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Abstract 22 

We report a survey (August 2017 to March 2018) and risk factor analysis of 23 

faecal carriage of antibacterial-resistant (ABR) Escherichia coli in 223 sixteen-24 

week-old dogs in the United Kingdom. Raw feeding was associated with the 25 

presence of E. coli resistant to fluoroquinolones, tetracycline, amoxicillin, and 26 

streptomycin, but not to cefalexin or cefotaxime. Whole genome sequencing of 27 

30 fluoroquinolone-resistant (FQ-R), 22 cefotaxime-resistant (CTX-R) and 28 

seven dual FQ-R/CTX-R E. coli isolates showed a wide range of sequence 29 

types (STs), an approximately 50:50 split of CTX-M:AmpC-mediated CTX-R, 30 

and almost exclusively mutational FQ-R dominated by ST744 and ST162. 31 

Comparisons between E. coli isolates from puppies known to be located within 32 

a 50 x 50 km region with those isolated from human urinary tract and 33 

bloodstream infections (isolated in parallel in the same region) identified a 34 

clone of ST963 E. coli carrying chromosomal blaCMY-2 in two puppies and 35 

causing two urinary tract infections and one bloodstream infection. 36 

Furthermore, an ST744 FQ-R clone was carried by one puppy and caused one 37 

urinary tract infection. Accordingly, we conclude that raw feeding is 38 

associated with carriage of ABR E. coli in dogs even at sixteen weeks of age 39 

and that bacteria carried by these dogs are shared with humans and cause 40 

serious opportunistic infections. We therefore suggest that those who feed 41 

their dogs raw meat seriously consider the potential ABR-transmission threat 42 

their pet may become as a result and deploy appropriate hygiene practices in 43 

mitigation.  44 
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Introduction 45 

Antimicrobial resistance and particularly antibacterial resistance (ABR) has many 46 

negative impacts on the health and welfare of humans and animals including 47 

increased morbidity and mortality and an increase in treatment costs (1). ABR is 48 

linked across human populations, animal populations and the environment, and it is 49 

possible for ABR bacteria - or ABR genes that they carry - to be passed between 50 

these realms (2). Previous research has indicated that farmed animals act as 51 

reservoirs of ABR bacteria that can be transmitted to humans either through the food 52 

chain, through direct contact between humans and animals or via the environment 53 

(3,4). 54 

In many countries, particularly in urban areas, interaction between humans and farm 55 

animals – directly or via the environment – is limited. This may explain why studies 56 

using whole genome sequencing (WGS) have found little evidence that sharing of 57 

ABR bacteria between farmed animals and humans is a significant problem (5-8). 58 

However, close interaction between humans and domestic animals is common in 59 

such areas. Accordingly, it may be that for many people around the world, a pet dog 60 

is a more likely source of ABR bacteria than are farmed animals. Indeed, ABR 61 

bacteria found in domestic pets and their owners are often indistinguishable (9-12). A 62 

key ABR pathogen of relevance is Escherichia coli, which is carried in the intestines 63 

of humans, farmed and companion animals, and causes a significant disease burden 64 

in all three, and especially in humans (13).  65 

There are several ways that dogs may become colonised by ABR E. coli and so 66 

bring them into the home. Ingestion is an essential part of colonisation; therefore, 67 

ingestion of faeces or faecally contaminated food or water by dogs may be a key 68 
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source of ABR bacteria derived from humans and farmed animals. For example, 69 

farm animal manure is often spread on pastureland where dogs might be exercised. 70 

Wastewater from farm run-off or from human sewage outlets may introduce E. coli to 71 

fresh and sea water where dogs might bathe (14,15). Meat can be contaminated with 72 

animal faeces during slaughter, and if eaten in its raw form by a dog, may lead to E. 73 

coli colonisation (16). Research has also suggested that dogs become colonised by 74 

ABR bacteria when visiting veterinary hospitals, which act as reservoirs for multi-75 

drug resistant (MDR) organisms, and particularly if the dog receives antibacterial 76 

therapy (17-19). Recent research examining 374 veterinary practices in the UK 77 

estimated that during the two years investigated, around 25% of approximately one 78 

million pet dogs registered received at least one antibacterial course. Of dog 79 

antibacterial usage in this study, 60% was classified as use of a ‘critically important’ 80 

medicine as defined by WHO criteria (20).  81 

Overall, ABR bacteria have been detected in both healthy and sick adult dogs and 82 

associations have been found between increased carriage of ABR bacteria and 83 

exposure to antibacterials (19). Associations have also been found between 84 

increased carriage of ABR bacteria following veterinary healthcare in general as well 85 

as with coprophagia and with the feeding of raw poultry (21-25). Of direct relevance 86 

to the present study, two UK studies have identified associations between ABR in 87 

faecal E. coli of adult dogs and those dogs being fed raw meat (21,24). 88 

Up to now, there has not been any published work reporting very early life risk 89 

factors for carriage of ABR E. coli in domestic pet dogs. In the UK, current 90 

recommendations are for juvenile dogs to be weaned onto solid food and receive a 91 

core vaccination at six to eight weeks of age and then receive booster vaccinations 92 

every two to four weeks until 16 weeks of age (26). Dogs should stay with their 93 
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mother until eight weeks of age, and owners are usually advised not to walk their 94 

dog outside in public places until after the dog has had its second vaccination 95 

(approximately 12 weeks of age).  96 

In this study, risk factors were investigated to explore associations between various 97 

lifestyle factors and the detection of ABR E. coli in faecal samples taken from dogs at 98 

16 weeks of age. Practices and behaviours that might increase ingestion of faecal 99 

bacteria from the environment or food were particularly considered. Furthermore, 100 

WGS was used to characterise ABR isolates. The focus was specifically on 101 

resistance to critically important antibacterials: 3rd generation cephalosporins (3GC), 102 

e.g., cefotaxime (CTX) and fluoroquinolones. CTX resistant (CTX-R) and 103 

fluoroquinolone resistant (FQ-R) E. coli carried by a sub-set of puppies were 104 

compared with those cultured from human urinary tract and bloodstream infections 105 

collected in parallel within the same 50 x 50 km region, to investigate whether there 106 

is evidence of transmission. 107 

 108 

Results and Discussion 109 

Risk factors for carriage of ABR E. coli in dogs at 16 weeks of age 110 

In total, 295 dogs were recruited and data for 223 dogs were included in the 111 

analysis. Submissions were excluded if the questionnaire was not fully completed 112 

(n=14) or because the faecal sample did not grow enough E. coli to be sure of ABR 113 

status as defined in Experimental (n=58). For each of the 223 included faecal 114 

samples, ABR E. coli carriage status was categorised as positive or negative for 115 

resistance to five test antibacterials: amoxicillin, cefalexin, ciprofloxacin, 116 

streptomycin, or tetracycline, as set out in Experimental. In a preliminary Chi-117 
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squared analysis, the only significant risk factor identified for 16-week-old dogs 118 

providing faecal samples carrying E. coli resistant to at least one antibacterial was 119 

having been fed raw food (p <0.001; Table 1). Subsequent univariable and 120 

multivariable logistic regression analyses showed a strong association between raw 121 

feeding and carriage of E. coli resistant to any one of the five antibacterials tested as 122 

well as individually with resistance to each of the antibacterials tested except 123 

cefalexin (Table 2). 124 

The most substantial risk associated with raw feeding in 16-week-old dogs was that 125 

of carriage of FQ-R E. coli (Table 2). This association has previously been reported 126 

in adult dogs in the UK; a study based on 445 dogs found that feeding raw poultry 127 

significantly increased the risk of carrying FQ-R E. coli in faeces (22). Findings from 128 

the present study extend these earlier studies to show that the impact of raw feeding 129 

on ABR E. coli carriage can be seen as early as 10 weeks after the first introduction 130 

of solid food. Faecal samples taken from broilers at a slaughterhouse commonly 131 

contain FQ-R E. coli (27) and raw chicken imported into (28) and produced in the UK 132 

(29) have been identified as contaminated with FQ-R E. coli. Feeding raw chicken 133 

could therefore be a source of FQ-R E. coli in our study, as has been seen with adult 134 

dogs (22), but this remains to be confirmed. The risk of dogs acquiring ABR bacteria 135 

from meat would be mitigated simply by cooking that meat to reduce any 136 

contamination with faecal bacteria that occurs at slaughter and during processing.  137 

 138 

Molecular epidemiology of CTX-R and FQ-R E. coli from puppies 139 

Of faecal samples from 34 dogs that contained cefalexin-resistant E. coli, 27 gave 140 

CTX-R isolates. PCR analysis was used to identify mobile resistance genes 141 
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associated with CTX-R in these isolates; where the same PCR profile was seen for 142 

multiple CTX-R isolates from a sample, a single isolate was taken forward for WGS 143 

to represent that CTX-R type and sample. In total, 29 unique isolates from these 27 144 

dogs were analysed by WGS. Of these, seven isolates were also FQ-R (Table 3). 145 

WGS revealed a wide range of E. coli STs and CTX-R mechanisms (Table 3): ST88 146 

(one isolate with CTX-M-1; three isolates with mutations in the ampC promoter 147 

known to be associated with hyper-expression) was dominant, followed by ST744 148 

(three FQ-R isolates with CTX-M-1), ST963 (three isolates with CMY-2) and ST38 149 

(two isolates with CTX-M-15). Seventeen additional isolates, each representing a 150 

unique ST, were found to be carrying CTX-M-1 (three isolates), CTX-M-15 (three 151 

isolates), CTX-M-65 (one isolate), CTX-M-14 (one isolate), CMY-2 (three isolates) 152 

DHA-1 (one isolate) and ampC promoter mutation (five isolates).  153 

Overall, therefore, AmpC-type β-lactamase-mediated resistance was found in 15/29 154 

isolates and CTX-M was found in 14/29. This approximately 50:50 split was also 155 

seen in a recent analysis of CTX-R E. coli from 53 dairy farms in South West 156 

England, where amoxicillin/clavulanate use was associated with finding AmpC-157 

mediated CTX-R E. coli in farm samples (8). A study examining prescribing at small 158 

animal veterinary practices in the UK found that amoxicillin/clavulanate was the most 159 

common antibacterial prescribed, accounting for 36% of prescriptions (30), and it has 160 

been demonstrated that routine amoxicillin/clavulanate treatment selects for 161 

increased CTX-R E. coli in the faeces of dogs (19). It could therefore be 162 

hypothesised that the reason why clavulanic acid-insensitive AmpC-type β-163 

lactamases are so common in CTX-R E. coli carried by dogs is because of high 164 

levels of amoxicillin/clavulanate usage in the canine population generally. However, 165 

whilst this study did not record veterinary treatments, it seems unlikely that 166 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 19, 2021. ; https://doi.org/10.1101/2021.04.17.440283doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.17.440283
http://creativecommons.org/licenses/by-nc/4.0/


 

8 

 

antibacterial therapy was widespread in these puppies, given their age and exclusion 167 

of puppies that had been hospitalised. This finding of AmpC dominance is therefore 168 

suggestive of transmission into the juvenile dogs in the study. There was no positive 169 

association between raw feeding and the presence of CTX-R isolates in general; 170 

only six out of 29 CTX-R isolates were from raw-fed dogs (Table 3). However, 171 

among these, five out of eight of the AmpC hyper-producing isolates were from raw-172 

fed dogs. Whilst these numbers are too small for clear conclusions to be drawn, it is 173 

plausible that raw feeding may selectively seed ampC hyper-producer E. coli 174 

carriage. 175 

Carriage of FQ-R E. coli was strongly associated with raw feeding in puppies (Table 176 

2). From 26 puppies that produced samples carrying FQ-R E. coli, 30 isolates were 177 

subjected to WGS (Table 4) in addition to the seven dual FQ-R/CTX-R isolates 178 

discussed above (Table 3). Plasmid-mediated quinolone resistance mechanisms 179 

(PMQR) were found in only 3/37 FQ-R isolates, and in only one ST58 isolate 180 

carrying qnrS1 and a single gyrA mutation (Table 4) was there any suggestion that a 181 

PMQR was necessary for conferring FQ-R. The other two PMQR-carrying FQ-R 182 

isolates were also CTX-R (Table 3). These two were an ST1196 isolate carrying 183 

qnrS1 and an ST1431 isolate carrying qnrB4, but in both there were also two 184 

mutations in gyrA and one in parC, sufficient to confer FQ-R in the absence of a 185 

PMQR gene (31). Indeed, many of the FQ-R isolates collected in this study carried 186 

identical mutations and no PMQR genes (Table 4). Interestingly, five of the CTX-R 187 

isolates that were not FQ-R also carried PMQRs: four had a qnrS1 gene and one 188 

ST38 isolate had an aac(6)-Ib-cr gene (Table 3). This would support previous 189 

conclusions that carriage of these genes is not sufficient to confer FQ-R in the 190 

absence of other mechanisms (31). 191 
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Of the FQ-R isolates sequenced, ST744 (12/37 isolates) dominated, with 6/37 192 

isolates identified as ST162, 4/37 identified as ST1011, 3/37 identified as ST224, 193 

2/37 identified as ST1196 and individual examples of 10 other STs (Table 3, 4). 194 

 195 

Evidence of faecal carriage of CTX-R and FQ-R E. coli in puppies also causing 196 

urinary and bloodstream infections in humans in the same geographical area 197 

A phylogenetic analysis of all the CTX-R and FQ-R isolates from puppies subjected 198 

to WGS in this study was constructed (Figure 1). There were three clusters of 199 

isolates with chromosomal mutations conferring resistance: FQ-R isolates of ST162 200 

and ST744 with multiple gyrase and topoisomerase mutations and a smaller ST88 201 

cluster with chromosomal ampC promoter mutations conferring CTX-R and 202 

amoxicillin/clavulanate resistance. In contrast, mobile resistance mechanisms were 203 

spread widely across the phylogenetic tree. Notably, one FQ-R isolate was ST1193, 204 

which is an important clone currently emerging in human infections and of the most 205 

pathogenic phylogroup, B2 (32). It was therefore interesting to test relationships 206 

between CTX-R and FQ-R isolates from locally recruited dogs with human urinary 207 

CTX-R and FQ-R isolates from people living in the same geographical area as the 208 

locally recruited dogs (33,34) whose infections occurred within the same six-month 209 

period as collection of the canine faecal samples yielding these isolates. 210 

There were four CTX-R isolates from locally recruited dogs; two of these (from two 211 

different dogs: Dog 21 and Dog 22) were ST963; the others were ST88 and ST2179 212 

(Table 3). None of the 225 CTX-R urinary E. coli (33) in the comparison was ST2179 213 

and a SNP distance analysis showed that the canine ST88 isolate was >1000 SNPs 214 

distant in the core genome from its closest ST88 human urinary isolate. A core 215 
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genome SNP distance of 30 or fewer is commonly seen in Enterobacteriales isolates 216 

that are confirmed to be part of an acute outbreak of foodborne illness (35). Hence, 217 

for these ST88 isolates, there was no evidence for sharing of isolates between dogs 218 

and humans. In contrast, the two canine ST963 isolates were 37 SNPs different from 219 

each other, suggesting recent sharing of the isolate. Significantly, however, the 220 

isolate from Dog 21 was <50 SNPs different from each of two human urinary ST963 221 

isolates, and the isolate from Dog 22 was <65 SNPs from these same two human 222 

urinary isolates. Even more troubling, the isolate from Dog 21 was only 34 SNPs 223 

different from a CTX-R ST963 bloodstream isolate, one of 82 CTX-R bloodstream 224 

isolates collected in parallel from clinical cases in the same geographical region at 225 

the same time. The isolate from Dog 22 was 51 SNPs different from this bloodstream 226 

isolate. The urinary and bloodstream isolates were between 31 and 38 SNPs 227 

different from each other, so this is clear evidence for sharing of the human and 228 

canine CTX-R ST963 isolates. Each of these isolates (two canine, two urinary and 229 

one bloodstream) had a mobile blaCMY-2 gene embedded into the chromosome at the 230 

same position - proximal to nhaRA, dnaJ - which is further evidence of descent from 231 

a recent common ancestor. Most interestingly, another canine ST963 isolate was 232 

identified in this study, but not in a locally recruited dog (Dog 10, Figure 1). In this 233 

case, the isolate was 33, 35 and 21 SNPs different from the two urinary isolates and 234 

the bloodstream isolate, respectively, an even closer match than that seen with 235 

isolates from the two locally recruited dogs, suggesting even more recent sharing. 236 

Whilst Dog 10 was not locally recruited, it is possible that it could still be based 237 

locally as address details for the nationally recruited dogs were not available for 238 

analysis. 239 

Of the seven FQ-R isolates from locally recruited puppies (Table 3, Table 4), five 240 
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were of STs found amongst 188 FQ-R urinary E. coli from people living in the same 241 

geographical area, isolated within six months of collection of the isolates from 242 

puppies (34). Of the canine isolates, one was ST10 and two each were ST744 and 243 

ST162 (Table 4). One of the ST744 isolates was 47 SNPs different from a human 244 

urinary isolate, which is suggestive of sharing, as defined above. Among the other 245 

four canine, the lowest SNP difference from a human isolate was 324, which does 246 

not suggest sharing in these cases. Interestingly, the puppy carrying the seemingly 247 

shared ST744 isolate, Dog 31, was the only FQ-R E. coli positive locally recruited 248 

dog reported to be fed raw meat (Table 4). 249 

 250 

Conclusions 251 

This study has identified raw meat feeding as a risk factor for the excretion of ABR E. 252 

coli in the faeces of 16-week-old puppies, with particularly strong impact on excretion 253 

of isolates resistant to the critically important fluoroquinolones. If owners insist on 254 

feeding raw meat to their dog, it is essential that they fully understand this practice 255 

puts their dog at risk of becoming colonised with bacteria resistant to critically 256 

important antibacterials. 257 

E. coli is the most clinically important opportunistic human bacterial pathogen (13). 258 

ABR E. coli infections are more difficult to treat, and result in more morbidity and 259 

higher mortality rates (13); there is also strong evidence that domestic pet dogs 260 

transmit ABR bacteria to humans (9-12, 36,37) and this study provides clear 261 

evidence of the faecal carriage within puppies of CTX-R and FQ-R E. coli clonally 262 

related to those that have also caused urinary and bloodstream infections in humans 263 

living in the same geographical region collected within months of each other. 264 
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Therefore, if owners feed raw food to their dog, practices that mitigate the risk of 265 

onward transmission of ABR E. coli - which are more likely to be carried by these 266 

dogs - to humans should be encouraged. These include strict hygiene practices 267 

when anyone (particularly those vulnerable to bacterial infection) interacts with a 268 

raw-fed dog along with scrupulous disposal of the dog’s faeces so that it cannot pose 269 

a risk to the general human population by contaminating the wider environment with 270 

ABR E. coli. 271 

 272 

Experimental 273 

Recruitment of the cohorts 274 

Dog owners were recruited to take part in this study in two ways: (i) 236 were 275 

already recruited to the Dogs Trust “Generation Pup” project, a longitudinal study 276 

examining the health, welfare and behaviour of dogs across the UK (39) and (ii) 59 277 

were locally recruited via word-of-mouth advertisement to clients bringing young 278 

dogs in for routine checks to veterinary practices in Somerset and Bristol, via puppy 279 

socialisation classes and via social media as well as local media advertisement. 280 

Locally recruited owners answered survey questions (listed in Table 1). As part of 281 

Generation Pup, owners completed more extensive surveys relating to their dogs at 282 

16 weeks of age and responses to relevant survey questions (Table 1) were 283 

extracted from wider Generation Pup survey data. All dog owners also supplied a 284 

single faecal sample collected from their dog at 16 weeks of age. All dog owners 285 

were recruited between August 2017 and March 2018, and all owners gave consent. 286 

Ethical approval for this study was granted by the University of Bristol Health 287 

Sciences Student Research Ethics Committee (56783). Health status of the dogs 288 
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and prior veterinary treatment was not recorded for locally recruited dogs, and so 289 

was not included in the analysis. However, dogs that had been previously 290 

hospitalised were excluded. 291 

 292 

Faecal samples and processing 293 

All dog owners were supplied with a sample collection pack comprised of a 294 

specimen bottle, gloves, biohazard bag and a freepost envelope. Faecal samples 295 

were sent by post to the University of Bristol’s Veterinary School alongside the 296 

consent form and, for locally recruited dogs, a questionnaire. To process each faecal 297 

sample, approximately 0.1-0.5 g of faeces was taken and weighed. Ten millilitres per 298 

gram of phosphate buffered saline (PBS) was added to the sample and the mixture 299 

vortexed. Next, 0.5 mL of the faecal/PBS homogenate was added to 0.5 mL of 50% 300 

v/v sterile glycerol and processed as below.  301 

 302 

Testing for ABR bacteria 303 

Data were collapsed into a binary “positive/negative” outcome for the homogenate 304 

derived from each faecal sample. ABR positivity was defined by the appearance 305 

(following 37°C overnight incubation) of blue/green E. coli colonies after spreading 306 

20 μL of faecal homogenate (or a 10-fold dilution in PBS if inoculum effect was 307 

observed) onto Tryptone Bile X-Glucuronide (TBX) agar plates containing either 0.5 308 

mg/L ciprofloxacin (to identify fluoroquinolone resistance [FQ-R]), 16 mg/L 309 

cephalexin, 8 mg/L amoxicillin, 16 mg/L tetracycline, or 64 mg/L streptomycin. 310 

Cefalexin-resistant isolates (up to five per plate) grown from primary processing of 311 
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faecal samples were sub-cultured onto agar plates containing 2 mg/L of cefotaxime 312 

(CTX); isolates that grew were deemed CTX-R and taken forward for further testing. 313 

These concentrations were chosen based on relevant human clinical breakpoints as 314 

defined by the European Committee on Antimicrobial Susceptibility Testing (40). 315 

Faecal homogenates were also plated onto non-antibiotic TBX agar and samples 316 

were only included in the study if ≥10 E. coli cfu/µL were detected in an undiluted 317 

faecal homogenate. Therefore, the limit of detection for ABR for all faecal 318 

homogenates included in the analysis was ≤0.5% prevalence.  319 

 320 

Risk factor analysis  321 

Univariable and multivariable logistic regression models were used to evaluate 322 

associations between ABR E. coli positivity in homogenates derived from faecal 323 

samples and risk factors identified from the survey data (Stata/IC 15.1, StataCorp 324 

LLC, College Station, TX, USA). A backward stepwise method was used. In this 325 

method the full set of possible factors was analysed, with the least significant factors 326 

removed one at a time until all remaining factors had p-values of 0.05 or less. For the 327 

risk factor analysis, questionnaire answers were collapsed into binary ‘Yes/No’ 328 

variables; questionnaire answers of ‘sometimes’, ‘often’, ‘almost always’ and 329 

‘frequently’ were all categorised as ‘Yes’. 330 

 331 

Isolates from human infections 332 

WGS data for 225 CTX-R and 188 FQ-R human urinary E. coli from a 50 x 50 km 333 

region (including the homes of the 59 locally recruited dogs collected during the 334 

same timespan as the collection of faecal samples from these puppies) has been 335 
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reported previously (33, 34). Eighty-two CTX-R E. coli bloodstream isolates from 336 

patients being treated at hospitals in this same geographical region were obtained 337 

from the regional microbiology diagnostic laboratory (Severn Pathology, Southmead 338 

Hospital, North Bristol NHS Trust). All infections occurred during the same period as 339 

puppy faecal sample collection for this study. 340 

 341 

PCR and WGS analysis of CTX-R and FQ-R E. coli 342 

Multiplex PCR assays were used to differentiate CTX-R puppy E. coli isolates 343 

carrying different β-lactamase genes, as described previously (33). WGS of 344 

deduplicated, representative CTX-R and FQ-R isolates from puppies, together with 345 

the human CTX-R bloodstream isolates was performed by MicrobesNG 346 

(https://microbesng.uk/) on a HiSeq 2500 instrument (Illumina, San Diego, CA, USA) 347 

using 2x250 bp paired end reads. Reads were trimmed using Trimmomatic (41) and 348 

assembled into contigs using SPAdes (42) 3.13.0 349 

(http://cab.spbu.ru/software/spades/). Contigs were annotated using Prokka (43). 350 

ABR genes were assigned using the ResFinder (44) and Sequence Types 351 

designated by MLST 2.0 (45) on the Centre for Genomic Epidemiology 352 

(http://www.genomicepidemiology.org/) platform. Single nucleotide polymorphism 353 

(SNP) distance analysis was performed using SNP-dists 354 

(https://github.com/tseemann/snp-dists). 355 

 356 

Phylogenetic analysis 357 

Sequence alignment and phylogenetic analysis was carried out using the Bioconda 358 

channel (46) on a server hosted by the Cloud Infrastructure for Microbial 359 
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Bioinformatics (CLIMB; 47). The reference sequence was E. coli ST131 isolate 360 

EC958 complete genome (accession: HG941718). Sequences were first aligned to a 361 

closed reference sequence and analysed for SNP differences, whilst omitting 362 

insertion and deletion elements, using the Snippy alignment program 363 

(https://github.com/tseemann/snippy). Alignment was then focused on regions of the 364 

genome common to all isolates (the “core genome”) using the Snippy-core program, 365 

thus eliminating the complicating factors of insertions and deletions. Aligned 366 

sequences were then used to construct a maximum likelihood phylogenetic tree 367 

using RAxML utilising the GTRCAT model of rate heterogeneity and the software’s 368 

autoMR and rapid bootstrap to find the best-scoring maximum likelihood tree and 369 

including tree branch lengths, defined as the number of base substitutions per site 370 

compared (48,49). Finally, phylogenetic trees were illustrated using the web-based 371 

Microreact program (50). 372 
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Tables 588 

 589 

Table 1. Baseline data for all 16-week-old dogs (n=223) and associations with risk 590 

factors for carriage of E. coli resistant to at least one test antibacterial. p-values were 591 

calculated using the Pearson Chi-squared test (Stata/IC 15.1, StataCorp LLC, 592 

College Station, TX, USA). The bold figures show a p-value < 0.05.  593 

Risk factor from 
questionnaire 

Response to 
question 

Response to 
question total 

(n=223) 

Also resistant to 
at least one 

antibiotic (n=106) 

p-
value 

Fed raw food 
 

Yes 43 32/43 <0.001 
No 180 76/180 

Walked in town 
 

Yes 181 84/181 0.21 
No 42 24/42 

Walked on 
farmland 

Yes 142 69/142 0.95 
No 81 39/81 

Walked on beaches Yes 103 52/103 0.57 

No 120 56/120 

Walked in the 
countryside 

Yes 191 95/191 0.34 

No 32 13/32 

Walking near cattle Yes 84 37/70 0.31 

No 139 71/139 

Swum/ paddled/ 
played in salt water 

Yes 62 32/62 0.56 

No 161 76/161 

Swum/ paddled/ 
played in lake water 

Yes 29 17/29 0.24 
No 194 91/194 

Swum/ paddled/ 
played in river 

water 

Yes 66 33/66 0.76 

No 157 75/157 

Swum/ paddled/ 
played in pond 

water 

Yes 65 38/65 0.06 
No 158 70/158 

 594 

  595 
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Table 2. Univariable and multivariable logistic regression analyses using 596 

questionnaire data and antibacterial-resistant E. coli data for 16-week-old dogs 597 

(n=223). Presentation: Odds ratio (95% confidence interval) p-value. Only risk actors 598 

significantly associated with resistance (p-value < 0.05) are included. 599 

Risk Factor Univariable 
(n=223) 

Multivariable for all samples  
(n=223) 

Resistance to at least one antibacterial (n=108) 
Fed raw food 3.98 (1.89 to 8.40) 

<0.001 
3.98 (1.89 to 8.40) <0.001 

Resistance to ciprofloxacin (n=26) 
Fed raw food 12.42 (5.01 to 

30.78) <0.001 
12.42 (5.01 to 30.78) <0.001 

Resistance to tetracycline (n=81) 
Fed raw food 4.47 (2.21 to 9.05) 

<0.001 
4.47 (2.21 to 9.05) <0.001 

Resistance to amoxicillin (n=93) 
Fed raw food 3.30 (1.64 to 6.63) 

0.001 
3.18 (1.57 to 6.42) 0.001 

Swam/paddled/ 
played in pond 

water 

2.01 (1.12 to 3.61) 
0.02 

1.91 (1.05 to 3.48) 0.04 

Resistance to cephalexin (n=34) 
No statistically significant risk factors identified 

Resistance to streptomycin (n=51) 
Fed raw food 8.23 (3.95 to 

17.15) <0.001 
8.23 (3.95 to 17.15) <0.001 

 600 

  601 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 19, 2021. ; https://doi.org/10.1101/2021.04.17.440283doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.17.440283
http://creativecommons.org/licenses/by-nc/4.0/


 

28 

 

Table 3. Characterisation of CTX-R E. coli from puppies using WGS. Stars denote 602 

locally recruited dogs. Bold underlining denotes dogs fed raw food. 603 

Dog ID E. coli 
ST 

FQ-R mechanism(s) CTX-R 
mechanism 

DOG 1 ST372   CMY-2 
DOG 2 ST10   CTX-M-1 
DOG 3** ST2179 gyrA S83L; parC S80I CTX-M-65 
DOG 4 ST744 gyrA S83L; gyrA D87N; parC A56T; parC S80I CTX-M-1 
DOG 5 ST38 (gyrA S83L; aac(6')-Ib-cr) CTX-M-15 
DOG 6 ST58   ampC  

-42C>T 
DOG 7 ST88   CTX-M-1 
DOG 8 ST88   ampC  

-42C>T 
DOG 9 ST38 (qnrS1) CTX-M-15 
DOG 10 ST963   CMY-2 
DOG 11 ST1196 gyrA S83L; gyrA D87N; parC S80I; qnrB4 DHA-1 
DOG 12 ST215 (qnrS1) CTX-M-15 
DOG 13 ST973   CMY-2 
DOG 15 ST6096   CMY-2 
DOG 16 ST3889 (qnrS1) CTX-M-15 
DOG 18 ST744 gyrA S83L; gyrA D87N; parC A56T; parC S80I CTX-M-1 
DOG 21** ST69 (qnrS1) CTX-M-14 
DOG 21** ST963   CMY-2 
DOG 22** ST963   CMY-2 
DOG 23 ST744 gyrA S83L; gyrA D87N; parC A56T; parC S80I CTX-M-1 
DOG 25 ST155   ampC  

-42C>T 
DOG 27 ST88 (gyrA S83L) ampC  

-42C>T 
DOG 27 ST1431 gyrA S83L; gyrA D87N; parC S80I; qnrS1 ampC  

-42C>T 
DOG 28 ST602   ampC  

-42C>T 
DOG 29 ST4988 gyrA S83L; gyrA D87N; parC S80I CTX-M-15 
DOG 31** ST88   ampC  

-42C>T 
DOG 42 ST1056   CTX-M-1 
DOG 43 ST75   ampC  

-42C>T 
DOG 44 ST961   CTX-M-1 
 604 
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Table 4. Characterisation of FQ-R E. coli from puppies using WGS. Stars denote 605 

locally recruited dogs. Bold underlining denotes dogs fed raw food. 606 

Dog ID E. coli ST FQ-R mechanism(s) 
DOG 4 ST744 gyrA S83L; gyrA D87N; parC A56T; parC S80I 
DOG 9 ST162 gyrA S83L; gyrA D87N; parC S80I 
DOG 10 ST224 gyrA S83L; gyrA D87N; parC S80I 
DOG 14 ST162 gyrA S83L; gyrA D87N; parC S80I 
DOG 16 ST744 gyrA S83L; gyrA D87N; parC A56T; parC S80I 
DOG 17 ST453 gyrA S83L; gyrA D87N; parC S80I 
DOG 17 ST58 gyrA S83L; qnrS1 
DOG 17 ST744 gyrA S83L; gyrA D87N; parC A56T; parC S80I 
DOG 18 ST224 gyrA S83L; gyrA D87N; parC S80I 
DOG 19 ST744 gyrA S83L; gyrA D87N; parC A56T; parC S80I 
DOG 20 ST162 gyrA S83L; gyrA D87N; parC S80I 
DOG 21** ST10 gyrA S83L; gyrA D87N; parC S80I 
DOG 24 ST744 gyrA S83L; gyrA D87N; parC A56T; parC S80I 
DOG 26 ST1196 gyrA S83L; gyrA D87N; parC S80I 
DOG 26 ST1011 gyrA S83L; gyrA D87N; parC S80I 
DOG 30 ST744 gyrA S83L; gyrA D87N; parC A56T; parC S80I 
DOG 31** ST744 gyrA S83L; gyrA D87N; parC A56T; parC S80I 
DOG 32** ST162 gyrA S83L; gyrA D87N; parC S80I 
DOG 33 ST542 gyrA S83L; parC S80I 
DOG 34 ST1011 gyrA S83L; gyrA D87N; parC S80I 
DOG 34 ST6817 gyrA S83L; gyrA D87N; parC S80I 
DOG 35 ST1011 gyrA S83L; gyrA D87N; parC S80I 
DOG 35 ST224 gyrA S83L; gyrA D87N; parC S80I 
DOG 36 ST155 gyrA S83L; gyrA D87N; parC S80I 
DOG 37 ST744 gyrA S83L; gyrA D87N; parC A56T; parC S80I 
DOG 37 ST162 gyrA S83L; gyrA D87N; parC S80I 
DOG 38** ST744 gyrA S83L; gyrA D87N; parC A56T; parC S80I 
DOG 39** ST162 gyrA S83L; gyrA D87N; parC S80I 
DOG 40 ST1193 gyrA S83L; gyrA D87N; parC S80I; parE L416F 
DOG 41** ST1011 gyrA S83L; gyrA D87N; parC S80I 
  607 
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Figure 1: Core genome phylogenetic analysis of antibacterial-resistant E. coli from 608 

puppies. CTX-R isolates are labelled red, FQ-R isolates are labelled green and CTX-609 

R/FQ-R dual-resistant isolates are labelled yellow. The randomly assigned Dog ID 610 

relevant to each isolate is also labelled. 611 

 612  
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