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Abstract
Interactions between humans and pets are increasingly valued in western countries, 
leading to more extensive contact between humans and their pets within households. 
Although the magnitude of the risk of transfer of Escherichia coli between humans and 
their companion animals is undefined, that such transmission occurs has been estab-
lished and warrants attention. This study examined 186 fresh faecal samples from 
companion dogs visiting 22 municipal dog parks in the Minneapolis/Saint Paul met-
ropolitan area, Minnesota, USA. Samples were processed to isolate 3rd- generation 
cephalosporin- resistant E. coli, which were further characterized using PCR- based 
virulence genotyping, antimicrobial susceptibility profiling and whole- genome se-
quencing. Of the 186 faecal samples, 29% yielded cephalosporin- resistant E. coli, and 
2.2% yielded extended- spectrum beta- lactamase producers. Co- resistance to sul-
fonamides was typical (77.3% of isolates), and multidrug resistance (i.e. to ≥3 antimi-
crobial classes), including to combinations of tetracyclines, phenicols, quinolones and 
aminoglycosides, was substantial (18.9% of isolates). Identified beta- lactamase genes 
included blaCMY- 2, blaTEM- 1B, blaTEM- 1, blaCTX- M- 24, blaCTX- M- 15 and blaOXA- 1. Genome se-
quencing of 14 isolates identified genes typical of extraintestinal pathogenic E. coli 
or enteropathogenic E. coli. In three instances, closely related isolates were recov-
ered from different dogs, within either the same park— suggesting transfer of E. coli 
between dogs within the park— or different parks— suggesting that dogs may be 
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1  |  INTRODUC TION

Domestic dogs (Canis familiaris) are integral parts of the households 
of many humans across the world. Increasingly, domestic dogs share 
close contact with human household members, and in urban set-
tings, often congregate at designated dog parks where they are 
allowed to roam grassy landscapes and interact with other dogs 
from different households (Madec et al., 2017; PRNewswire T. H. 
P., 2015).

Numerous studies have investigated the carriage of Escherichia coli 
by healthy companion dogs, many of which address the faecal carriage 
of cephalosporin- resistant and extended- spectrum beta- lactamase 
(ESBL)- producing E. coli from healthy companion dogs. In these stud-
ies, the proportion of positive faecal or rectal swabs ranged from 4% 
to 45% for cephalosporin- resistant E. coli (Aslantas & Yilmaz, 2017; 
Carvalho et al., 2016; Damborg et al., 2015; Hordijk et al., 2013; 
Ortega- Paredes et al., 2019; Rocha- Gracia et al., 2015; Schmidt 
et al., 2015; Umeda et al., 2019), and the proportion of faecal sam-
ples positive for ESBL- producing E. coli ranged from 2% to 12% (Belas 
et al., 2014; Karkaba et al., 2019; Rocha- Gracia et al., 2015; Wedley 
et al., 2017; Yousfi et al., 2016). Very few such studies have been con-
ducted in the United States (US). In one US study, 6/61 (9.8%) fae-
cal samples from healthy dogs yielded cephalosporin- resistant E. coli 
(Stenske et al., 2009), and in another, 0/15 dog faecal isolates from dog 
parks yielded ceftriaxone- resistant E. coli (Ahmed et al., 2015).

The purpose of this study was to examine faecal samples from 
dogs visiting dog parks in the Minneapolis/Saint Paul metropol-
itan area in Minnesota, the United States, for the presence of 
cephalosporin- resistant and ESBL- producing E. coli. The goals were 
to determine whether such isolates are circulating among dogs and 
to determine whether shared clones exist between dogs frequenting 
the same or different dog parks.

2  |  MATERIAL S AND METHODS

From July to August 2013, research staff visited 22 different dog 
parks in the Minneapolis/Saint Paul metropolitan area (Armstrong 
et al., 2015). From these parks, collectively, 186 fresh faecal samples 
(average 8.5 samples per park) were collected aseptically into sterile 
faecal collection containers (Fisher Scientific) using provided sterile 
plastic spatulas and gloves. Samples were labelled as to specific dog 
park, dog within that park and (if multiple dogs per owner) owner. All 

samples came from different dogs and, with rare exceptions, differ-
ent owners.

Samples were processed promptly for cefotaxime- resistant 
E. coli by placing 1 g of faecal material into 10- ml Luria- Bertani (LB) 
broth (Becton- Dickinson) containing 1- ug/mL cefotaxime and incu-
bating overnight with shaking at 37°C. The same sample was also 
placed in 10- ml LB broth without antibiotic overnight to confirm 
growth of total E. coli. The following day, a 1- μl loop of the overnight 
growth was streaked onto MacConkey agar (Becton- Dickinson) with 
1- μg/ml cefotaxime, and a representative suspect E. coli colony from 
each plate was selected. MacConkey agar with no antibiotic was 
included to confirm E. coli recovery from each sample. ChromAgar 
and an E. coli- specific polymerase chain reaction (PCR) were then 
used to confirm that colonies were indeed E. coli (Walk et al., 2009). 
Presumptive cefotaxime- resistant isolates were stored in 20% glyc-
erol until further use.

Presumptive cefotaxime- resistant isolates underwent anti-
microbial susceptibility testing using the National Antimicrobial 
Resistance Monitoring System panel CMV2AGNF by Trek 
Diagnostics according to Food and Drug Administration, US 
Department of Agriculture, and Clinical Laboratory Standards 
Institute recommendations (CLSI; CLSI, 2017). This plate was 
designed for the testing of veterinary isolates (McDermott 
et al., 2016) but do not necessarily represent canine- specific break-
points and allows determination of broth microdilution minimum 
inhibitory concentrations (MIC) for 15 antimicrobials (drug name 
abbreviation; resistance breakpoint used): amoxicillin/clavulanic 
acid (AUG; ≥ 32/16 μg/ml), ampicillin (AMP; ≥32 μg/ml), azithro-
mycin (AZI; ≥32 μg/ml), cefoxitin (FOX; ≥32 μg/ml), ceftiofur (TIO; 
≥8 μg/ml), ceftriaxone (AXO; ≥4 μg/ml), chloramphenicol (CHL; 

pre- disposed to carry certain E. coli types, such as those from serogroups O4, O71 
and O157. This study adds to the existing evidence that companion dogs can harbour 
and share antimicrobial- resistant E. coli with presumed intestinal or extraintestinal 
pathogenic potential.

K E Y W O R D S
canine, cephalosporin, Escherichia coli, faecal

Impacts

• Healthy dogs within the Twin Cities metropolitan area 
harbour cephalosporin- resistant Escherichia coli in their 
normal faecal flora.

• Some cephalosporin- resistant isolates from dog fae-
ces harboured traits typical of enteropathogenic E. coli 
(EPEC) or extraintestinal pathogenic E. coli (ExPEC).

• There was evidence of sharing of E. coli clones between 
different dogs via community dog parks.
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≥32 μg/ml), ciprofloxacin (CIP; ≥ 1 μg/ml), gentamicin (GEN; ≥ 16 μg/
ml), kanamycin (KAN; ≥64 μg/ml), nalidixic acid (NAL; ≥32 μg/ml), 
streptomycin (STR; ≥32 μg/ml), sulfisoxazole (FIS; ≥512 μg/ml), tri-
methoprim/sulfamethoxazole (SXT; ≥4/76 μg/ml) and tetracycline 
(TET; ≥16 μg/ml). Inoculation of panels was done per the manufac-
turer's instructions. Intermediate isolates were not differentiated 
from susceptible isolates for this analysis. CLSI- specified control 
strains of E. coli, Staphylococcus aureus, Enterococcus faecalis and 
Pseudomonas aeruginosa were used to validate each run. Multidrug 
resistance was defined as resistance to at least one agent in ≥3 
different antimicrobial classes.

Additionally, all cefotaxime- resistant isolates were screened 
for ESBL production by first examining disk diffusion susceptibility 
to cefoxitin (FOX; 30 μg), cefotaxime (CTX; 30 μg) and ceftazidime 
(CAZ; 30 μg) on commercial disks (Becton- Dickinson). Isolates with 
reduced susceptibility to CTX and/or CAZ were then assessed for 
the presence of ESBLs using a combination of the double- disk syn-
ergy test for CTX and CAZ with clavulanic acid (Becton- Dickinson) 
according to CLSI guidelines (CLSI, 2017).

Cefotaxime- resistant isolates underwent multiplex PCR- based 
phylotyping (Clermont et al., 2000) and extended virulence geno-
typing for 31 putative or proven virulence genes associated with 
extraintestinal pathogenic E. coli (ExPEC) (Johnson et al., 2015). 
Presumptive ExPEC status was assigned based on presence of ≥2 of 
five established indicator genes (Johnson et al., 2003).

Whole- genome sequencing was performed for 14 isolates total, 
including those that displayed an ESBL phenotype (n = 4) or reduced 
susceptibility to ≥6 of the 15 antimicrobials in the CMV2AGNF MIC 
panel (n = 10). The purpose of this approach was to further study 
ESBL producers and those with cefotaxime resistance in the pres-
ence of additional resistance phenotypes. DNA extractions were 
performed using overnight growths in LB broth of a single inocu-
lated colony using the Qiagen DNEasy kit following manufacturer 
instructions. Genomic DNA libraries were created using Nextera XT 
library preparation kits and Nextera XT index kit v2 (Illumina), and 
sequencing was performed using 2×250- bp dual- index runs on an 
Illumina MiSeq at the University of Minnesota Mid- Central Research 
and Outreach Center. Targeted sequencing coverage was 40– 50×.

Following assembly with SPAdes (Bankevich et al., 2012), resis-
tance genes and plasmid replicons were identified using Resfinder 
(Zankari et al., 2012) and PlasmidFinder (Carattoli et al., 2014), re-
spectively. FimTyper (Roer et al., 2017) and SerotypeFinder (Joensen 
et al., 2015) were used to determine fimH allele and predicted se-
rotype, respectively. VirulenceFinder (Kleinheinz et al., 2014) was 
used for identification of E. coli virulence genes. A custom database 
of 46 additional genes associated human and avian ExPEC (https://
doi.org/10.6084/m9.figsh are.11337 278.v1) was also used to iden-
tify additional virulence- associated genes using ABRicate (https://
github.com/tseem ann/abricate). For genome- sequenced isolates, a 
previously established definition for intestinal E. coli pathotypes was 
used (Bugarel et al., 2011). ClustVis (Metsalu & Vilo, 2015) was used 
to display virulence and antimicrobial susceptibility data in heatmap 
format.

The 7- gene Achtman multilocus sequence typing (MLST) data-
base (Larsen et al., 2012) was used to assign a sequence type (ST) 
to each isolate. Clonality between isolates was defined as isolates 
differing by ≤40 whole- genome single nucleotide polymorphisms 
(SNPs), following previous guidance for such definitions (Salipante 
et al., 2015).

The methods and protocols for this study were reviewed by 
the University of Minnesota Institutional Animal Care and Use 
Committee and determined to be exempt from a need for ethical 
approval.

Raw sequencing data from this project are deposited in the NCBI 
short read archive under BioProject number PRJNA593904.

3  |  RESULTS AND DISCUSSION

Of the 186 faecal samples from 22 municipal dog parks, 100% 
(186/186) yielded E. coli after incubation in antibiotic- free LB broth, 
vs. 29% (54/186) after incubation in cefotaxime- supplemented 
(1 μg/ml) LB broth, and 2.2% (4/186) yielded ESBL- producing E. coli 
according to disk diffusion. Broth microdilution testing showed that 
most of the 54 presumptive cefotaxime- resistant isolates were co- 
resistant to other beta- lactams, including ampicillin (100%), ceftriax-
one (94%), cefoxitin (83%), ceftiofur (80%) and amoxicillin/clavulanic 
acid (59%; Figure 1). As for non- beta- lactams, resistance was varia-
bly prevalent also to sulfisoxazole (76%), tetracycline (15%), nalidixic 
acid (11%) and streptomycin (11%); 19% of the 54 cefotaxime- 
resistant isolates exhibited multidrug resistance.

All 54 cefotaxime- resistant isolates possessed fimH and uidA 
using PCR, confirming they were E. coli. According to PCR- based 
profiling, the most frequent ExPEC- associated virulence- associated 
genes among these isolates were traT (50%), fyuA (39%), chromo-
somal ompT (37%), iroN (30%) and malX (26%); and 11% (6/54) iso-
lates qualified molecularly as ExPEC.

Whole- genome sequencing was performed on the 4 isolates with 
an ESBL phenotype and 10 additional isolates displaying resistance to 
≥6 of the tested drugs (Table 1). Sequence analysis showed that these 
isolates contained diverse beta- lactamase genes, including blaCMY- 2 
(n = 9), blaTEM- 1 (n = 2), blaTEM- 1B (n = 3), blaCTX- M- 15 (n = 1), blaCTX- M- 24 
(n = 2), blaCTX- M- 1 (n = 1) and blaOXA- 1 (n = 1). Some isolates possessed 
co- occurring resistance genes encoding aminoglycoside resistance 
(strAB, aadA1, aadA2, aph(3′)-Ia, aac(3)-IId and/or aac(6’)Ib-cr), mac-
rolide resistance (mph[A]), phenicol resistance (floR, catA1 or catB3), 
sulphonamide resistance (sul1 and/or sul2), tetracycline resistance 
(tet(A) or tet(B)) and trimethoprim resistance (dfrA1, dfrA7, dfrA12 or 
dfrA17). Isolates belonged to diverse STs and exhibited diverse fimH 
alleles and predicted serotypes. They also contained a variety of plas-
mid replicon types, including IncA/C2 (now separated into IncA and 
IncC), IncFIA, IncFIB, IncFIC, IncFII, IncI1, IncI2, IncQ1 and IncX1.

Several genome- sequenced isolates possessed ExPEC- 
associated characteristics. For example, two (non- ESBL- producing) 
isolates from different dog parks (isolates DP8- 5 and DP25- 3) rep-
resented ST12/serotype O4:H5, which previously was found to 

https://doi.org/10.6084/m9.figshare.11337278.v1
https://doi.org/10.6084/m9.figshare.11337278.v1
https://github.com/tseemann/abricate
https://github.com/tseemann/abricate
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overlap between canine and human urinary tract infection isolates 
in the United States (Johnson et al., 2001). These isolates possessed 
genes corresponding with the yersiniabactin siderophore system 
(fyuA and irp2), the salmochelin siderophore system (iroBCDEN), 
pyelonephritis- associated pili (papC) and ColV or ColBM plasmids 
(cvaAB, cbi, cmi and cma). They differed by >6500 core genome 
SNPs, so represented distinct strains.

Three other (non- ESBL- producing) isolates, from three different 
dogs/owners in the same dog park, represented ST372 (serotype 
O15:H31), which is a sequence type previously linked to human 
ExPEC and a predominant strain in canine ExPEC infections (Flament- 
Simon et al., 2020; Kidsley et al., 2020). These isolates possessed 
identical resistance profiles, resistance genotypes and virulence 
genotypes, including multiple ExPEC- associated virulence genes 

F I G U R E  1  Results of antimicrobial susceptibility testing and PCR- based virulence genotyping for 54 cephalosporin- resistant Escherichia 
coli from dog faeces. Black boxes indicate resistance to an antimicrobial or a positive PCR reaction. See methods section for antibiotic and 
virulence gene abbreviations. For virulence- associated genes, pap = pyelonephritis- associated pili; sfa = S fimbrae; focG = F1C fimbriae; 
fimH = type 1 fimbriae; hra = heat- resistant agglutinin; hlyD = haemolysin; cnf1 = cytotoxic necrotizing factor; pic = serine protease; 
tsh = temperature- sensitive hemagglutinin; vat = vacuolating autotransporter; astA = EAST1 enterotoxin; fyuA = ferric yersiniabactin 
uptake; iutA = aerobactin siderophore system; iroN = salmochelin siderophore system; ireA = iron- regulated element; chuA = haem- binding 
outer membrane; kpsM K1 = K1 group II capsule; kpsM K2 = K2 group II capsule; kpsM II = group II capsule; kpsM III = group III capsule; 
rfc = O4 LPS synthesis; iss = increased serum survival; traT = surface exclusion; ompT = outer membrane protease; cvaC = ColV microcin 
operon; ibeA = invasion of brain epithelium; H7 fliC = H7 flagellin variant; usp = uropathogenic- specific microcin; malX = pathogenicity- 
associated island marker; cldBN = hybrid peptide- polyketide synthase; hemF = non- ribosomal synthetase. Antibiotics included amoxicillin/
clavulanic acid (AUG), ampicillin (AMP), azithromycin (AZI), cefoxitin (FOX), ceftiofur (TIO), ceftriaxone (AXO), chloramphenicol (CHL), 
ciprofloxacin (CIP), gentamicin (GEN), kanamycin (KAN), nalidixic acid (NAL), streptomycin (STR), sulfisoxazole (FIS), trimethoprim/
sulfamethoxazole (SXT) and tetracycline (TET)
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(cnf1, vat, cvaAB, fyuA, irp2, ibeA, papC, iroBCDEN and sitABCD); cnf1 
is a defining trait of necrotoxigenic E. coli (DebRoy & Maddox, 2001). 
They differed by <40 core genome SNPs and therefore represented 
highly similar clones. Because many dogs visited these same dog 
parks repeatedly (survey data not shown), the observed common-
ality could indicate strain- sharing events that occurred during prior 
direct or indirect contact.

By contrast, 3 of the 14 genome- sequenced isolates (DP18- 2A, 
DP23- 1 and DP26- 1) possessed key traits of atypical enteropatho-
genic E. coli (EPEC), including eae, espABF, nleABC, perA, sepA and tir 
(Deng et al., 2004). Two of these isolates (both, ESBL producers) rep-
resented ST10/serotype O157:H16, and one (a non- ESBL- producer) 
represented ST517/serotype O71:H19. Both of these serotypes are 
associated with EPEC (Blanco Crivelli et al., 2018; Feng et al., 2012), 
and intimin- producing O157:H16 strains have been previously found 
in dogs (Bentancor et al., 2010). The O157:H16 isolates differed 
by <170 core genome SNPs, so represent closely related but non- 
identical strains from different dogs at different dog parks, while 
the O71:H19 isolate was genetically distinct (>1000 SNPs different) 
from the O157:H16 isolates and was found at yet another dog park.

4  |  CONCLUSIONS

Although quantifiable risk has not yet been established for the 
transmission of commensal bacteria such as E. coli between humans 
and companion animals (Madec et al., 2017), mounting evidence in-
dicates that such transmissions do occur and must be considered. 
This study's findings suggest that dog parks present an opportunity 
for drug- resistant and potentially pathogenic E. coli to be spread 
between visiting animals. Consequently, both the parks and the 
dogs themselves may pose some risk to human owners through 
clone sharing and dissemination, possibly followed by subsequent 
within- household transmission. The identification of ExPEC and 
EPEC isolates harbouring drug resistance in dog faeces, with evi-
dence suggesting transmission between dogs within the same dog 
park, highlights the fact that such transmission events may pose a 
risk with regard to both pathogenic potential and further dissemi-
nation of the antibiotic resistance gene pool within a community. 
This study was limited by small sample size, limited geographic 
area studied, use of only one colony per isolate, and bias for the 
selection and further characterization of only cefotaxime- resistant 
E. coli. This study was also limited by the use of a food production- 
oriented susceptibility panel, which uses different antimicrobi-
als and breakpoints than companion animal susceptibility panels. 
However, these findings suggest that dog park visits may serve as 
an opportunity for acquisition of MDR E. coli with pathogenic po-
tential, and public awareness of the need for hygienic practices in 
these parks is warranted.

ACKNOWLEDG EMENTS
This project was supported by the Boehringer Ingelheim Veterinary 
Scholars Program (JA). Bioinformatics was supported using tools 

available from the Minnesota Supercomputing Institute. It also 
was supported in part by the Office of Research and Development, 
Department of Veteran Affairs (JRJ) and by Spanish Network 
for Research in Infectious Diseases (REIPI) [RD12/0015/0004, 
RD16/0016/0011]; a grant from the Spanish Society of Infectious 
Diseases and Clinical Microbiology (SEIMC) [Ayuda a la formación de 
la SEIMC 2014 to I.M] and co- financed by the European Development 
Regional Fund (ERDF), ‘A Way to Achieve Europe’. I.M. is currently 
supported by a Río Hortega grant [CM18/00157] by Instituto de 
Salud Carlos III of Spain.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are openly available 
in NCBI Short Read Archive at https://www.ncbi.nlm.nih.gov/sra.

ORCID
Timothy J. Johnson  https://orcid.org/0000-0001-7556-9347 
Randall S. Singer  https://orcid.org/0000-0002-5461-9330 

R E FE R E N C E S
Ahmed, L. N., Price, L. B., & Graham, J. P. (2015). An exploratory study of 

dog park visits as a risk factor for exposure to drug- resistant extra- 
intestinal pathogenic E. coli (ExPEC). BMC Research Notes, 8, 137. 
https://doi.org/10.1186/s1310 4- 015- 1103- 2

Armstrong, J., Johnson, T., Pantlin, G., Danzeisen, J., Kobluk, K., Olsen, 
K., Bender, J.B. (2015). Characterization, and potential zoonotic 
and antibiotic resistant organisms among dogs using dog parks in 
the Minneapolis/St Paul metropolitan area. Paper presented at the 
emerging infectious disease conference, Atlanta, GA, USA.

Aslantas, O., & Yilmaz, E. S. (2017). Prevalence and molecular character-
ization of extended- spectrum beta- lactamase (ESBL) and plasmidic 
AmpC beta- lactamase (pAmpC) producing Escherichia coli in dogs. 
The Journal of Veterinary Medical Science, 79(6), 1024– 1030. https://
doi.org/10.1292/jvms.16- 0432

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., 
Kulikov, A. S., Lesin, V. M., Nikolenko, S. I., Pham, S., Prjibelski, A. 
D., Pyshkin, A. V., Sirotkin, A. V., Vyahhi, N., Tesler, G., Alekseyev, 
M. A., & Pevzner, P. A. (2012). SPAdes: A new genome assembly 
algorithm and its applications to single- cell sequencing. Journal of 
Computational Biology, 19(5), 455– 477. https://doi.org/10.1089/
cmb.2012.0021

Belas, A., Salazar, A. S., Gama, L. T., Couto, N., & Pomba, C. (2014). Risk 
factors for faecal colonisation with Escherichia coli producing 
extended- spectrum and plasmid- mediated AmpC beta- lactamases 
in dogs. The Veterinary Record, 175(8), 202. https://doi.org/10.1136/
vr.101978

Bentancor, A., Vilte, D. A., Rumi, M. V., Carbonari, C. C., Chinen, I., 
Larzabal, M., Cataldi, A., & Mercado, E. C. (2010). Characterization 
of non- Shiga- toxin- producing Escherichia coli O157 strains isolated 
from dogs. Revista Argentina de Microbiología, 42(1), 46– 48. https://
doi.org/10.1590/S0325 - 75412 01000 0100010

Blanco Crivelli, X., Bonino, M. P., Von Wernich Castillo, P., Navarro, A., 
Degregorio, O., & Bentancor, A. (2018). Detection and characteriza-
tion of enteropathogenic and Shiga toxin- producing Escherichia coli 
strains in Rattus spp. from Buenos Aires. Frontiers in Microbiology, 9, 
199. https://doi.org/10.3389/fmicb.2018.00199

Bugarel, M., Martin, A., Fach, P., & Beutin, L. (2011). Virulence gene pro-
filing of enterohemorrhagic (EHEC) and enteropathogenic (EPEC) 
Escherichia coli strains: A basis for molecular risk assessment of typ-
ical and atypical EPEC strains. BMC Microbiology, 11, 142. https://
doi.org/10.1186/1471- 2180- 11- 142

https://www.ncbi.nlm.nih.gov/sra
https://orcid.org/0000-0001-7556-9347
https://orcid.org/0000-0001-7556-9347
https://orcid.org/0000-0002-5461-9330
https://orcid.org/0000-0002-5461-9330
https://doi.org/10.1186/s13104-015-1103-2
https://doi.org/10.1292/jvms.16-0432
https://doi.org/10.1292/jvms.16-0432
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1136/vr.101978
https://doi.org/10.1136/vr.101978
https://doi.org/10.1590/S0325-75412010000100010
https://doi.org/10.1590/S0325-75412010000100010
https://doi.org/10.3389/fmicb.2018.00199
https://doi.org/10.1186/1471-2180-11-142
https://doi.org/10.1186/1471-2180-11-142


894  |    JOHNSON et al.

Carattoli, A., Zankari, E., Garcia- Fernandez, A., Voldby Larsen, M., 
Lund, O., Villa, L., Møller Aarestrup, F., & Hasman, H. (2014). 
In silico detection and typing of plasmids using PlasmidFinder 
and plasmid multilocus sequence typing. Antimicrobial Agents 
and Chemotherapy, 58(7), 3895– 3903. https://doi.org/10.1128/
AAC.02412 - 14

Carvalho, A. C., Barbosa, A. V., Arais, L. R., Ribeiro, P. F., Carneiro, V. C., & 
Cerqueira, A. M. (2016). Resistance patterns, ESBL genes, and ge-
netic relatedness of Escherichia coli from dogs and owners. Brazilian 
Journal of Microbiology, 47(1), 150– 158. https://doi.org/10.1016/j.
bjm.2015.11.005

Clermont, O., Bonacorsi, S., & Bingen, E. (2000). Rapid and simple de-
termination of the Escherichia coli phylogenetic group. Applied 
and Environmental Microbiology, 66(10), 4555– 4558. https://doi.
org/10.1128/aem.66.10.4555- 4558.2000

CLSI. (2017). Performance standards for antimicrobial susceptibility typ-
ing (27th ed. In CLSI supplement M100). Clinical and Laboratory 
Standards Institute.

Damborg, P., Morsing, M. K., Petersen, T., Bortolaia, V., & Guardabassi, L. 
(2015). CTX- M- 1 and CTX- M- 15- producing Escherichia coli in dog 
faeces from public gardens. Acta Veterinaria Scandinavica, 57, 83. 
https://doi.org/10.1186/s1302 8- 015- 0174- 3

DebRoy, C., & Maddox, C. W. (2001). Identification of virulence attri-
butes of gastrointestinal Escherichia coli isolates of veterinary sig-
nificance. Animal Health Research Reviews, 2(2), 129– 140.

Deng, W., Puente, J. L., Gruenheid, S., Li, Y., Vallance, B. A., Vazquez, 
A., Barba, J., Ibarra, J. A., O'Donnell, P., Metalnikov, P., Ashman, K., 
Lee, S., Goode, D., Pawson, T., & Finlay, B. B. (2004). Dissecting 
virulence: Systematic and functional analyses of a pathogenicity 
Island. ProceedingsoftheNationalAcademyofSciencesoftheUnited
States of America, 101(10), 3597– 3602. https://doi.org/10.1073/
pnas.04003 26101

Feng, P. C., Keys, C., Lacher, D. W., Beutin, L., Bentancor, A., Heuvelink, A., 
Afset, J. E., Rumi, V., & Monday, S. (2012). Clonal relations of atypical 
enteropathogenic Escherichia coli O157:H16 strains isolated from 
various sources from several countries. FEMS Microbiology Letters, 
337(2), 126– 131. https://doi.org/10.1111/1574- 6968.12017

Flament- Simon, S. C., Toro, M., Garcia, V., Blanco, J. E., Blanco, M., 
Alonso, M. P., Goicoa, A., Díaz- González, J., Nicolas- Chanoine, M. 
H., & Blanco, J. (2020). Molecular characteristics of extraintesti-
nal pathogenic E. coli (ExPEC), uropathogenic E. coli (UPEC), and 
multidrug resistant E. coli isolated from healthy dogs in Spain. 
Whole genome sequencing of canine ST372 isolates and com-
parison with human isolates causing extraintestinal infections. 
Microorganisms, 8(11), 1712. https://doi.org/10.3390/micro organ 
isms8 111712

Hordijk, J., Schoormans, A., Kwakernaak, M., Duim, B., Broens, E., Dierikx, 
C., Mevius, D., & Wagenaar, J. A. (2013). High prevalence of fecal 
carriage of extended spectrum beta- lactamase/AmpC- producing 
Enterobacteriaceae in cats and dogs. Frontiers in Microbiology, 4, 
242. https://doi.org/10.3389/fmicb.2013.00242

Joensen, K. G., Tetzschner, A. M., Iguchi, A., Aarestrup, F. M., & Scheutz, 
F. (2015). Rapid and easy in silico serotyping of Escherichia coli 
isolates by use of whole- genome sequencing data. Journal of 
Clinical Microbiology, 53(8), 2410– 2426. https://doi.org/10.1128/
JCM.00008 - 15

Johnson, J. R., Murray, A. C., Gajewski, A., Sullivan, M., Snippes, P., 
Kuskowski, M. A., & Smith, K. E. (2003). Isolation and molecular 
characterization of nalidixic acid- resistant extraintestinal patho-
genic Escherichia coli from retail chicken products. Antimicrobial 
Agents and Chemotherapy, 47(7), 2161– 2168. https://doi.
org/10.1128/aac.47.7.2161- 2168.2003

Johnson, J. R., Porter, S., Johnston, B., Kuskowski, M. A., Spurbeck, R. 
R., Mobley, H. L., & Williamson, D. A. (2015). Host characteristics 
and bacterial traits predict experimental virulence for Escherichia 

coli bloodstream isolates from patients with urosepsis. Open forum. 
Infectious Diseases, 2(3), ofv083. https://doi.org/10.1093/ofid/
ofv083

Johnson, J. R., Stell, A. L., Delavari, P., Murray, A. C., Kuskowski, 
M., & Gaastra, W. (2001). Phylogenetic and pathotypic simi-
larities between Escherichia coli isolates from urinary tract in-
fections in dogs and extraintestinal infections in humans. The 
Journal of Infectious Diseases, 183(6), 897– 906. https://doi.
org/10.1086/319263

Karkaba, A., Hill, K., Benschop, J., Pleydell, E., & Grinberg, A. (2019). 
Carriage and population genetics of extended spectrum beta- 
lactamase- producing Escherichia coli in cats and dogs in New 
Zealand. Veterinary Microbiology, 233, 61– 67. https://doi.
org/10.1016/j.vetmic.2019.04.015

Kidsley, A. K., O'Dea, M., Saputra, S., Jordan, D., Johnson, J. R., Gordon, 
D. M., Johnson, J. R., O'Dea, M., Mollinger, J. L., Abraham, S., & Trott, 
D. J. (2020). Genomic analysis of phylogenetic group B2 extrain-
testinal pathogenic E. coli causing infections in dogs in Australia. 
Veterinary Microbiology, 248, 108783. https://doi.org/10.1016/j.
vetmic.2020.108783

Kleinheinz, K. A., Joensen, K. G., & Larsen, M. V. (2014). Applying the 
ResFinder and VirulenceFinder web- services for easy identifica-
tion of acquired antibiotic resistance and E. coli virulence genes in 
bacteriophage and prophage nucleotide sequences. Bacteriophage, 
4(1), e27943. https://doi.org/10.4161/bact.27943

Larsen, M. V., Cosentino, S., Rasmussen, S., Friis, C., Hasman, H., Marvig, 
R. L., Jelsbak, L., Sicheritz- Pontén, T., Ussery, D. W., Aarestrup, F. 
M., & Lund, O. (2012). Multilocus sequence typing of total- genome- 
sequenced bacteria. Journal of Clinical Microbiology, 50(4), 1355– 
1361. https://doi.org/10.1128/JCM.06094 - 11

Madec, J. Y., Haenni, M., Nordmann, P., & Poirel, L. (2017). Extended- 
spectrum beta- lactamase/AmpC-  and carbapenemase- 
producing Enterobacteriaceae in animals: A threat for humans? 
Clinical Microbiology and Infection, 23(11), 826– 833. https://doi.
org/10.1016/j.cmi.2017.01.013

McDermott, P. F., Tyson, G. H., Kabera, C., Chen, Y., Li, C., Folster, J. P., 
Ayers, S. L., Lam, C., Tate, H. P., & Zhao, S. (2016). Whole- genome 
sequencing for detecting antimicrobial resistance in nontyphoidal 
salmonella. Antimicrobial Agents and Chemotherapy, 60(9), 5515– 
5520. https://doi.org/10.1128/AAC.01030 - 16

Metsalu, T., & Vilo, J. (2015). ClustVis: A web tool for visualizing clus-
tering of multivariate data using principal component analysis and 
heatmap. Nucleic Acids Research, 43(W1), W566– W570. https://doi.
org/10.1093/nar/gkv468

Ortega- Paredes, D., Haro, M., Leoro- Garzon, P., Barba, P., Loaiza, K., 
Mora, F., Fors, M., Vinueza- Burgos, C., & Fernandez- Moreira, 
E. (2019). Multidrug- resistant Escherichia coli isolated from ca-
nine faeces in a public park in Quito, Ecuador. Journal of Global 
Antimicrobial Resistance, 18, 263– 268. https://doi.org/10.1016/j.
jgar.2019.04.002

PRNewswire T. H. P. (2015). More Than Ever, Pets are Members of the 
Family [Press release]. https://www.prnew swire.com/news- relea 
ses/more- than- ever- pets- are- membe rs- of- the- famil y- 30011 4501.
html

Rocha- Gracia, R. C., Cortes- Cortes, G., Lozano- Zarain, P., Bello, F., 
Martinez- Laguna, Y., & Torres, C. (2015). Faecal Escherichia coli 
isolates from healthy dogs harbour CTX- M- 15 and CMY- 2 beta- 
lactamases. Veterinary Journal, 203(3), 315– 319. https://doi.
org/10.1016/j.tvjl.2014.12.026

Roer, L., Tchesnokova, V., Allesoe, R., Muradova, M., Chattopadhyay, 
S., Ahrenfeldt, J., MCF, T., Lund, O., Hansen, F., Hammerum, A. 
M., Sokurenko, E., & Hasman, H. (2017). Development of a web 
tool for Escherichia coli subtyping based on fimH alleles. Journal of 
Clinical Microbiology, 55(8), 2538– 2543. https://doi.org/10.1128/
JCM.00737 - 17

https://doi.org/10.1128/AAC.02412-14
https://doi.org/10.1128/AAC.02412-14
https://doi.org/10.1016/j.bjm.2015.11.005
https://doi.org/10.1016/j.bjm.2015.11.005
https://doi.org/10.1128/aem.66.10.4555-4558.2000
https://doi.org/10.1128/aem.66.10.4555-4558.2000
https://doi.org/10.1186/s13028-015-0174-3
https://doi.org/10.1073/pnas.0400326101
https://doi.org/10.1073/pnas.0400326101
https://doi.org/10.1111/1574-6968.12017
https://doi.org/10.3390/microorganisms8111712
https://doi.org/10.3390/microorganisms8111712
https://doi.org/10.3389/fmicb.2013.00242
https://doi.org/10.1128/JCM.00008-15
https://doi.org/10.1128/JCM.00008-15
https://doi.org/10.1128/aac.47.7.2161-2168.2003
https://doi.org/10.1128/aac.47.7.2161-2168.2003
https://doi.org/10.1093/ofid/ofv083
https://doi.org/10.1093/ofid/ofv083
https://doi.org/10.1086/319263
https://doi.org/10.1086/319263
https://doi.org/10.1016/j.vetmic.2019.04.015
https://doi.org/10.1016/j.vetmic.2019.04.015
https://doi.org/10.1016/j.vetmic.2020.108783
https://doi.org/10.1016/j.vetmic.2020.108783
https://doi.org/10.4161/bact.27943
https://doi.org/10.1128/JCM.06094-11
https://doi.org/10.1016/j.cmi.2017.01.013
https://doi.org/10.1016/j.cmi.2017.01.013
https://doi.org/10.1128/AAC.01030-16
https://doi.org/10.1093/nar/gkv468
https://doi.org/10.1093/nar/gkv468
https://doi.org/10.1016/j.jgar.2019.04.002
https://doi.org/10.1016/j.jgar.2019.04.002
https://www.prnewswire.com/news-releases/more-than-ever-pets-are-members-of-the-family-300114501.html
https://www.prnewswire.com/news-releases/more-than-ever-pets-are-members-of-the-family-300114501.html
https://www.prnewswire.com/news-releases/more-than-ever-pets-are-members-of-the-family-300114501.html
https://doi.org/10.1016/j.tvjl.2014.12.026
https://doi.org/10.1016/j.tvjl.2014.12.026
https://doi.org/10.1128/JCM.00737-17
https://doi.org/10.1128/JCM.00737-17


    |  895JOHNSON et al.

Salipante, S. J., SenGupta, D. J., Cummings, L. A., Land, T. A., Hoogestraat, 
D. R., & Cookson, B. T. (2015). Application of whole- genome se-
quencing for bacterial strain typing in molecular epidemiology. 
Journal of Clinical Microbiology, 53(4), 1072– 1079. https://doi.
org/10.1128/JCM.03385 - 14

Schmidt, V. M., Pinchbeck, G. L., Nuttall, T., McEwan, N., Dawson, S., & 
Williams, N. J. (2015). Antimicrobial resistance risk factors and char-
acterisation of faecal E. coli isolated from healthy Labrador retriev-
ers in the United Kingdom. Preventive Veterinary Medicine, 119(1– 2), 
31– 40. https://doi.org/10.1016/j.preve tmed.2015.01.013

Stenske, K. A., Bemis, D. A., Gillespie, B. E., D'Souza, D. H., Oliver, S. 
P., Draughon, F. A., Matteson, K. J., & Bartges, J. W. (2009). 
Comparison of clonal relatedness and antimicrobial susceptibil-
ity of fecal Escherichia coli from healthy dogs and their owners. 
American Journal of Veterinary Research, 70(9), 1108– 1116. https://
doi.org/10.2460/ajvr.70.9.1108

Umeda, K., Hase, A., Matsuo, M., Horimoto, T., & Ogasawara, J. (2019). 
Prevalence and genetic characterization of cephalosporin- resistant 
Enterobacteriaceae among dogs and cats in an animal shel-
ter. Journal of Medical Microbiology, 68(3), 339– 345. https://doi.
org/10.1099/jmm.0.000933

Walk, S. T., Alm, E. W., Gordon, D. M., Ram, J. L., Toranzos, G. A., Tiedje, 
J. M., & Whittam, T. S. (2009). Cryptic lineages of the genus 
Escherichia. Applied and Environmental Microbiology, 75(20), 6534– 
6544. https://doi.org/10.1128/AEM.01262 - 09

Wedley, A. L., Dawson, S., Maddox, T. W., Coyne, K. P., Pinchbeck, 
G. L., Clegg, P., Nuttall, T., Kirchner, M., & Williams, N. J. (2017). 
Carriage of antimicrobial resistant Escherichia coli in dogs: 

Prevalence, associated risk factors and molecular characteristics. 
Veterinary Microbiology, 199, 23– 30. https://doi.org/10.1016/j.
vetmic.2016.11.017

Yousfi, M., Mairi, A., Touati, A., Hassissene, L., Brasme, L., Guillard, T., 
& De Champs, C. (2016). Extended spectrum beta- lactamase and 
plasmid mediated quinolone resistance in Escherichia coli fecal iso-
lates from healthy companion animals in Algeria. JournalofInfection
and Chemotherapy, 22(7), 431– 435. https://doi.org/10.1016/j.
jiac.2016.03.005

Zankari, E., Hasman, H., Cosentino, S., Vestergaard, M., Rasmussen, S., 
Lund, O., Aarestrup, F. M., & Larsen, M. V. (2012). Identification of 
acquired antimicrobial resistance genes. The Journal of Antimicrobial 
Chemotherapy, 67(11), 2640– 2644. https://doi.org/10.1093/jac/
dks261

How to cite this article: Johnson, T. J., Armstrong, J. R., 
Johnston, B., Merino- Velasco, I., Jamborova, I., Singer, R. S., 
Johnson, J. R., & Bender, J. B. (2022). Occurrence and potential 
transmission of extended- spectrum beta- lactamase- producing 
extraintestinal pathogenic and enteropathogenic Escherichia 
coli in domestic dog faeces from Minnesota. Zoonoses and 
Public Health, 69, 888–895. https://doi.org/10.1111/zph.12985

https://doi.org/10.1128/JCM.03385-14
https://doi.org/10.1128/JCM.03385-14
https://doi.org/10.1016/j.prevetmed.2015.01.013
https://doi.org/10.2460/ajvr.70.9.1108
https://doi.org/10.2460/ajvr.70.9.1108
https://doi.org/10.1099/jmm.0.000933
https://doi.org/10.1099/jmm.0.000933
https://doi.org/10.1128/AEM.01262-09
https://doi.org/10.1016/j.vetmic.2016.11.017
https://doi.org/10.1016/j.vetmic.2016.11.017
https://doi.org/10.1016/j.jiac.2016.03.005
https://doi.org/10.1016/j.jiac.2016.03.005
https://doi.org/10.1093/jac/dks261
https://doi.org/10.1093/jac/dks261
https://doi.org/10.1111/zph.12985

	Occurrence and potential transmission of extended-spectrum beta-lactamase-producing extraintestinal pathogenic and enteropathogenic Escherichia coli in domestic dog faeces from Minnesota
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	3|RESULTS AND DISCUSSION
	4|CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


