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Antimicrobials reserved for human medicines are permitted for companion animals and it is 
important to understand multidrug-resistant pathogens recovered from companion animals in terms 
of epidemiological correlation with human pathogens and possibility of transmission to human-
beings. Seventeen of each CTX-M-type extended-spectrum beta-lactamase-producing Escherichia 
coli (ESBL-EC) and Klebsiella pneumoniae (ESBL-KP) canine isolates were assessed. Entire genomes 
of the 34 isolates were sequenced. Plasmid transfer and relative growth rates were assessed at 
differed temperature conditions indicating the body temperature of dogs, that of human-beings, 
and environment. ESBL-ECs were clonally diverse, while ESBL-KPs were not. The ESBL-ECs carried 
the blaCTX−M−15 gene in plasmids and the blaCTX−M−14-like gene either in chromosomes or in plasmids. 
The ESBL-KPs possessed the blaCTX−M−15 gene in plasmids (n = 15). One of the isolates carried 
another blaCTX−M−15 gene in a chromosome simultaneously and the other isolate had an additional 
blaCTX−M−9 gene-harbouring plasmid, together. Two ESBL-KP isolates carried the blaCTX−M−14 gene in 
plasmids. Plasmid transfer ESBL-EC to K. pneumoniae was efficient and the differed biological costs 
by temperature was much more in ESBL-EC than in ESBL-KP. Intersectoral dissemination of ESBL-ECs 
occurred mainly by horizontal gene transfer, while that of ESBL-KPs occurred by clonal dissemination.

Antimicrobial resistance (AMR) is an emerging threat to public health and it needs to be taken into account in a 
One Health aspect1. Surveillance programmes for the One Health AMR are mostly concentrated on components 
composing a food chain, because the food chain is known to be a major circuit of transmission of pathogens with 
AMR traits2. The protocol for the Global Tricycle Surveillance proposed by World Health Organization (WHO) 
is also focused on the food chain including pregnant women in the community for a human sector, live chickens 
in open markets for an animal sector and the river close to the slaughterhouse for an environment sector3. In 
the protocol, CTX-M-type extended-spectrum beta-lactamase (ESBL)-producing Escherichia coli (ESBL-EC) 
was taken as sentinel antimicrobial resistant pathogen following the suggestion of the WHO Advisory Group 
on Integrated Surveillance on AMR. The rationale was (i) varied rates of colonization of ESBL-EC by human 
in a country and between countries;4 (ii) varied prevalence among farm animals and some evidences that part 
of the human morbidity associated with ESBL-ECs is due to both antimicrobial usage in the food chain5 and 
environmental presence of ESBL-ECs;6 (iii) interventions to decrease antimicrobial exposure in animals7 or 
humans8 resulted in decreasing rates of ESBL-EC occurrence; and (iv) ESBL productions by the infection-
causative pathogens limits treatment options9 resulting in usage of the last resort drugs10.

However, as the protocol indicated, the sentinel bacterial species with the indicated AMR trait is not 
representative and insufficient to understand all, and, for some animals, specific bacterial species needs to be 
chosen for the surveillance study. As well, the mechanism of dissemination could be differed by bacterial species. 
For instance, clonal dissemination between patients was observed to be a major cause of ESBL-KP spread while 
that of ESBL-EC spread occurred by horizontal gene transfer11.

Though the companion animals are not included in a food chain, they are an unnegligible component in 
the animal sector since they share living environments both outdoors and indoors with human-beings12,13. 
Antimicrobial-resistant bacteria may take an advantage of dissemination through direct and indirect interactions 
between human-beings and companion animals. Actually, multidrug-resistant bacteria from companion 
animals were often reported globally14,15, highlighting the companion animals’ position in the current One 
Health AMR framework. Furthermore, veterinarians often use antimicrobial drugs reserved for human-beings 
to treat companion animals with infectious diseases16 and it may lead selection pressure promoting inter- and 
intra-sectoral dissemination either by clonal dissemination or by horizontal gene transfer of AMR genes to 
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bacterial pathogens17. Particularly AMR in common enteric bacteria, which may cause infectious diseases in the 
host, i.e., ESBL-EC and ESBL-producing K. pneumoniae (ESBL-KP) are considered the most critical group of 
pathogens posing a considerable threat to human health18.

This study evaluated the multidrug-resistant pathogens, ESBL-EC and ESBL-KP recovered from companion 
dogs for its clonal relatedness to clinical isolates of human origin and their viability at the conditions of the varied 
sectors. Distinctive strategies of dissemination taken by the two relevant Enterobacterales species, emphasize the 
importance of collecting extensive scientific evidences for better designing the One Health AMR surveillance 
programme.

Results
CTX-M-type ESBL-producing Enterobacterales isolated from dogs
A total of 34 Enterobacterales, including 17 E. coli and 17 K. pneumoniae isolates carrying either the blaCTX−M−15 
or the blaCTX−M−14-like gene, were assessed. All the isolates were recovered from rectal swabs of companion dogs 
in three veterinary hospitals, except the K. pneumoniae Z0117KP0043 isolate recovered from a nasal swab. The E. 
coli isolates belonged to various STs: four to ST38, two to ST131, and each one to ST485, ST372, ST1146, ST95, 
ST648, ST155, ST88-like, ST12, ST961, ST295, and ST602 (Fig. 1A). None of the STs were grouped into a clonal 
complex by their similarity to a central allele type. The K. pneumoniae isolates belonged to ST392 (n = 7), ST307 
(n = 6), ST950 (n = 2), ST17 (n = 1), and ST4024 (n = 1) (Fig. 1B).

Numbers of AMR genes were identified in the genome of the E. coli isolates (Fig.  2A): the genomes of 
Z0117EC0055 (ST131) and Z0117EC0117 (ST12) had the fewest with one acquired AMR gene, whereas the 
genome of Z0117EC0032 (ST38) and Z0117EC0131 (ST961) had the most with 15 acquired AMR genes 
(Fig. 2A). Four E. coli isolates possessed a blaCTX−M−15 gene-harbouring plasmid, six E. coli isolates possessed 
a blaCTX−M−14 gene-harbouring plasmid, and one isolate possessed a blaCTX−M−65 gene-harbouring plasmid 
(Table 1). Notably, the Z0117EC0036 (ST372) isolate carrying a blaCTX−M−65 gene-harbouring plasmid had three 
copies of chromosomal-integrated blaCTX−M−14 gene, simultaneously (Table 1). Together with the Z0117EC0036 
(ST372) isolate, Z0117EC0032 (ST38) isolate had three copies of the blaCTX−M−14 gene in chromosome, and five 
E. coli isolates belonging either to ST38 (n = 3), ST131 (n = 1), ST961 (n = 1) had a single copy of the blaCTX−M−14 
gene. Among the three E. coli ST38 isolates having single blaCTX−M−14 gene in chromosome, Z0117EC0051 and 
Z0117 EC0052 possessed the gene in a same locus of the chromosome (Fig. 3).

In the case of K. pneumoniae isolates, more AMR genes were identified, with a median value of 22 genes 
per genome, than E. coli with a median value of eight genes per genome: the genome of Z0117KP0001 (ST17) 
had the fewest, with 17 AMR genes, whereas the genome of Z0117KP0017 (ST950) had the most, with 39 genes 
(Fig. 2A). All the K. pneumoniae isolates carried the blaCTX−M gene-harbouring plasmid: 15 isolates possessed the 
blaCTX−M−15 gene-harbouring plasmids and three isolates had the blaCTX−M−14–like gene-harbouring plasmids. 
The Z0117KP0017 (ST950) isolate carried two blaCTX−M−15 gene-harbouring plasmids, the Z0117KP0019 
(ST307) isolate had one blaCTX−M−15 gene-harbouring plasmid and two copies of the blaCTX−M−15 gene in 
chromosome, simultaneously, and the Z0117KP0020 (ST307) isolate had two plasmids together, one carrying 
the blaCTX−M−15 gene and the other carrying the blaCTX−M−9 gene.

The blaCTX−M gene-possessing plasmids in K. pneumoniae carried more AMR genes with the median value of 
13 genes per genome than those in E. coli with the median value of 5.5 genes per genome (Fig. 2B).

Using the clinical isolates recovered from human blood specimens between 2016 and 201719,20, phylogenetic 
analysis was carried out to understand the clonal relatedness of the isolates. The canine ESBL-ECs were scattered 
in the phylogeny except the two ST131 isolates, Z0117EC0013 and Z0117EC0055, in the biggest clade. The four 
ST38 ESBL-ECs, Z0117EC0032, Z0117EC0051, Z0117EC0056, and Z0117EC0062, were as well located in a 
clade, but scattered in the clade (Fig. 4A). In the meantime, the canine ESBL-KPs were gathered together with 
human isolates of both groups composing the ST307 and ST392 with four exceptions belonging to neither the 
ST307 nor the ST392 (Fig. 4B).

Plasmids carrying theblaCTX−M gene
In E. coli, four plasmids possessed the blaCTX−M−15 gene, and each plasmid belonged to the IncH, IncI, IncFIB/
FII, and IncFII families, respectively (Table 1; Fig. 5A). Among the six blaCTX−M−14 gene-harbouring plasmids, 
two were unidentifiable incompatibility type through the nucleic acid sequence of the replication origin, three 
belonged to the IncI1-I family, and the other belonged to either family of the IncHI2/HI2A. One blaCTX−M−9 
gene-harbouring plasmids in the ESBL-EC belonged to the IncFIB/FIC. The 16 blaCTX−M−15 gene-harbouring 
plasmids in K. pneumoniae belonged either to the IncF or to the IncH groups: five IncFIB, six IncFIB/FII, one 
IncFII, two IncHI2/HI2A, and two IncFIB/HI1B (Table 1; Fig. 5B). Two blaCTX−M−14 gene-harbouring plasmids 
in ESBL-KP belonged either to the IncFIB/FII or to the IncFIB/FII family and the blaCTX−M−9 gene-harbouring 
plasmid belonged to the IncFIB/HI1B family.

A recently developed artificial intelligence-based host range estimation system for plasmids, namely, 
PlasmidHostFinder, was used to assess the host ranges of each plasmid. Since the homologous scores against 
the non-Enterobacterales were all near zero, only the scores against Enterobacterales are presented in Fig. 6. To 
order the bacterial species belonging to Enterobacterales, a phylogenetic tree based on the rpoB sequences of each 
species was constructed, and a heatmap was drawn. As expected, the scores of each plasmid were the highest 
against the natural host bacterial species. Generally, E. coli plasmids presented relatively high scores to a wide 
range of host bacterial species, including Salmonella enterica and K. pneumoniae, and less frequently Enterobacter 
spp., Shigella flexneri, Pantoea spp., and Serratia marcescens. Three of those, both plasmids in Z0117EC0036 and 
a plasmid in Z0117EC0131, likely originated from Enterobacterales species other than E. coli with the score lower 
than 0.1. Most of the K. pneumoniae plasmids presented a relatively conserved host range on the natural host 
bacterial species K. pneumoniae, except for two cases, pZ0117KP0042-2 and pZ0117KP0043-2. Among those, 
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the pZ0117KP0042-2 was more likely originated in other Enterobacterales than E. coli, although it was IncFII 
plasmid, which is more common in E. coli. The K. pneumoniae plasmids presented lower relativeness to the host 
Enterobacterales species other than K. pneumoniae comparing with E. coli plasmids.

TheblaCTX−M gene integrated into chromosomes
Among the ESBL-ECs, seven isolates possessed one to three copies of the blaCTX−M−14 gene in the chromosome 
(Table 1). The site of integration was varied. Two isolates having two or three copies of the blaCTX−M−14 gene in 
the chromosome possessed each transposable element of its own size (Fig. 3), and if a sequential copy-and-paste 
integration occurred following the first acquisition of the transposable element in the chromosome, the order 

Fig. 1.  Minimum spanning tree using cgMLST ofE. coli (A) andK. pneumoniae (B) carrying theblaCTX−M 
gene. Each circle indicates an isolate. An ST determined by MLST is indicated near the circle, and the ST with 
multiple belonging isolates is indicated in a colour. The value of distance between isolates, which corresponds 
to the number of different alleles, is indicated in red near the branch in red, and the length of the branch 
roughly corresponds to the distance.
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Fig. 2.  A heatmap for numbers of resistance determinants in the entire genome (A) and in the CTX-M ESBL 
gene-possessing plasmids (B) in E. coli and K. pneumoniae of the study. The highest number 37 (red) and the 
lowest number 1 (green) genes are indicated by the gene for drug resistance. Microsoft office Excel was used to 
draw the heatmap. Of note, the blaSHV and fosA genes are intrinsic in K. pneumoniae.

 

Figure 2.  (continued)
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of insertion in the chromosome could be estimated. The shortened portion was identified downstream from 
the blaCTX−M−14 gene, the locus of the latter insertion was downstream from the first site of insertion, and the 
direction was fairly random. The copy number of the blaCTX−M−14 gene in E. coli chromosome corresponded to 
the value of MICs of cephalosporins: cefotaxime MICs between 4 µg/ml and 32 µg/ml in isolates with a single 
copy of the gene, and 64 µg/ml in those having three copies of the gene; cefepime MICs of 2 µg/ml in isolates 
with a single copy and 8 µg/ml in those with three copies of the gene.

Among the 17 ESBL-KP isolates, one isolate carried a pair of blaCTX−M−15 genes in the chromosome, together 
with a plasmid carrying the blaCTX−M−15 gene (Table 1). The transposable elements were bracketed by direct 
repeats either of five GATCA or six ATTAAC nucleotides, and, in contrast to the E. coli cases, the size of the 
integrated portion was identical (Fig. 3).

Plasmid transfer efficiency and relative growth rates
To assess the ability to transfer the blaCTX−M gene-harbouring plasmid horizontally at different temperature 
conditions, plasmid transfer efficiency was evaluated at three different temperatures, 28  °C reflecting the 

ID

Isolation

MLST

blaCTX−M genec MIC ( µg/ml) off

in ata Specimenb blaCTX−M−15 blaCTX−M−14 CTX CTZ FEP

Escherichia coli

Z0117EC0005 Jul 2017 A RS 485 - PNT 16 1 2

Z0117EC0013 Jul 2017 A RS 131 - C 8 0.5 2

Z0117EC0032 Jul 2017 A RS 38 - C, C, C 64 1 8

Z0117EC0036 Jul 2017 A RS 372 - PIncFIBIncFIC
d

C, C, C 128 4 8

Z0117EC0040 Jul 2017 A RS 1146 - PIncI1−I 8 1 2

Z0117EC0051 Jul 2017 A RS 38 - C 32 1 4

Z0117EC0054 Aug 2017 A RS 95 PIncHI2IncHI2AIncQ1 - 128 8 8

Z0117EC0055 Aug 2017 A RS 131 PIncI2 - 64 32 8

Z0117EC0056 Aug 2017 B RS 38 - C 32 1 4

Z0117EC0062 Aug 2017 A RS 38 - C 16 1 4

Z0117EC0094 Aug 2017 A RS 648 PIncFIB - 128 16 8

Z0117EC0098 Aug 2017 A RS 155 - PNT 16 1 4

Z0117EC0116 Aug 2017 C RS 88* PIncFII - 32 16 4

Z0117EC0117 Aug 2017 C RS 12 - PIncI1−I 64 8 8

Z0117EC0131 Sep 2017 C RS 961 - C 4 0.5 2

Z0117EC0133 Sep 2017 C RS 295 - PIncHI2IncHI2A 8 1 2

Z0117EC0148 Sep 2017 C RS 602 - PIncI1−I 16 1 4

Klebsiella pneumoniae

Z0117KP0001 Jul 2017 A RS 17 - PIncFIBIncHI1B 64 32 8

Z0117KP0003 Jul 2017 A RS 392 PIncFIBIncHI1B - 128 32 16

Z0117KP0004 Jul 2017 A RS 307 PIncFIB - 64 16 8

Z0117KP0005 Jul 2017 A RS 307 PIncFIB - 32 16 8

Z0117KP0006 Jul 2017 A RS 307 PIncFIB - 64 16 8

Z0117KP0007 Jul 2017 A RS 4024 - PIncFIBIncFII 32 16 4

Z0117KP0008 Jul 2017 A RS 307 PIncFIB - 32 16 8

Z0117KP0017 Aug 2017 A RS 950 PIncFIBIncHI1B, PIncHI2IncHI2A - 32 32 8

Z0117KP0018 Aug 2017 A RS 950 PIncHI2IncHI2A - 128 32 16

Z0117KP0019 Aug 2017 A RS 307 PIncFIIIncFIB,
C, C - 128 > 32 16

Z0117KP0020 Aug 2017 A RS 307 PIncFIB PIncFIBIncHI1B
e 64 16 8

Z0117KP0025 Sep 2017 C RS 392 PIncFIIIncFIB - 64 > 32 16

Z0117KP0027 Sep 2017 C RS 392 PIncFIIIncFIB - 128 > 32 8

Z0117KP0028 Sep 2017 C RS 392 PIncFIIIncFIB - 64 32 8

Z0117KP0033 Sep 2017 C RS 392 PIncFIIIncFIB - > 128 > 32 > 16

Z0117KP0042 Nov 2017 B RS 392 PIncFII - 64 32 16

Z0117KP0043 Nov 2017 B NS 392 PIncFIIIncFIB - 64 32 8

Table 1.  Canine isolates used in the study. aThe veterinarian hospitals. bRS, rectal swab; NS, nasal swab. cP, 
the blaCTX−M gene possessed in a plasmid belonging to the incompatibility type of subscript; C, the blaCTX−M 
gene in chromosome. dThe plasmid carrying the blaCTX−M−65 gene. eThe plasmid carrying the blaCTX−M−9 gene. 
fCTX, cefotaxime; CTZ, ceftazidime; FEP, cefepime.

 

Scientific Reports |        (2024) 14:24725 5| https://doi.org/10.1038/s41598-024-73120-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


condition of the environment, 36 °C fitting to the human body temperature, and 39 °C reflecting the canine body 
temperature (Table 2). The IncFII plasmid in E. coli was transferrable to any recipient, regardless of the bacterial 
species; however, notably, transfer efficiency to E. coli ST73, which has never been found to carry the gene, was 
always under the detection limit at 36 °C. The transfer efficiency of the plasmids carried by E. coli was often 
better at 39 °C than at 36 °C. The K. pneumoniae plasmids were transferred only to K. pneumoniae recipients.

Growth rates of three each of canine E. coli and K. pneumoniae isolates and two each of human blood isolates 
were determined at three temperatures, 28 °C, 36 °C, and 39 °C, and the values were calculated relative to those 
of at 36 °C (Fig. 7). Human blood isolates of two each of bacterial species were included: an E. coli ST131 blood 
isolate (B16EC0876) recovered in 2016 having the blaCTX−M−14 gene19, an E. coli ST38 isolate (C16EC0647) 
carrying the blaCTX−M−24 gene19, a K. pneumoniae ST307 blood isolate (A17KP0004) recovered in 2017 having 
the blaCTX−M−15 gene20, and a K. pneumoniae ST392 isolate (E16KP0133) harbouring the blaCTX−M−14 gene20. 
In the case of the E. coli isolates, large difference was observed in the relative growth rates at 28 °C and 39 °C, 
whereas the K. pneumoniae isolates presented smaller difference. Origin of the isolates was likely not associated 
with the difference of the growth rates.

Discussion
One Health concept needs to be considered to overview the emergence and dissemination of AMR for prevention 
and intervention strategies to control AMR, and surveillance is a key component to build an evidence-based 
strategy. The AMR surveillance study including multiple sectors is complex and methodologic aspects is critical 
for further interpretation of the surveillance data including selection of a convincing sentinel bacterial host with 
AMR traits. Thus, scientific evidences are needed for the One Health compositions. As human medicines are 
allowed to use for companion animals, ESBL-producing Enterobacterales leads more use of reserved antimicrobial 
drugs for human use, such as carbapenems and, in this study, possible mechanisms of transmission between 
sectors were assessed using CTX-M ESBL-producing canine Enterobacterales.

The canine ESBL-EC isolates were clonally diverse, and only two STs, ST38 and ST131, were identified 
in multiple isolates. All four ESBL-EC ST38 isolates possessed the blaCTX−M−14 gene in their chromosomes 
and, among those, one isolate possessed three copies of the gene. Similarly in UK, chromosomal integration 
of the blaOXA−28 gene in a carbapenem-resistant E. coli ST38 isolate has been reported in201522. In addition, 
dissemination of the ESBL-EC ST38 clone in a One Health interphase was reported in Europe, through 
identification of the E. coli ST38 isolates possessing the blaCTX−M gene identified both in human samples and 

Fig. 3.  Schematic presentation of the chromosomal integration of theblaCTX−M gene and the genetic structure 
vicinity of the gene. The black arrow indicates the chromosomal initiation dnaA gene in the right direction, 
and the location of the blaCTX−M gene is indicated in the direction. Direct repeats of 4 to 6 nucleotides are 
indicated beyond the ISEcp1 element, which mediates the translocation. In the case of multiple translocation, 
the putative order of the integration, which was estimated with the structure of mobile genetic elements, is 
indicated with a red number.
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in broiler production samples21. The ST131 isolates belonged to subtype H41 is rare to carry the blaCTX−M gene 
among human blood isolates19, but a dominant among human urine isolates to carry the blaCTX−M−14-like 
gene23. The blaCTX−M gene-harbouring plasmids in E. coli isolates were 15-kb- to 230-kb-sized and grouped 
into various incompatibility families and carried less than eleven AMR-associated genes. The wide range of the 
bacterial host species of the E. coli plasmids, together with the lively inter-species plasmid transfer, indicated 
lively occurring horizontal gene transfer in this bacterial species. On the other hand, K. pneumoniae canine 
isolates were grouped into three or four clones at most. Two biggest group clones, ST307 and ST392, are often 
recovered from blood specimens of human patients in our previous study24 and are well known as antimicrobial 
drug-resistant clones producing K. pneumoniae carbapenemases (KPC)24. Of note, none of the canine isolates 
used in the study possessed genes for carbapenemases. All the canine K. pneumoniae isolates possessed more 
than fourteen acquired genes for AMR in the genome. All possessed the blaCTX−M gene, one or more copies, on 
plasmids and the plasmids possessed more genes for AMR than those in E. coli. Among them, an isolate of ST307 
carried two copies of an identical blaCTX−M−15 gene-harbouring transposable element at the late semicircle of the 
chromosome. Although the integration locus was different, K. pneumoniae ST307 carrying the blaCTX−M−15 gene 
on the chromosome has also been often identified among clinical isolates all over the world24–26. The plasmids 
carrying the blaCTX−M gene possessed by K. pneumoniae identified in the study were much larger than those in 
E. coli, over 156 kb in size, and mostly belonged to the IncF family. These plasmids were so-called multidrug 
resistance plasmids carrying multiple genes for AMR up to 18 and were identical to the dominant plasmids in K. 
pneumoniae blood isolates recovered from human patients in South Korea and in Taiwan, e.g., 100% na identity 
99% na coverage of 157,059-bp pE16K0268-2 (GenBank accession CP052270),24 and 100% na identity 100% 
na coverage of 238-816-bp pSC-KP169-2 (GenBank accession CP119185) to pZ0117KP0004-1. The plasmids 
presented a relatively narrow range of bacterial hosts and the K. pneumoniae isolates carrying the plasmid were 

Fig. 4.  Clonal relatedness of theE. coli(A) andK. pneumoniae (B) canine isolates with clinical isolates. Nine to 
22 core genes were used to construct the phylogeny. The taxa with green dots indicate canine isolates and those 
with red dots present the isolates recovered from human blood samples. GTR model was used to construct the 
phylogenetic tree and a total of 100 bootstrap experiments were carried out to construct the phylogenetic tree.
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Figure 4.  (continued)

Fig. 5.  Structure of the representativeblaCTX−M gene-harbouring plasmids belonging to each incompatibility 
type of plasmids inE. coli (A) andin K. pneumoniae (B). The open arrow indicates the open reading frame, and 
the functions of each gene are indicated in colour code. Vertical line indicates a 10-kb size. The name of each 
plasmid is denoted with the type of plasmid and the length.
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clonal, it was likely that spreading the ESBL-KP between human beings and companion dogs was mainly due to 
clonal dissemination using the bacterial host as a shuttle for the delivery of the AMR determinant.

Temperature is one of the factors, which could be differed by sectors composing the One Health interface 
and, in this study, ESBL-EC isolates presented great differences in growth rates among the three differed 
temperatures: elevated growth rates by 12–20% at the canine body temperature, and decreased growth rates 
by 24–34% at the environmental temperature, comparing to those at the human body temperature. The ESBL-
KP isolates presented lower biological advantage at the canine body temperature than ESBL-EC isolates with 
elevated growth rates by 4–10%, while the decreased growth rates at the environmental temperature were alike 
to those of ESBL-EC. It is likely that the ESBL-EC at the canine body temperature has shorter generation time 
with accelerate metabolism than the ESBL-KP including construction of conjugation-associated structures. The 
plasmid transfer efficiency by presenting general agreement of higher rates of transfer at higher temperature, 
especially the ESBL-EC with FII plasmids carrying the blaCTX−M−14 gene.

Owing to the notorious clone ST131, the ESBL-EC is now considered as a principal spreader of the ESBLs in 
the One Health interface. However, taking the history of emerging ESBL into account, K. pneumoniae was the 
bacterial species amenable to the beginning of ESBL dissemination as the primary bacterial host species of the 
genes for SHV-2-type ESBL in favour of the selection pressure by 3rd generation cephalosporins27. In the field 
of AMR surveillance studies using One Health perspectives, E. coli is preferred. Considering the ability of K. 
pneumoniae to move among sectors and its cost-free acclimatization in varied conditions, the shuttle bacterial 
species should be seriously considered as a vehicle to disseminate AMR.

Simplification of the sector-specific conditions limited by temperature could present limited information. 
However, temperature is one of the important factors that make the sector-specific condition allowing a simple 
but solid experimental model to compare the pathogens originated each sector at a better surveillance study. Of 
course, the target bacteria could be multiple to have an insight for the dissemination of antimicrobial-resistant 
bacteria in One Health interface since each bacterial species can spread in a differed way as the E. coli and K. 
pneumoniae species presented in the study. However, since an AMR surveillance system of delicate design is 
often costly, such a preliminary study is necessary to find out a better bacterial model fit to the One Health 
composition.

Fig. 6.  TheblaCTX−M gene carrying plasmids and its range of Enterobacterales bacterial hosts. The plasmids 
were ordered by bacterial species, and the bacterial species were in the order of the rpoB phylogenetic tree. The 
nodes with a red dot have bootstrap support higher than 90%. The relatedness of the plasmid to the bacterial 
host species was indicated with an independent score between 0 and 1 and indicated as a heatmap, a distant 
relationship in dark blue and a close relationship in red. A total of 100 bootstrap experiments were carried out 
on the phylogenetic tree.
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Materials and methods
Bacterial strains
A total of 17 E. coli and 17 K. pneumoniae isolates, which were recovered from 33 rectal swabs and a nasal 
swab of companion dogs in three veterinary hospitals throughout South Korea between July and November 
2017, were used in the study. The 34 isolates were all ESBL-producing Enterobacterales recovered from the three 
veterinarians for six months and first-collected 17 isolates of each bacterial species were used for the study.

Microbiological assessment and testing for an antimicrobial susceptibility
Bacterial species of the isolates were identified by using MALDI-TIF/MS using Bruker Biotyper™ system (Billerica, 
MA, USA). The MICs for cefotaxime (Sigma, Burlington, MA, USA), ceftazidime (Sigma), and cefepime (Sigma) 
were assessed by the broth microdilution methods using Mueller-Hinton (MH) broth (Difco Laboratories, 
Detroit, MI, USA), following Clinical Laboratory Standards Institute guidelines (CLSI)28. Escherichia coli ATCC 
25,922 was used for quality control and the susceptibility was determined through the CLSI guidelines29. The 
genes for beta-lactamase genes were identified by PCR and direct sequencing using gene specific primers30.

Whole genome sequencing
From the 34 Enterobacterales isolates, genomic DNA was extracted with the GenElute bacterial genomic DNA 
kit (Sigma–Aldrich, St. Louis, MO). Following quality control of the extracted DNA, libraries were prepared 
using the SMRTbell® Express Template Prep Kit 2.0 (Pacific Biosciences of California, Inc., Menlo Park, CA) 
following the manufacturer’s instructions. The entire genomes were sequenced using PacBio Sequel Systems 
technology. Reads were assembled using the Microbial Assembly application of SMRT® Link v10.1. Annotation 
for the complete sequences was conducted using prokka 1.13.7 (https://github.com/tseemann/prokka).31

In silico molecular epidemiology of the isolates
For multilocus sequence typing (MLST), allele numbers of seven housekeeping genes, adk, fumC, gyrB, icd, mdh, 
purA, and recA, of E. coli were extracted, and each allele number was determined through the scheme of Wirth 
et al.32 to obtain the corresponding STs using the software provided by the Center for Genomic Epidemiology 

Donor

Escherichia coli Klebsiella pneumoniae

Z0117EC0098 Z0117EC0117 Z0117EC0148 Z0117EC0116 Z0117KP0004 Z0117KP0017 Z0117KP0025

blaCTX−M−14 blaCTX−M−14 blaCTX−M−14 blaCTX−M−14 blaCTX−M−15 blaCTX−M−15 blaCTX−M−15

Recipient
Mating 
tm I1-I I1-I I1-I FII FIB HI2 FIB/FII

Escherichia coli

ST131 non-H30 28 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 8.3 × 10− 5-1.6 × 10− 2 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9

36 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 4.7 × 10− 3-5.7 × 10− 3 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9

39 5.9 × 10− 3-2.5 × 10− 2 < 1 × 10− 9 < 1 × 10− 9 9.7 × 10− 3-6.1 × 10− 2 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9

ST131 H30 28 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9

36 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 7.1 × 10− 5-5.3 × 10− 3 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9

39 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 8.9 × 10− 5-6.7 × 10− 4 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9

ST131 H30R 28 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9

36 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 7.8 × 10− 4-2.2 × 10− 3 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9

39 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 1.8 × 10− 4-8.7 × 10− 3 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9

ST131 H30Rx 28 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9

36 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 5.0 × 10− 5-3.6 × 10− 4 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9

39 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 2.1 × 10− 5-3.5 × 10− 4 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9

ST73 28 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 2.8 × 10− 5-2.5 × 10− 4 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9

36 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9

39 < 1 × 10− 9 3.6 × 10− 6-
4.9 × 10− 6 < 1 × 10− 9 4.0 × 10− 4-5.5 × 10− 3 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9

K. pneumoniae

ST29 28 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 8.7 × 10− 5-8.5 × 10− 4 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9

36 9.6 × 10− 3-1.2 × 10− 2 < 1 × 10− 9 < 1 × 10− 9 1.1 × 10− 3-3.1 × 10− 2 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9

39 < 1 × 10− 9 < 1 × 10− 9 4.7 × 10− 2-
4.8 × 10− 1 1.1 × 10− 4-3.7 × 10− 2 1.1 × 10− 6-1.2 × 10− 4 7.4 × 10− 4-1.0 × 10− 3 6.1 × 10− 6-9.7 × 10− 5

ST384 28 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 2.3 × 10− 4-1.1 × 10− 3 < 1 × 10− 9 1.7 × 10− 4-2.6 × 10− 4 2.6 × 10− 2-1.1 × 10− 1

36 < 1 × 10− 9 < 1 × 10− 9 < 1 × 10− 9 3.3 × 10− 3-9.6 × 10− 3 < 1 × 10− 9 1.9 × 10− 5-2.7 × 10− 4 2.3 × 10− 2-2.7 × 10− 2

39 < 1 × 10− 9 < 1 × 10− 9 3.5 × 10− 3-
6.0 × 10− 2 2.2 × 10− 3-7.5 × 10− 3 6.3 × 10− 6-4.2 × 10− 4 4.4 × 10− 5-6.8 × 10− 4 4.9 × 10− 3-6.1 × 10− 2

Table 2.  Transfer efficiency of the blaCTX−M ESBL gene-harbouring plasmids in Enterobacterales of animal 
origin per donor.
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(ver. 2.0.8)33. For K. pneumoniae, partial sequences of the gapA, infB, mdh, pgi, phoE, rpoB, and tonB genes of 
each isolate were extracted, and the allele numbers were used to determine the corresponding ST through the 
scheme of Diancourt et al.34 For both bacterial species, core genome MLST (cgMLST) was conducted through 
BIGSdb-Kl (https://bigsdb.pasteur.fr) for K. pneumoniae35 and Enterobase (https://enterobase.warwick.ac.uk) 
for E. coli36, using a total of 2537 and 2513 loci, respectively. The relatedness of each isolate was inferred by 
constructing minimum spanning trees using PHYLOViZ37. Identification of AMR determinants was performed 
by using ResFinder (https://cge.cbs.dtu.dk//services/ResFinder/).38 The incompatibility type of the blaCTX−M 
gene-harbouring plasmid and the plasmid MLST (pMLST) were determined by plasmid finder (https://cge.
cbs.dtu.dk//services/PlasmidFinder/) and pMLST (https://cge.cbs.dtu.dk//services/pMLST/), respectively39. 
Estimation of the range of bacterial hosts of each plasmid was conducted using PlasmidHostFinder (https://cge.
cbs.dtu.dk/services/PlasmidHostFinder/).40 Subtyping of the blaCTX−M gene was conducted using the National 
Center for Biotechnology Information (NCBI) Reference Sequence Database, RefSeq (last updated in Oct. 2021).

Estimation of the plasmid transfer efficiency
For bacterial conjugation, spontaneous mutants resistant to both nalidixic acid and sodium azide were generated 
for recipient isolates from two K. pneumoniae and five E. coli isolates susceptible to all clinically available 
antibiotics. The K. pneumoniae isolates comprised one each of ST29 and ST384, which rarely carry the blaCTX−M 
gene20. The E. coli isolates comprised one each of ST131 H30R, H30Rx, H30, and non-H30 and of ST73. E. coli 
isolates of ST131 are often found to carry the blaCTX−M gene in human-origin clinical isolates, and those of 
ST73 rarely carry the blaCTX−M gene19. The donor strains were composed of four E. coli isolates carrying either 
the blaCTX−M−14 gene-harbouring plasmid belonging to the IncI1-I family or the blaCTX−M−14 gene-harbouring 
plasmid of the IncFII family and three K. pneumoniae isolates carrying either the IncFIB, IncHI2, or IncFIB/
FII plasmid carrying the blaCTX−M−15 gene. Equal amounts of exponential cultures of the donor and recipient 
isolates were mixed, incubated in Mueller-Hinton broth (Becton Dickinson and Company (BD), Franklin Lakes, 
NJ) devoid of any drug for 12  h at 28  °C, 36  °C, and 39  °C, and spread on brain heart infusion agar (BD) 
containing nalidixic acid (30 µg/ml), sodium azide (100 µg/ml), and cefotaxime (10 µg/ml). Each colony was 
confirmed by PCR for the blaCTX−M gene, and the plasmid transfer frequency was calculated as the number of 
transconjugants per donor. The experiments were performed in duplicate and repeated at least three times.

Fig. 7.  Growth rates of theE. coli andK. pneumoniae isolates carrying theblaCTX−M gene at 28 °C (grey), 36 °C 
(black), and 39 °C (white) relative to that of human blood isolates. The growth rates were determined at each 
temperature, and the values were calculated relative to those of at 36 °C. The B16EC0876 isolate (labelled 
BE876), the E. coli ST131 blood isolate recovered in 2016 having the blaCTX−M−14 gene19 the C16EC0647 E. 
coli ST38 blood isolate (labelled CE647) in 2016 carrying the blaCTX−M−24 gene19, ,the A17KP0004 (labelled 
AK4), the K. pneumoniae ST307 isolate recovered in 2017 having the blaCTX−M−15 gene20 and the E16KP0133 
K. pneumoniae ST392 blood isolate (labelled EK133) in 2016 harbouring the blaCTX−M−14 gene20 were included 
as human isolates.
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Relative growth rate measurements
Growth rates were determined in 96-well microplates coupled to a Multiscan spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA). Isolates were grown overnight at temperatures of 28 °C, 36 °C, and 39 °C, and 
the cultures were diluted to inoculate approximately 5 × 103 bacteria into 200 µl of Luria-Bertani broth (BD) in 
a 96-well microplate that was incubated at 36 °C with shaking, and the optical density at 600 nm was measured 
every 3 min. Each culture was replicated three times in the same microplate. Growth rates were determined at 
the beginning of the exponential phase, and relative growth rates were calculated through three independent 
experiments as the ratio of the growth rate of the isolates versus that of the isolates used for comparison.

Sequence information
Genome data for this study are available from NCBI in the BioProject under accession numbers PRJNA843104 
and the GenBank Accession codes of chromosomes and plasmids of each isolate are indicated in Table 3.

Data availability
All the bacterial genome sequences are available in GenBank database in the BioProject under accession num-
bers PRJNA843104.
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