; Holst, B.S.; Egenvall, A.; Fernström, L.; Fredriksson, M.; Trowald-Wigh, G.; Andersson, U.G. Carriage of methicillin-resistant Staphylococcus pseudintermedius in dogs—A longitudinal study. BMC Vet. Res. 2012, 23, 34. [Google Scholar] [CrossRef]

	



Frosini, S.M.; Bond, R.; King, R.; Feudi, C.; Schwarz, S.; Loeffler, A. Effect of topical antimicrobial therapy and household cleaning on meticillin-resistant Staphylococcus pseudintermedius carriage in dogs. Vet. Rec. 2022, 190, e937. [Google Scholar] [CrossRef]

	



Dancer, S.J. Controlling hospital-acquired infection: Focus on the role of the environment and new technologies for decontamination. Clin. Microbiol. Rev. 2014, 27, 665–690. [Google Scholar] [CrossRef]

	



van Duijkeren, E.; Kamphuis, M.; van der Mije, I.C.; Laarhoven, L.M.; Duim, B.; Wagenaar, J.A.; Houwers, D.J. Transmission of methicillin-resistant Staphylococcus pseudintermedius between infected dogs and cats and contact pets, humans and the environment in households and veterinary clinics. Vet. Microbiol. 2011, 150, 338–343. [Google Scholar] [CrossRef]

	



Davis, M.F.; Hu, B.; Carroll, K.C.; Bilker, W.B.; Tolomeo, P.; Cluzet, V.C.; Baron, P.; Ferguson, J.M.; Morris, D.O.; Rankin, S.C.; et al. Comparison of Culture-Based Methods for Identification of Colonization with Methicillin-Resistant and Methicillin-Susceptible Staphylococcus aureus in the Context of Cocolonization. J. Clin. Microbiol. 2016, 54, 1907–1911. [Google Scholar] [CrossRef]

	



Saab, M.E.; Muckle, C.A.; Stryhn, H.; McClure, J.T. Comparison of culture methodology for the detection of methicillin-resistant Staphylococcus pseudintermedius in clinical specimens collected from dogs. J. Vet. Diagn. Invest. 2018, 30, 93–98. [Google Scholar] [CrossRef]

	



Loeffler, A.; Pfeiffer, D.U.; Lindsay, J.A.; Magalhães, R.J.S.; Lloyd, D.H. Prevalence of and risk factors for MRSA carriage in companion animals: A survey of dogs, cats and horses. Epidemiol. Infect. 2011, 139, 1019–1028. [Google Scholar] [CrossRef]

	



Frosini, S.M.; Bond, R.; King, R.H.; Loeffler, A. The nose is not enough: Multi-site sampling is best for MRSP detection in dogs and households. Vet. Dermatol. 2022, 33, 576–580. [Google Scholar] [CrossRef] [PubMed]

	



Barrow, G.I.; Feltham, R.K.A. Characters of Gram-positive bacteria. In Cowan and Steel’s Manual for the Identification of Medical Bacteria, 3rd ed.; Barrow, G.I., Feltham, R.K.A., Eds.; Cambridge University Press: Cambridge, UK, 2003; pp. 52–57. [Google Scholar]

	



Becker, K.; von Eiff, C.; Keller, B.; Brück, M.; Etienne, J.; Peters, G. Thermonuclease gene as a target for specific identification of Staphylococcus intermedius isolates: Use of a PCR-DNA enzyme immunoassay. Diagn. Microbiol. Infect. Dis. 2005, 51, 237–244. [Google Scholar] [CrossRef]

	



Brakstad, O.G.; Maeland, J.A.; Tveten, Y. Multiplex polymerase chain reaction for detection of genes for Staphylococcus aureus thermonuclease and methicillin resistance and correlation with oxacillin resistance. Apmis 1993, 101, 681–688. [Google Scholar] [CrossRef] [PubMed]

	



Srivastava, S.; Singh, V.; Kumar, V.; Verma, P.C.; Srivastava, R.; Basu, V.; Gupta, V.; Rawat, A.K. Identification of Regulatory Elements in 16S rRNA Gene of Acinetobacter Species Isolated from Water Sample. Bioinformation 2008, 3, 173–176. [Google Scholar] [CrossRef]

	



Pichon, B.; Hill, R.; Laurent, F.; Larsen, A.R.; Skov, R.L.; Holmes, M.; Edwards, G.F.; Teale, C.; Kearns, A.M. Development of a Real-Time Quadruplex PCR Assay for Simultaneous Detection of nuc, Panton-Valentine Leucocidin (PVL), mecA and Homologue mecALGA21. J. Antimicrob. Chemother. 2012, 67, 2338–2341. [Google Scholar] [CrossRef]

	



Magalhães, R.J.S.; Loeffler, A.; Lindsay, J.; Rich, M.; Roberts, L.; Smith, H.; Lloyd, D.H.; Pfeiffer, D.U. Risk factors for methicillin-resistant Staphylococcus aureus (MRSA) infection in dogs and cats: A case–control study. Vet. Res. 2010, 41, 55. [Google Scholar] [CrossRef]

	



Gill, S.R.; Fouts, D.E.; Archer, G.L.; Mongodin, E.F.; Deboy, R.T.; Ravel, J.; Paulsen, I.T.; Kolonay, J.F.; Brinkac, L.; Beanan, M.; et al. Insights on Evolution of Virulence and Resistance from the Complete Genome Analysis of an Early Methicillin-Resistant Staphylococcus aureus Strain and a Biofilm-Producing Methicillin-Resistant Staphylococcus epidermidis Strain. J. Bacteriol. 2005, 187, 2426–2438. [Google Scholar] [CrossRef]

	



Chipolombwe, J.; Török, M.E.; Mbelle, N.; Nyasulu, P. Methicillin-resistant Staphylococcus aureus multiple sites surveillance: A systemic review of the literature. Infect. Drug. Resist. 2016, 9, 35–42. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Z.; Shah, H.N.; Misra, R.; Chen, J.; Zhang, W.; Liu, Y.; Cutler, R.R.; Mkrtchyan, H.V. The prevalence, antibiotic resistance and mecA characterization of coagulase negative staphylococci recovered from non-healthcare settings in London, UK. Antimicrob. Resist. Infect. Control. 2018, 7, 73. [Google Scholar] [CrossRef]

	



Domínguez, E.; Zarazaga, M.; Torres, C. Antibiotic resistance in Staphylococcus isolates obtained from fecal samples of healthy children. J. Clin. Microbiol. 2002, 40, 2638–2641. [Google Scholar] [CrossRef]

	



Rolo, J.; Worning, P.; Nielsen, J.B.; Sobral, R.; Bowden, R.; Bouchami, O.; Damborg, P.; Guardabassi, L.; Perreten, V.; Westh, H.; et al. Evidence for the evolutionary steps leading to mecA-mediated β-lactam resistance in staphylococci. PLoS Genet. 2017, 13, e1006674. [Google Scholar] [CrossRef] [PubMed]

	



Zeman, M.; Mašlaňová, I.; Indráková, A.; Šiborová, M.; Mikulášek, K.; Bendíčková, K.; Plevka, P.; Vrbovská, V.; Zdráhal, Z.; Doškař, J.; et al. Staphylococcus sciuri bacteriophages double-convert for staphylokinase and phospholipase, mediate interspecies plasmid transduction, and package mecA gene. Sci. Rep. 2017, 7, 46319. [Google Scholar] [CrossRef] [PubMed]

	



Velazquez-Meza, M.E.; Galarde-López, M.; Carrillo-Quiróz, B.; Alpuche-Aranda, C.M. Antimicrobial resistance: One Health approach. Vet. World 2022, 15, 743–749. [Google Scholar] [CrossRef] [PubMed]

	



Crespo-Piazuelo, D.; Lawlor, P.G. Livestock-associated methicillin-resistant Staphylococcus aureus (LA-MRSA) prevalence in humans in close contact with animals and measures to reduce on-farm colonisation. Ir. Vet. J. 2021, 74, 21. [Google Scholar] [CrossRef] [PubMed]

	



Larsen, J.; Raisen, C.L.; Ba, X.; Sadgrove, N.J.; Padilla-González, G.F.; Simmonds, M.S.J.; Loncaric, I.; Kerschner, H.; Apfalter, P.; Hartl, R.; et al. Emergence of methicillin resistance predates the clinical use of antibiotics. Nature 2022, 602, 135–141. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Results from faecal assessment through culture and qPCR detection of mecA with respect to meticillin-resistant, coagulase-positive Staphylococcus species (MRCoPS) nasal carrier status of 31 canine and 38 human samples.
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Origin of Sample

	
Faecal Assessment




	
Nasal Carrier Status

	
Host Species

	
Number of MRCoPS-Culture-Positive Faecal Samples per Available Samples

	
Number of Samples with mecA Detected in Faecal DNA by qPCR per Available Samples (%)






	
MRCoPS carrier

	
Dog

	
1/7

	
2/7 (28.6)




	
Human

	
0/4

	
2/4 (50.0)




	
Overall

	
1/11

	
4/11 (36.4)




	
MRCoPS non-carrier

	
Dog

	
0/24

	
7/24 (29.2)




	
Human

	
0/34

	
2/34 (5.9)




	
Overall

	
0/58

	
9/58 (15.6)
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